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Preface 

The plan for this book goes back almost 20 years. 
Already, at that time, it was possible to recognize 
an extraordinary variation in metabolites and 
processes superimposed upon the basic biochem
ical system of animals. Each species, each indi
vidual, in fact each type of cell of the multicellu
lar organism possesses its own biochemical char
acter, and this molecular variety, its biological sig
nificance, and its evolutionary development 
throw up many interesting questions. The com
parative approach that has been so productive at 
the higher levels of complexity of morphology 
and physiology can also be used to great effect at 
the molecular level. 

There are countless papers, reviews and other 
articles on the subject of comparative biochem
istry and evolution, but no actual textbook. This 
is remarkable in so far as each area of science is 
only really defined by its comprehensive repre
sentation in the literature. In the present book, I 
have given my view of the starting points and the 
content of comparative biochemistry. I would be 
glad if further, related efforts by other authors 
would follow this attempt at a definition of the 
subject. In the widest sense, a comparative bio
chemistry should consider all organisms, but my 
knowledge of the biochemistry of the bacteria, 
algae, lower fungi and higher plants is unfortun
ately not sufficient for this purpose. In any case, 
most of the available comparative biochemistry 
data refer to animals. 

This book is directed at zoologists as well as 
biochemists. Biochemists may discover that mo
lecular variation, though perhaps a complication 
for general biochemical research, is in itself a fas
cinating scientific problem. Zoologists will find 
that the molecular building blocks of animals dis
play just as much colourful variation as do micros
copic or macroscopic structures. They will see 
that molecular variants can be understood partly 
as adaptations to particular environmental condi
tions and partly as the result of diversification 
along separate evolutionary lines. Finally, it will 
be seen that biochemical characters can con-

tribute greatly to understanding the origins of 
organisms. 

To provide the biochemist with a ready over
view of the structural diversity of animals, the 
book includes a simplified version of animal sys
tematics; for further information on the classifica
tion, structure and life of particular animal spe
cies, the reader should consult the relevant text
books. It is assumed that the zoologist reader has 
a basic knowledge of biochemistry; important 
general biochemical facts are in any case given for 
many of the subjects covered. 

I had already completed several chapters of 
this book by the beginning of the 1970s. Because 
of far-reaching changes in my employment condi
tions and duties as a high-school teacher, my 
transfer from Berlin to Mainz, and the task of set
ting up a working group there, work on this book 
was interrupted and could only be resumed in the 
1980s. In the meantime, the data to be considered 
had increased enormously; molecular biology, in 
particular, had produced a gigantic body of rele
vant data. Today, a single person can no longer 
keep track of all aspects of comparative bio
chemistry. 

And so arises the well-known dilemma: the 
portrayal of a large area of science by one or a 
few authors inevitably leaves gaps and deficien
cies; one book with contributions from many 
authors generally leaves much to be desired in 
uniformity and consistency. When I decided, 
according to the original plan, to attempt as a 
single author to bring together the whole of com
parative biochemistry, the unavoidable deficien
cies were very clear to me. I would be very grate
ful for any critical comments on gaps and mis
takes in this presentation, but I would ask 
biochemically oriented readers to judge the 
whole work· and not only those sections most 
familiar to them. I have researched the literature 
up to the middle of 1988, but the reference lists 
given for each chapter do not include the whole 
of the consulted literature; this would require too 
much space. Rather, I have referred to the latest 
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works and this should allow the reader access to 
earlier and original papers. 

There are particular problems associated with 
biochemical terminology and the names of or
ganisms, as well as with the use of abbreviations 
and symbols. Here, I have attempted on the one 
hand to be consistent, but on tlie other hand to 
diverge as little as possible from the terminology 
of the original authors. Some remarks on bio
chemical nomenclature and the use of abbrevi
ations are to be found at the end of the book; the 
letter symbols for amino acids, other common 
abbreviations, and the genetic code are repro
duced on the bookmark. 

Many areas of comparative biochemistry are 
still in the fact-collecting stage, and the present 
book is a compromise between the desires to 
achieve a certain completeness and to avoid boring 
lists. The reader will notice that special cases, out
side of the norm, and entertaining exceptions give 
me particular pleasure. The colourful diversity of 
molecular structures and processes in animals has 
always fascinated me. If I succeed in conveying 
just a part of this fascination to the reader, then 
this book will have fulfilled its purpose. 

Finally, I would like to thank all those who 
directly or indirectly have contributed to the pro
duction of this book. My family, my students and 
my examination candidates have shown much 
patience with me during the years of work on the 
manuscript. My wife has, in addition, contrib
uted directly to the book by preparing the fig
ures. Particular thanks go to my secretary, Inge 
Pullig, and to Dr. Jens Beyer and Prof. Erhard 
Thomas, who took over many of my duties to 
allow me time for this literary effort. I would also 
like to thank the many colleagues who have given 
me reprints or who have critically read parts of 
the manuscript. 

Prof. Bernt Linzen played a decisive role in the 
creation of the book through his constructive 
criticism, intelligent advice and encouraging com
ments but did not live to see its completion. I 
dedicate this work to the memory of this eminent 
researcher who contributed so much to compara
tive biochemistry. 

Mainz, Autumn 1989 KLAUS URICH 



Preface to the English Edition 

The basic idea of the book and the disposition of 
chapters has not been changed from that of the 
German edition of 1990. The rapid progress in 
general and comparative biochemistry, however, 
had made it necessary to actualize the text and 
incorporate the many new facts and ideas that 
have emerged since summer 1988 when the Ger
man edition was completed. 

In preparing the revised version, I have 
researched completely the original literature up 
to the end of 1991. As in the German edition, the 
references given in each chapter always refer to 
the latest works, and this could allow the reader 
access to earlier papers. Of a total of more than 
4600 references, about 2100 were published later 

than July 1988 and so were not contained in the 
German version. As it was not possible to aug
ment the total number of references, because of 
space limitations, a corresponding number of 
older references have been omitted. 

I wish to thank Springer Verlag for generous 
cooperation during the preparation of the English 
edition. I feel particulary grateful to Dr. Patrick J. 
King who has succeded admirably in translating 
the author's sometimes rather individual German 
into good English and so has helped to propagate 
further ideas of comparative biochemistry. 

Mainz, Spring 1993 KLAUS URICH 
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1 The SUbject Matter and Methods 
of Comparative Biochemistry 

1.1 Historical Development of the Comparative 
Approach in Biology 

1.2 Uniformity and Diversity in Biochemistry 
1.3 The Subjects of Comparative Biochemistry 
1.3.1 Comparison of Low Molecular Weight Substances 

1.1 Historical Development of the 
Comparative Approach in Biology 

The diversity of living organisms, the abundance 
of forms, colours and phenotypes, is one of the 
most impressive aspects of our world. Since 
ancient times, science has concerned itself with 
the ordering and classification of this diversity. At 
first, only those structures and processes which 
were recognizable without any special apparatus 
could be compared; the invention of the light 
microscope and the electron microscope intro
duced new dimensions and new opportunities for 
comparison. Finally, progress to the molecular 
level became possible with the development of 
methods of biochemical analysis. Different com
parative biological disciplines arose, each with 
particular goals and methods. The oldest, taxo
nomy, is concerned with the classification of spe
cies; this was originated by Aristotle, and is 
represented most importantly by the work of 
Carolus Linnaeus (1707-1778). 

The binomial nomenclature suggested by Lin
naeus, in which each organism is denoted by a 
genus and species name in Latin, is today consid
ered obligatory. The denotation is completed by 
attachment of the name of the first user; the "L." 
that one finds at the end of many plant and ani
mal names stems from the descriptions in Lin
naeus' Systema Naturae (1735). Until the eigh
teenth century, the philosophical basis of taxo
nomy was the idealistic concept of a "Scala Natu
rae", a ladder reaching from the "lower orga
nisms" up to man as the "crown of creation". In 

1.3.2 Comparison of Information-Carrying 
Macromolecules 

1.4 Chance and Necessity in Molecular Evolution 
1.4.1 Non-Adaptive ("Neutral") Differences 
1.4.2 Molecular Adaptation 

References 

the nineteenth century, the idea of evolution, the 
assumption of genealogical relationships between 
organisms, found increasing acceptance. 

The second comparative biological discipline, 
comparative anatomy, analyses the outer and 
inner structures of animals. This originated from 
medicine where comparisons were made between 
animal organs and those of man; the term "com
parative anatomy" was coined by the doctor 
Nehemiah Grew in 1675. Since Cuvier (1769-
1832), comparative anatomy has become a disci
pline of zoology which was remarkably consolid
ated in the nineteenth century and, with the dis
tinction between homology and analogy, pro
vided the most important tool for phylogenetic 
analysis. There were similar developments in 
botany but these will not be covered in this pre
sent zoological text. 

The comparative physiology of animals also 
had its origins in medicine. Because, of course, 
few experiments are possible on people, human 
physiology relied, and still relies today, on various 
animal model systems. The extrapolation of 
results from animals to the human situation is 
ensured by the growing appreciation of the uni
versal validity of the "ground rules" of general 
physiology. With the extent to which invertebra
tes were included in physiological experiments, 
there grew the realization that the conformity of 
life processes to several basic principles is over
layered by a confusing variety of detail. In this 
respect, a significant contribution was made with 
the improved possibilities for experiments on 
marine invertebrates at the Naples Zoology Sta
tion, founded in 1870 by Anton Dohrn. 



2 1 The Subject Matter and Methods of Comparative Biochemistry 

The application of chemical concepts and 
methods for investigations of the life processes 
led to "physiological chemistry" or "chemical 
physiology", which soon became an independent 
discipline. The term "biochemistry" was first 
introduced by Neuberg in 1903. Also, in bio
chemistry the comparison of different species 
served at first to establish the consistency of basic 
principles; . examples include Otto von Fuerth 
(1903) in Comparative Chemical Physiology of 
Lower Animals [9], and E. Baldwin (1937) in 
Introduction to Comparative Biochemistry [1]. 
Noch (1958) quote Dixon and Webb in their 
monograph on enzymes [6]: 

"It is a remarkable fact that in general the cata
lytic properties, specificity, activity, affinities, 
etc., of a given enzyme vary little with the source. 
Although there may be slight physical differences 
in a given enzyme when it is produced by differ
ent cells they are usually unimportant, and the 
enzyme remains essentially the same enzyme." 

In 1895 Emil Fischer had already pointed out 
differences between enzymes of different origins. 
At first, however, this, together with the species 
and tissue specificity of other biochemical charac
ters, was considered to be a methodical impedi
ment to biochemical studies rather than a unique 
scientific problem. Credit for emphasizing the 
importance of phylogenetic considerations in bio
chemistry must go to Marcel Florkin with his 
book L'evolution biochimique (1944). In his later 
works this commendable scientist was also con
cerned with establishing "comparative bioche
mistry", as an illustration of the biochemical 
diversity of organisms, alongside "general bio
chemistry", as lessons from the basic principles of 
biochemical organization; examples are his book 
Unity and Diversity in Biochemistry (1960) and as 
editor of the handbooks Comparative Bioche
mistry (7 volumes 1960-1964, with H. S. Mason) 
and Chemical Zoology (11 volumes 1967-1979, 
with B. T. Scheer). 

In the last two decades, the comparative and 
phylogenetic approach to biochemistry has 
become rather fashionable. Monographs dealing 
with particular animal groups almost invariably 
contain sections on comparative biochemistry, 
and new monographs and reviews on comparative 
biochemical subjects are constantly appearing. 
The 13 volumes of Comprehensive Insect Physiol
ogy, Biochemistry and Pharmacology, published 
simultaneously in 1985, a remarkable achieve
ment by Kerkut and Gilbert, contain many chap
ters on biochemical themes [20]. Papers with 
comparative or phylogenetic aims are not only to 

be found in specialist journals, e.g. Comparative 
Biochemistry and Physiology: Part B (Bioche
mistry) (December 1992 to Vol. 103), Journal of 
Molecular Evolution (up to Vol. 35), Insect Bio
chemistry (up to Vol. 22), and Molecular Biology 
and Evolution (up to Vol. 9); today, almost all 
biochemical journals contain work of this sort, as 
the references in this present book testify. 

1.2 Uniformity and Diversity 
in Biochemistry 

All living organisms show extensive correspond
ence between the structure of their component 
molecules and active chemical processes. A part 
of this chemical similarity may stem from the fact 
that only so is life at all possible. Lehninger refers 
vividly to the "molecular logic of the organism". 
Even between such different organisms as bacte
ria and mammals there are many similarities at 
the molecular level which cannot be satisfactorily 
explained either by functional necessity or by 
chance. This is particularly clear in the compari
son of nucleic acid and protein sequences. This 
homology in the macromolecules carrying infor
mation is the strongest evidence for the common 
origin of all living organisms. It will be shown that 
the enormous number of different proteins can be 
arranged into just a few hundred groups of prote
ins with significant homology (protein super
families) which apparently came into being in a 
common ancestor during the early development 
of life on earth. 

In addition to the correspondence arising from 
the basic necessities of life and ancestral relation
ships, there is in fact much variety among all char
acters of living organisms. On the one hand this is 
historically determined: only that which origina
tes de novo always according to the same rules 
can be the same. On the other hand the variety of 
organisms is related to their complexity: the more 
complex living or non-living systems are, the less 
likely they are to resemble one another. In all 
aspects the variety of living things defies the 
imagination. The number of animal species on 
the earth can no longer be even reasonably estim
ated. Over a million animal species have been 
described scientifically so far, three-quarters 
of them are insects (see Appendix). Until 
recently, the real number of species was estimated 
by most zoologists to be 3-5 million, but follow
ing investigations of the tropical fauna [24] the 
figure is now believed to be ten times this. Fur-



thermore, the members of a species or of a repro
ductive population are never completely ident
ical. With the help of the newly developed 
methods of isoenzyme separation by gel electro
phoresis, it was shown at the end of the 1960s that 
the genetic polymorphism in natural populations 
was far larger than previously assumed, so large 
that the individuals in a bisexual, reproductive 
population could never be genetically identical. 
Even genetically identical individuals arising by 
asexual reproduction, such as twins or members 
of a clone, vary phenotypically due to environ
mental factors [23]. 

The characteristic variety of living organisms is 
apparent at all levels of complexity, from indivi
duals through organs, tissues, cells and cell orga
nelles down to individual macromolecules. For 
example, the human body is made up of 200 dif
ferent cell types. Also, single cells of the same 
type in an organ or tissue show large differences 
[12]. The heterogeneity of the mitochondria in a 
cell or a cell type can be so large that they may be 
classified into several populations with different 
characters [10]. Basically, the variety of species, 
individuals, cells and cell components is related 
to molecular differences: to differences in the 
structure of the molecular building blocks and/or 
to differences in their arrangement. This molecu
lar variation is the central theme of the present 
book. 

1.3 The Subjects of Comparative 
Biochemistry 

Biochemistry textbooks usually do not present 
the composition and metabolism of particular 
animals or cells; more often they describe a basic 
scheme of biochemical organization, a biochem
ical "archetype" as Pette called it [27]. Because 
the origins of biochemistry lie in human medi
cine, this basic scheme is mostly only valid for 
man and mammals, even when research results 
from yeast and bacteria are included. 

It should never be assumed that the statements 
in biochemical textbooks are completely valid for 
lower vertebrates or for invertebrates. It is more 
often the case that the composition and metabol
ism of different animal groups or species must be 
specifically examined and presented; thus there 
exist, besides human and mammalian bioche
mistry, further presentations of "special bioche
mistry", e.g. the biochemistry of insects, crusta
ceans and molluscs. The "comparative bioche-
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mistry of animals" uses the same data but through 
the comparative approach comes to new conclu
sions. It can contribute to general biochemistry 
both by revealing similarities, and by pointing to 
experimental models that are suitable for investi
gating the general laws. The thesis known as the 
''August Krogh principle", named after the great 
Danish physiologist, proposes that for every 
problem there is an ideal animal model; this has 
found many applications in biochemistry [22]. 
The main task of comparative biochemistry is to 
describe the molecular variety of organisms and 
to explain both their biological importance and 
their development during evolution. 

The present book restricts its view of compar
ative biochemistry to animals. The classification 
of living organisms in the animal kingdom usually 
presents no problem, but in specific cases may be 
difficult. Thus, the classification of flagellate spe
cies to the plant "phytoflagellates" or to the ani
mal "zooflagellates" on the basis of the presence 
or absence of photosynthetic capacity has long 
been considered questionable. The classification 
by several authors of the "slime moulds" Physa
rum and Dictyostelium in the animal kingdom is 
also undoubtedly controversial. Paramecium, 
belonging to the Ciliophora, is today a favourite 
object of first-year undergraduate, zoology prac
tical classes. However, because of the fundamen
tal characteristics of their nucleic acid and protein 
sequences, the Ciliophora assume such a special 
position amongst the eukaryotes that they cannot 
logically be classified as either animals or plants. 
There are compelling reasons to assume that their 
divergence from the eukaryotic evolutionary line 
occurred before the separation of the lower fungi, 
higher plants and animals (see pp. 13 and 170). 
Only a very small number of the known animal 
species has ever been used for biochemical 
investigations; biological, methodological and 
economic factors play a role in the choice of 
investigated species [19]. Species-rich groups that 
have been studied physiologically have been pre
ferred; in addition to the mammals, examples 
include the amphibians, fish, insects, crustaceans, 
molluscs and echinoderms. Because biochemical 
investigations require large amounts of genetic
ally uniform material, which in most cases cannot 
be obtained from the field, species which can be 
reared in the laboratory have been used. Particu
lar attention has been paid to species of practical 
importance, such as domestic animals, farm ani
mals, pests and pathogens. Comparative bioche
mistry concerns itself with differences in composi
tion and metabolism not only between members 
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of different species but also within a species, e.g. 
between male and female, between consecutive 
generations, between the different castes of the 
Hymenoptera, between the members of different 
races or populations, and between the individuals 
of a population. 

If one defines the task of comparative bioche
mistry in general as the scientific analysis of mole
cular variety, this also covers variety within indivi
duals, i.e. differences between organs, tissues 
and cells, between organelles, and between mole
cules of the same function or origin. Not only are 
the differences "in space" between various parts 
of an organism the subject of comparative bioche
mistry, but also the differences with time. The 
molecular changes in the course of embryo devel
opment are a part of "molecular embryology" [2]. 
The molecular viewpoint has also entered into 
the study of post-embryonic development and 
senescence [25]. Rhythmic processes, e.g. diurnal 
rhythms and seasonal periodicity, also belong 
to these time differences [7]. Only the quali
tative aspects of such time differences and not 
their quantitative aspects, will be covered in this 
book. 

1.3.1 Comparison of Low Molecular Weight 
Substances 

Comparative investigations of small biological 
molecules in different species, tissues and devel
opmental stages were particularly prominent dur
ing the initial phase of comparative biochemistry, 
before the appearance of methods for studying 
the nucleic acids and proteins. The expected 
quantitative differences between low molecular 
weight substances that are the substrates or inter
mediates of cell metabolism give important infor
mation about the physiological state of cells but 
lead to no phylogenetic conclusions. The large 
number of experiments carried out before the 
1960s, for example to interpret the spectrum of 
free amino acids, were in this sense unsuccessful. 
However, qualitative differences in the low mole
cular weight products of secondary metabolism, 
e.g. pigments, defence molecules or pheromones, 
were found to be useful as biochemical markers. 
The spectrum of small molecules not produced de 
novo by the animal in question is dependent upon 
the composition of the food, e.g. the presence of 
carotenoids or, in many marine invertebrates, the 
sterols. Otherwise, the spectrum of low molecular 
weight compounds is both qualitatively and quan
titatively determined by the enzymes active in the 

cell. Thus, indications of the presence or absence 
of specific enzymes or biosynthetic pathways may 
also present direct phylogenetic information. 

1.3.2 Comparison of Information-Carrying 
Macromolecules 

Evolution consists primarily of changes in the 
genetic information in succeeding generations, 
and its course can, therefore, best be read in the 
genes themselves or their products. 

One can statistically determine whether com
pared DNA or protein sequences are derived 
from a common ancestral sequence. Sequences 
originating from a common ancestral gene are ter
med homologous; it will be necessary to' discuss 
whether, and in what way, this concept in molecu
lar evolution departs from the classical concept of 
homology (p. 117). The analysis of homologous 
DNA and protein sequences has produced much 
new knowledge on the mechanisms of evolution; 
as an example one can point to the frequency and 
outstanding importance of the transposition of 
mobile genetic elements. It will be shown that 
this new knowledge, rather than placing any 
doubt on the Darwinian synthetic theory of 
evolution, actually enriches and broadens the 
concept. In the near future, the genetically deter
mined quantitative differences in gene expre
ssion, i.e. the control of mRNA or protein con
centration, will also be available for phylogenetic 
assessment, as soon as more comparative data 
become available on the as yet only primitively 
understood control mechanisms of gene expre
ssion. 

The molecular data make available completely 
new methods for the analysis of phylogenetic 
relationships. Proteins with clear homology have 
been organized by Dayhoff into "protein super
families" [4]. So far more than 200 such families 
have been identified, many of them are found in 
all organisms from prokaryotes to man; it is likely 
that 500-1000 such protein super-families exist. 
However, they number far less, for example, than 
enzymes with different reaction or substrate spe
cificities, 2477 of which were listed by the Inter
national Union of Biochemistry (IUB) Com
mission in 1984 [17]. Proteins with very different 
functions can be found in the same super family, 
i.e. they are homologous. On the other hand, 
proteins of very different structure can have prac
tically identical enzymic properties and are then 
denoted as "isoenzymes". Isoenzymes encoded 
by the alleles of a gene are called "alleloenzy-



mes". The analysis of alleloenzymes has become 
one of the most important tools in population 
genetics, with the help of which it is possible, for 
example, to decide whether two groups of indivi
duals are exchanging genes, i.e. they constitute a 
population, or are sexually isolated and form two 
species. 

By the use of molecular characters, it has been 
possible to recognize very similar animals as 
members of different species (sibling species), 
and to demonstrate the hybrid nature of appar
ently bona fide species. Unfortunately, it has pro
ven more difficult than expected to use molecular 
data to solve taxonomic problems above the spe
cies level; in particular, the old problem of the 
relationships between the animal phyla has not 
been solved, despite the initial optimism. It is still 
problematic to derive a quantitative measure of 
evolutionary distance from nucleic acid- or 
protein-sequence differences. Even if this should 
be achieved, the application of a distance matrix 
for constructing a family tree of sequences is still 
fraught with difficulties. Such a tree may describe 
the evolution of molecules but does not neces
sarily reflect relationships between the species 
from which the molecules came. This is because 
gene duplication and subsequent divergent devel
opment (diversification) can result in different 
genes existing side by side in the same individual. 
In spite of such difficulties, there are still convinc
ing arguments in favour of molecular characters 
as superior to all others for phylogenetic recon
struction. 

1.4 Chance and Necessity 
in Molecular Evolution 

1.4.1 Non-Adaptive ("Neutral") Differences 

Research in comparative biochemistry attempts 
to describe structural or functional differences in 
biochemical organization: the presence or 
absence of particular compounds, differences in 
structural characteristics of low or high molecular 
weight substances, differences in enzyme activity 
or in the concentration of metabolites, or differ
ences in the direction or rate of metabolic proc
esses. Normally, structural and functional differ
ences are considered to be the result of adaptive 
events, but one can actually also use the reverse 
argument: that adaptation exploits already avail
able differences. Here it is usually quietly 
assumed that structural difference always means 
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functional difference. Such assumptions arise 
from the idealistic view that, as a result of selec
tion, all the characters of an organism are optimal 
for a particular environment. This may generally 
be true for complex anatomical, physiological 
and behavioral characters, even when it is rather 
awkward to imagine, for example, that the differ
ent arrangements of bristles on the bodies of 
closely related insects have adaptive significance. 

For molecular evolution, the assumption that 
each structural difference represents a selective 
functional difference can be taken as categorically 
disproven; in DNA and subsequent amino acid 
substitutions in the resulting polypeptides there 
are quite clearly genetic differences that have no 
selective significance. Such genetically deter
mined differences can be retained for long peri
ods because they do not disturb, and can be 
spread by chance through a population. This is 
the central premise of the neutral theory, which 
will be dealt with extensively in Chapter 4. Of 
course, the concept "neutral" only applies under 
particular selection conditions; changes in the 
environment can confer on characters a positive 
or a negative value. The existence of a "reserve" 
of neutral variation in a population is a direct pre
requisite for molecular evolution. Today, there 
can no longer be any doubt of the existence of 
neutral variation; the only discussion can be 
about the extent of the genetically determined 
differences which lack significant adaptive impor
tance. However, as with all negative statements, 
the opinion that a particular molecular difference 
has no selection value is basically not provable. 
The existence of neutral mutations is important 
not only in the comparison of different individu
als of one evolutionary line, but also in the com
parison of distantly related species. When two 
evolutionary lines separate, a range of neutral 
variation can accumulate in both such that very 
large differences without selective significance 
can arise between species. Thus, for example, 
proteins with different amino acid sequences can 
be functionally equivalent. Epigenetically based 
differences between products of the same gene, 
e.g. the results of variable mRNA processing or 
post-translational changes in proteins, do not 
necessarily have adaptive significance, but are 
more likely to be the result of chance differences 
in enzyme activity. Such indications of the role of 
chance in molecular evolution should not deny 
the significance of molecular adaptation; this will 
in fact be one of the main themes in the following 
chapters. It should only be emphasized that it is 
not obligatory to enquire each time about the 
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adaptive sense of differences in molecular struc
ture or activity found in comparative investiga
tions. 

1.4.2 Molecular Adaptation 

Adaptive molecular evolution consists, on the 
one hand, of the adaptation of macromolecules, 
such as RNAs, enzymes and proteins, by various 
external and internal conditions and, on the other 
hand, of evolutionary changes in the unfortun
ately poorly understood mechanisms regulating 
gene expression, upon which the adaptive evolu
tion of the complex characters of form, metabol
ism and behaviour is based. The evolutionary 
process involves thousands of generations; other 
events of molecular adaptation occur within the 
lifetime of an individual, requiring anything from 
a few milliseconds to several weeks. These proc
esses also finally affect macromolecules: even 
when biochemical adaptation ends in changes in 
the concentration of small molecules or factors, 
these are always the result of changes in enzyme 
activity. Conversely, perturbations in the concen
tration of substrates or allosteric effectors have 
effects upon enzymes. In individual, physiologi
cal adaptation events, the properties or amounts 
of enzymes or proteins are modified. Alterations 
in the properties of proteins can arise through 
allosteric effects or chemical modifications, such 
as substitution or limited proteolysis, and changes 
in protein quantity arise mainly through the regu
lation of gene expression; here the distinction 
must be drawn between alterations in protein 
concentration and the appearance of new prote
ins or isoforms following induction. 

Biochemical adaptation can serve two purpo
ses: it can compensate for change in external or 
internal conditions (compensatory adaptation), 
or allow colonization of a new ecological niche 
(exploitative adaptation). Hochachka and 
Somero indicate the relevant problems and give 
examples in their book Biochemical Adaptation 
[15]; because of its close association with ecology, 
biochemical adaptation has been the subject of 
several recent reviews [8,16,29,30]. Processes of 
biochemical adaptation occurring in single indivi
duals have major consequences for the regulation 
of metabolism. In the field of comparative bio
chemistry, these events are themselves of minor 
interest compared with the underlying mecha
nisms, their variety, and changes in evolution. In 
the adaptive, molecular evolution of an enzyme, 
changes in regulatory characters play at least as 

great a role as changes in catalytic and physico
chemical characters. 

Many examples of regulatory and evolutionary 
molecular adaptation events will be described in 
particular chapters of this book, among them, for 
example, regulatory changes in connection with 
reproduction, exercise [28], hunger, and during 
inflammation and defence processes or other 
stress reactions, but most of all in connection with 
regulatory and evolutionary adaptation to various 
external conditions. Here is included, for exam
ple, the osmolality of the extracellular fluids to 
which the cell must adapt by isosmotic intracellu
lar regulation. Amongst other changes occurring 
during this process is that of the intracellular con
centration of specific osmotically active, organic 
substances, in particular the free amino acids and 
other nitrogen compounds, and thus the environ
ment of intracellular proteins. The cartilaginous 
fish enrich their blood and other tissues with 
osmotically active substances, such as urea and 
trimethylaminoxide, to such an extent that spe
cific protein adaptation is necessary. High extra 
and intracellular urea concentrations also occur 
during aestivation in the lungfish and certain 
frogs. The biochemical adaptations to transient or 
continuously low oxygen partial pressure are well 
known; the properties of the respiratory pigments 
may be changed or, in some animals, there are 
variedly effective mechanisms for anaerobic 
energy recovery; these mainly concern catabol
ism of carbohydrates and will be dealt with in 
Chapter 14. The use of different energy-yielding 
substrates in the muscles of various animals 
should also be considered as an adaptive mechan
ism to specific external and internal conditions 
(p.581). 

One external factor of critical biological impor
tance is temperature [3, 5]. The homeothermal 
mammals and birds are able to maintain a con
stant body temperature by regulation of energy
producing metabolism. Many mammals possess a 
specialized tissue for heat production, the brown 
fat, in the mitochondria of which the Krebs cycle 
and ATP production are uncoupled by the action 
of a specific uncoupling protein (p. 702). In mam
mals and birds that can reduce their body tem
perature to the level of their surroundings during 
sleep (bats, hummingbirds, young swifts) or 
hibernation (bats, several rodents), the biochem
ical organization of the cells must be adapted to 
the combination of low temperature, reduced 
metabolism, acidification, and often increased 
urea concentration. The poikilothermal (cold
blooded) animals are at the mercy of the tem-



perature fluctuations in their surroundings and 
must, therefore, possess compensatory biochem
ical mechanisms. The stabilization of membrane 
viscosity through the "homeoviscous" regulation 
of the lipid composition should be mentioned 
here (p.598), but most important of all is the 
temperature compensation of enzyme activity. As 
the substrate affinity of an enzyme declines with 
increasing temperature (i.e. the Km increases) but 
at the same time kcat and V max increase, the quoti
ent kcatlKm' which is an approximate measure of 
the in vivo catalytic activity, will be temperature 
independent and constant [3, 15, 31]. Many poi
kilothermal organisms possess isoenzymes with 
differing temperature optima, and the propor
tions of these can be variably adjusted. Specific 
adaptations to low temperature may be found in 
many animals, whilst heat-resistant animal spe
cies, comparable to the thermophilic bacteria, are 
unknown [11, 15]. Particularly interesting from a 
comparative biochemistry point of view are the 
various cryoprotective substances of animals: 
these include the accumulation of glycerol and 
sorbitol in many insects (p.466) and, above all, 
the independent occurrence of cryoprotective 
proteins in arctic and antarctic fish and in several 
terrestrial arthropods (p. 207). 

An especially enticing theme is the biochem
ical adaptations of deep-sea animals, which withs
tand hydrostatic pressures of up to 1160 bar 
[13, 18,26]. Many pressure experiments on enzy
mes produce only indications of the stability of 
protein structures [21]. In 1973, however, a spe
cial expedition was mounted to research the 
biochemical-ecological problems of deep-sea 
creatures [14]. All effects of pressure are related 
to volume changes: if a chemical process is 
accompanied by an increase in volume, it will be 
negatively affected by increased pressure but pro
moted by a fall in pressure. Volume changes in 
proteins arise more from alterations in the state 
of hydration than from alterations in conforma
tion. The association of protein subunits results in 
the release of water at the contact points and, 
thus, in an increase in volume; pressure, there
fore, promotes the dissociation of oligomeric 
enzymes. The evolution of deep-sea animals, 
however, does not go in the direction of prefer
ence for monomeric enzymes, as was believed for 
a time, but rather towards a strengthening of non
polar interactions between the subunits. Ligand 
binding and the catalytic activity of enzymes are 
also accompanied by volume changes, and are 
thus pressure dependent and the subject of adapt
ive evolutionary processes. Membrane structure 
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is also pressure dependent but the corresponding 
adaptive changes in membrane lipids have, as yet, 
been little investigated. 
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2.1 The Structure of Chromosomal DNA 

DNA deserves the most attention in any book 
dealing with molecular variety in animals. The 
complete genetic information of the organism is 
encoded in the order of the bases, and with it also 
is the whole spectrum of genetically determined 
variation within and between individuals. One 
can view DNA as a text in which each of the four 
letters at each position has a unique meaning. 
Some information and variety is lost en route 
from the DNA via RNA to the proteins and the 
complex morphological and physiological charac
ters because only part of the DNA is transcribed 
into RNA, and not all RNA codes for proteins; 
furthermore, the genetic code is degenerate and 
the 64 possible triplet co dons define only 20 
amino acids. Sequence differences between pro
teins may also have no consequences for complex 
phenotypic characters. On the other hand, new 
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(epigenetic) variability can arise during the infor
mation transfer process as a result of environ
mental factors. 

The genetic information in the DNA that is 
passed from generation to generation is not as 
rigidly and inalterably inscribed as the text in a 
book. Spontaneous reactions, external factors 
and mistakes during replication, so long as they 
are not corrected by the cell's repair system, pro
duce persistent changes in the genetic information. 
When this occurs in somatic cells, malfunction or 
neoplastic growth may result, and the survival 
chances of the individual are reduced. Mutations 
in germ cells, however, may spread through the 
progeny and instigate the evolutionary process. 
The latest results of molecular biology research 
have shown genetic alteration to be far more fre
quent than was previously assumed. The animal 
genome appears today as a dynamic system 
whose structure changes from one cell generation 
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to the next, not only through single base substitu
tions but also by rearrangement, transposition, 
amplification and the deletion of longer sequen
ces. In accordance with the aims of this book, the 
main concern of the following chapter will be the 
structural variety in the nucleic acids that results 
from such processes. The reader is referred to the 
relevant literature for general information on 
molecular biology and related methods. 

2.1.1 Conformation and Composition 

The DNA that is organized together with histones 
and other nuclear proteins into the supramolecu
lar structure of chromatin does not always have 
the well-known Watson and Crick conformation 
of a right-handed double helix (B form); the left
handed Z form is also quite often found in chro
mosomes. Longer sequences with purines on one 
strand and pyrimidines on the opposite strand 
(YiRn) can also form triple helices [256]. The 
double helix of the Z form has a diameter of 
1,8 om compared with 2.0 nm for the B-DNA, 12 
instead of 10.5 bases per turn, and one turn per 
4.46 instead of per 3.4 nm. Whereas the bases of 
B-DNA all have the same (antiparallel) polarity 
in terms of the sugar-phosphate chain, the 
orientation in Z-DNAis alternatively parallel and 
antiparallel. As the parallel orientation is more 
stable for purines than for pyrimidines, the Z 
conformation is favoured where purines and pyri
midines alternate. Thus, the widespread middle 
repetitive DNA components of mammals with the 
sequence (CAlGT)n, i.e. with (CA)n on one 
strand and (GT)n on the other, should readily 
assume the Z conformation; this may perhaps be 
related to their function [186, 358]. Such sequen
ces are never found in bacteria and are seldom 
found in protozoans; a comparative investigation 
into their origin would be interesting [308]. An 
equilibrium exists between B- and Z-DNA, with 
the B form being favoured thermodynamically. 
The Z conformation is stabilized by negative 
supercoiling and by methylation of CG to m5CG. 
Changes from B to Z lead to far-reaching changes 
in the structural and functional character of the 
chromatin, e.g. in protein binding. Changes in 
DNA conformation are possibly involved in the 
regulation of transcription [358]. 

In contrast to B-DNA, Z-DNA is immune 
reactive. Z-DNA-specific fluorescent antibodies 
have shown a positive reaction with e.g. the 
polytene chromosomes of the dipterans Droso
phila and Chironomus, the interphase nucleus of 

the ciliate Stylonycha mytilus, and the metaphase 
chromosomes of the primates. However, the sol
vents used (ethanol and acetic acid) promote the 
transformation of B to Z, and thus the in vivo 
existence of Z-DNA is questionable. In some 
cases, immunological evidence for Z-DNA has 
been obtained with more suitable methods, e.g. 
in transcriptionally active chromosomes of Dro
sophila hydei and in (TG)n sequences in the third 
intron of the a-lactalbumin gene of the rat 
[249,297]. A biological role for Z-DNA is, fur
thermore, suggested by the existence of specific 
Z-DNA-binding proteins, e.g. in SV40 virus, 
Escherichia coli, wheat germ, Drosophila and 
rats. Three Z-DNA-specific proteins of 31-
58 kDa have been isolated from bull testis, and a 
protein of 56 kDa has been isolated from HeLa 
cells [170, 241, 261, 367]. 

In addition to such far-reaching structural differ
ences between different DNA regions, there is 
finer, more localized variation in helix parameters 
that probably represents the functional subdivision 
of the DNA into discrete units with characteristic 
properties. DNA molecules are not rigid and 
undergo thermal fluctuation in conformation that 
can be shown, for example, by the tritium 
exchange method. Such internal movements of the 
DNA and other macromolecules have been vividly 
described as "breathing reactions" [293, 444]. 

In order to describe the base composition of 
the DNA, it is only necessary, according to the 
Chargaff rule which states that AIT and Gtc exist 
in equal proportions, to know the G+C content. 
Whilst in mammalian DNA this is always 
40-50 %, values for the DNA of the Protozoa and 
those of the prokaryotes and lower eukaryotes 
vary widely (Table 2.1). The highly repetitive 
satellite DNAs separated as a minor band during 
density-gradient centrifugation have an extreme 

Thble 2.1. The G+O content of various DNAs [6,99, 
159, 168] 

Malarial agent Plasmodium falciparum 18 % 
. Plasmodium berghei 20 % 
Slime mould Dictyostelium 22 % 
Ciliate Tetrahymena thermophila 25 % 
(macronucleus) 
Yeast Saccharomyces cerevisiae 39 % 
Rat (liver) 40 % 
Wheat germ 43 % 
Chicken (liver) 43 % 
Mouse (spleen) 44 % 
Escherichia coli 51 % 
Neurospora crassa 54 % 
Herpes simplex virus 72 % 



composition. Further regional differences can be 
demonstrated in the base composition of the ver
tebrates. The genome is apparently split into 
internally homologous segments of up to 300 kb 
that differ in their G+C content (isochores); 
these correspond to the microscopically visible 
chromosome bands. The differing composition of 
the isochores has consequences not only for the 
sequences of the coding and non-coding DNA 
regions, but also for the transcripts and proteins. 
A high proportion of G+C-rich isochores is found 
only in birds and mammals; in lower vertebrates 
they are seldom found, if they occur at all. From 
human DNA, for example, various fractions with 
G+C values of between 36.7 and 49.2 % can be 
isolated [147,311]. 

The transfer of methyl groups to single DNA 
bases results in the formation of 5-methy1cytosine 
(msC) and other methylated bases. In animals 
and other eukaryotes, cytosine is methylated only 
when in the sequence CG. The resulting mSCG 
sequence promotes the methylation of the com
plementary sequence GC, so that methylated 
residues are often found in pairs as mSCG/GmsC 
[7]. In contrast to the situation in proka
ryotes such as E. coli, some methylatable bases 
always remain unmethylated in the eukaryotes. 
The degree of methylation is species and tissue 
specific and dependent on development. In ver
tebrates about 3-6 % of cytosine residues are 
methylated, whereas in invertebrates the values 
are mostly lower; many insects and unicellular 
organisms contain no methy1cytosines. In con
trast, up to 30 % of the cytosine residues are 
methylated in plants. Relatively high degrees of 
methylation are to be found in the GC-rich 5' 
non-translated (NT) regions of genes [7]. The 
DNA of embryos and tumour cells is always 
heavily methylated, and the transcriptionally 
inactive DNA of spermatozoa is more heavily 
methylated than that of active cells [5, 7, 79]. 
Using immunological methods, other methylated 
DNA residues, e.g. 6-methyladenine or 7-
methylguanine, can be found in molar propor
tions of several percent of the corresponding 
bases; this occurs, e.g., in the citrus scale Plano
coccus citri or, in somewhat lower proportions, in 
Drosophila, human placenta, calf thymus and rat 
sperm [3]. 6-Methyladenine, but not 5-
methy1cytosine, is also present in the macronuc
leus of several ciliates [35, 159]. Methylation is 
apparently of importance for transcription of the 
DNA; for this reason the process is presently the 
subject of intensive study [5, 79]. However, the 
relationship between gene methylation and activ-
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ity is by no means straightforward; active genes, 
as a whole or at particular points, are often hypo
methylated, but they may also be completely 
methylated, or there may be no correlation 
between methylation and gene expression [113]. 

2.1.2 Base Sequence and Gene Structure 

The information contained in the nucleic acids is 
encoded in the order of the subunits, the base or 
nucleotide sequence. The base sequence in the 
DNA of any given organism is the result of 
chance mutation and selection during evolution 
related to various functional requirements: for 
the encoding of polypeptides and RNAs with spe
cific functions; for initiation, termination and 
regulation of transcription; for the coiling and 
packing of the DNA in the chromosomes; for the 
regulation of chromosome pairing during meio
sis; and for recombination. In modern biology, 
one of the most fascinating possibilities for gain
ing new insight lies in our ability to read the DNA 
text and to trace therein the changes that 
occurred during the millions of years of evolu
tion. 

Automatic DNA sequencing methods have 
developed to such an extent that up to 50000 bp 
can be sequenced per day [284], and the large 
amount of accumulated data can now be stored 
and evaluated only with the computer [459]. The 
DNA databanks established in Los Alamos and 
Heidelberg contained 6600 sequences in 1985, 
amounting to almost 6 million bp, and the prob
lem of coping with the flood of data has since 
become acute [254]. Known sequences from the 
human genome, ribosomal RNAs, transfer RNAs 
and their genes, histones and histone genes, etc. 
are now regularly compiled in the journal Nucleic 
Acids Research. Approximately 60 % of the 
genome of the nematode Caenorhabditis elegans, 
which with its 80 million bp is one of the smallest 
known eumetazoan genomes, has already been 
cloned, as has the genome of baker's yeast, Sac
charomyces cerevisiae [94]. Given the present 
sequencing capacity, the plan to sequence the 
complete 3000 million bp of the human genome 
no longer sounds utopian [468]. In 1989, about 
6500 human DNA sequences were known, includ
ing approximately 1600 protein genes; in the 
order of 1000 new sequences are added each year 
[494]. DNA sequencing is much more efficient 
than protein sequencing and amino acid sequen
ces are today almost entirely derived from the 
corresponding DNA sequences. The starting 



12 2 Nucleic Acids and Nuclear Proteins 

sequence may be that of either a DNA comple
menting an RNA sequence (cDNA) or genomic 
DNA; the amounts of DNA required for 
sequencing are obtained through cloning reac
tions [30,204]. The multiplication of complete 
genes from genomic DNA is now possible using 
the polymerase chain reaction (peR), i. e. a 
DNA-polymerase-catalysed DNA synthesis using 
a large excess of short DNA primers that contain 
a partial sequence for the gene of interest 
[39,267]. 

The gene concept has undergone many 
changes as our knowledge of mode of gene action 
has increased. After the classical definition of the 
gene as a unit of mutation and recombination, 
and then the "one gene, one polypeptide" princi
ple, came the description in the 1960s of a gene as 
a stretch of DNA that is transcribed as a unit and 
that codes for a functional RNA (messenger 
RNA, ribosomal RNA, transfer RNA) [168]. 
Although, in the meantime, in animal genomes 
phenomena have been observed which do not fit 
this definition, e.g. overlapping and superim
posed genes or the formation of multiple RNAs 
from a single gene, there is still much to be said 
for retaining the definition of a gene as a tran
scription unit (Fig. 2.1). The transcribed region of 
the DNA is always longer than the sequence cod
ing for the finished product; in addition, in front 
of ("upstream", 5' end) or behind ("down
stream", 3' end) the transcribed region lie DNA 
sequences of importance as signals for the initi
ation and termination of transcription. The ques
tion thus arises of how the gene as a functional 
unit is to be defined on the DNA. For this, one 
can exploit the changes in chromatin structure, 
shown by active genes, that make them more sus
ceptible to DNase I digestion. Thus, the fibroin 
gene of the silkworm Bornbyx rnori is very sensit
ive to DNase when it is actively transcribed in the 
distal part of the silk gland of fifth-stage larvae, 
but is essentially insensitive to DNase I in its 
inactive state in the middle part of the silk gland 
of such larvae, or in later developmental stages 
[236]. In the chicken, the DNase-I-sensitive DNA 
region of the ovalbumin gene and the closely 
related genes "X" and "Y" has a length of 100 kb, 
that of the lysozyme gene is 24 kb, and for 
glyceraldehyde-3-phosphate dehydrogenase it is 

12 kb; in all cases, the boundaries at the 3' end 
are sharp and those at the 5' end are more 
variable [213]. The signals for initiation and ter
mination of transcription have different positions 
and structures according to the gene product and 
the relevant RNA polymerase, i. e. the Pol I tran
scribed ribosomal RNA genes, the Pol II tran
scribed protein-coding genes, and the Pol III 
transcribed genes for small RNAs. The transcrip
tion signals will be discussed in connection with 
the process of transcription. The start and finish 
of translation are also marked by signals on the 
DNA and mRNA, respectively. Translation be
gins at the first AUG of the mRNA and ends at 
the first UAA, UAG or UGA stop codon. 

Normally the genes of the eukaryote genome 
are arranged in a linear fashion. In prokaryotes, 
on the other hand, overlapping genes are not 
uncommon; these lie either on different DNA 
strands and are read in opposite directions, or on 
the same strand and have interlocking reading 
frames. This situation, although it allows a higher 
density of information on the DNA and is advant
ageous for small genomes, hinders the evolution 
of DNA sequences. It is also particularly surpris
ing to find such phenomena in animals that have 
a large surplus of DNA. The DNA flanking the 
protamine gene of the rainbow trout, Salrno 
gairdneri, includes an extra TAT A box in front of 
the promoter and the region is transcribed into 
two different functional mRNAs. One of the 
mRNAs encodes protamine, and the other, which 
arises from a shifted reading frame and is found in 
large amounts only in the brain, produces the 
proline-rich Y protein (Fig. 2.2). The function of 
the Y protein is not known; it is significantly 
homologous to a proline-rich phosphoprotein 
from human saliva, the avian sarcoma virus 
(ASV) protein P19, and the product of the myc 
oncogene. The Y gene breaks the "first AUG 
rule" in so far as translation begins only at the 
third ATG after the TATA box. Interestingly, the 
protamine gene is flanked by long terminal 
repeats (LTRs) that are characteristic of ASV and 
other viruses. There is also a region in the ASV 
genome that codes for three different proteins 
using shifted reading frames, and it is easy to 
imagine that the anomalies in animals originated 
with the insertion of a viral genome [212]. At the 

Initiation Poly (Al 
Fig. 2.1. A plan of the tran
scription unit of a protein
coding gene trancribed by 
polymerase II 

Control I I Termination 
region + Exons + region 

-------- TATAAT ~ AAUAAA-------
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---------
ATG ACA TCA CTC CAG CTC CCC TCC AGC CCT ATA AAA GGG ACC ACC GCC 
Met Thr Ser Leu Glu Leu Pro Ser Ser Pro Ile Lys Gly Thr Thr Ala 

Met Pro Arg Arg Arg Arg Ser 
CGT CTA AAC ATT TTA TCC ATC AAT CAC AAT GCC CAG AAG ACG CAG ATC 
Arg Leu Asn Ile Leu Ser Ile Asn His Asn Ala Gln Lys Thr Gln Ile 

Fig. 2.2. The protamine gene 
of the rainbow trout Salrno 
gairdneri codes not only for 
protamine (lower sequence) 
but also, using a shifted read
ing frame for a second pro
tein "Y" (upper sequence). 
The TATA box of the Y gene 
is marked with the dashed 
line; the termination codons 
are indicated by asterisks 
[212] 

Ser Ser Arg Pro Val Arg Arg Arg Arg Arg Pro Arg Val Ser Arg Arg 
CTC CAG CCG ACC TGT CCG CAG GCG CCG CCG CCC CAG GGT GTC CCG ACG 
Leu Gln Pro Thr Cys Pro Gln Ala Pro Pro Pro Gln Gly Val Pro Thr 

Arg Arg Arg Arg Gly Gly Arg Arg Arg Arg *** 
TCG TCG CAG GAG AGG AGG CCG CAG GAG GCG TTA GAT ACG ACG GGT AGA 
Ser Ser Gln Glu Arg Arg Pro Gln Glu Ala Leu Asp Arg Thr Gly Arg 

ACC TAC CGT ACC TAT CCG CCC CCT CCG GGT TCT CCC TCC CGA CCC TTG 
Thr Tyr Leu Thr Tyr Pro Pro Pro Pro Gly Ser Pro Ser Arg Pro Leu 

GTA GTG TAG 
Val Val *** 

GnRH (gonadotropin-releasing hormone) locus 
of the rat, the complementary strand includes a 
gene (SH) of unknown function whose exons 
partly overlap those of the GnRH gene. The 
GnRH gene is transcribed in the brain and the SH 
gene in heart muscle [8]. Transcribed sequences 
that overlap on both strands are also observed in 
the mouse and in the region of the Dopa decar
boxylase gene in Drosophila [415, 477]. 

2.1.3 The Genetic Code 

The triplet code by which the protein-coding 
DNA sequences and their mRNA transcription 
products determine the amino acid sequence 
applies universally from E. coli to man (see book
mark). It makes sense that the code was fixed 
very early in evolution as each change in the code 
would affect all the proteins of an organism, with 
catastrophic consequences. However, there are 
exceptions to this universal code in animals, 
which the codon reassignment hypothesis 
attempts to explain. This assumes that specific 
codons and relevant anticodons can disappear 
from the repertoire during evolution. If the codon 
reappears later, the tRNA with the appropriate 
anticodon may now have a different function 
[334]. Exceptions to the universal genetic code 
are to be found, on the one hand, in mitochond
rial DNA (p. 53 and 55) and, on the other hand, 
in the Ciliophora. A long time ago it was observed 
that the mRNAs for the surface antigen of Para
mecium were not accurately read in heterologous 
in vitro systems because they contain many TAA 
and TAG codons, which mean "stop" in the gen
etic code. TAA and TAG in the gene sequence 

and UAA and UAG in the mRNA code for gluta
mine or glutamic acid here and in other ciliates 
(Oxytricha, Stylonchia and Tetrahymena); only 
UGA remains as a stop codon. This alternative 
code is not valid in all ciliates; the tubulin and 
actin genes of Euplotes use UAA as the stop 
codon [139, 180, 298]. Three glutamine-specific 
tRNAs have been sequenced in Tetrahymena ther
mophila. One of them has the anticodon 5'
UmUG (where mU represents 2'-methyluridine) 
that recognizes the standard GIn codons CAAlG; 
both of the other tRNAs have 5'-UmUA (for the 
codon UAA) and 5'-CUA (for the codon UAG) 
[175]. Because of the size and complexity of the 
ciliate genome, it is difficult to imagine that this 
deviation from the universal genetic code 
occurred at a relatively late stage of evolution. 
The separate evolutionary line of the Ciliophora 
probably arose before the separation of the fungi, 
plants and animals [200]. Other molecular data 
speak in favour of this hypothesis (p. 170). 

With the exception of tryptophan and methio
nine, each of the 20 primary amino acids is 
encoded by several synonymous codons that, 
arginine excluded, all differ in the third position 
(see bookmark). The synonymous co dons of each 
amino acid are not uniformly used; it is routine in 
the analysis of newly sequenced genes to state the 
codon usage [462]. The codon usage differs sig
nificantly between groups of organisms and spe
cies, and also between single genes of a species. 
The use of synonymous codes is limited by the 
base composition of the total genome or DNA 
segment (isochore) in which the gene is found. As 
the tRNAs specified by each synonymous codon 
are generally present in the cytoplasm in different 
amounts, the rate of protein synthesis should also 
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be dependent upon codon usage; in fact, in many 
cases codon usage, tRNA frequency and gene 
expression are correlated. Even where tRNA 
availability is uniform, some codon-tRNA com
binations are translated faster but less accurately, 
e.g. in the cell-free systems of E. coli UUC (for 
phenylalanine) is used twice as frequently as 
UUU [109]. 

2.1.4 Introns 

A basic difference between eukaryote and proka
ryote genes is that the coding sequences of the 
former are not continuous but are interrupted to 
give partial sequences (exons) by non-coding, 
intervening sequences (IVS or introns) (Fig. 2.1). 
The introns are also initially transcribed but are 
removed by slicing during processing of the RNA 
(see Fig. 2.9). The presence of the introns dra
matically increases the chances of successful 
intrachromosomal recombination of genetic 
information during crossing-over. Variations in 
the splicing of particular genes allows the forma
tion of different mRNAs and proteins from the 
same gene (p. 40). Only in a very few eukaryotic 
genes are introns absent, e.g. histone genes, 
interferon genes, most heat-shock genes, and the 
genes of the trypanosomes. In contrast, an excep
tion to the rule that prokaryotes do not possess 
introns has recently been found: the gene for the 
23S ribosomal RNA of the archebacterium Desul
furococcus mobilis has a 622-bp intron that is 
excised during r RNA processing [230]. 

Most genes contain one or just a few introns, 
but there may be more than 10; e.g. there are 13 
in the serum albumin gene of the rat, at least 14 in 
the ~-crystallin gene and 16 in the ovtransferrin 
gene of the chicken, 33 in the vitellogenin gene of 
Xenopus, and more than 50 in the procollagen II 
gene of the chicken [45, 317, 446]. Ciliate genes 
are normally poor in introns. Recently, however, 
a gene was found in Tetrahymena with about 30 
introns within 15 kb [287]. A relationship exists 
between the length of coding and non-coding sec
tions such that protein-coding genes in excess of 
550 bp are invariably interrupted by introns; the 
intron: exon ratio greatly increases with increas
ing exon length [45, 317]. Extremes in exon size 
are known: e.g. exon 17 in the troponin-T gene of 
the chicken has 6 bp (equivalent to two amino 
acid codons), and an exon in the human renin 
gene is only 9 bp long [90]; in contrast, there is a 
14000-bp exon in the fibroin gene of the silkworm 
B. mori and one of 7572 bp (exon 26) in the 

human apolipoprotein-B gene [37]. In general, 
introns have lengths of up to 10000 bp, although 
very large introns of 60 and 79 kb have been 
found in the antp and dunce genes, respectively, 
of Drosophila [69, 150]. In contrast to exon 
lengths, mean intron lengths differ considerably 
between the genomes of different groups of orga
nisms. Introns in the middle of coding sequences 
of vertebrates have a mean length of 1127 bp, in 
insects 622 bp, in the lower fungi only 86 bp, and 
in higher plants 249 bp [183]. Few introns are less 
than 75 bp long [406]. Experiments with artifi
cially modified globin genes have shown that 
shortening the introns to 69 bp disturbs the splic
ing process [446]. 

Exons and introns, together with the non
translated regions in front of and behind the cod
ing sequences, make up the typical eukaryotic 
transcription unit (Fig. 2.1). In addition, each 
gene requires further regions on both sides to 
ensure optimal expression. Thus, with the pres
ence of introns, and non-translated and non
transcribed regions, eukaryotic genes require 
stretches of DNA many times the length of the 
actual protein-coding sequence. So, for example, 
in the gene for the 28-kDa large ovomucoid of the 
chicken, the sequence coding for the finished pro
tein is 561 bp long, with another 260 bp for the 
signal peptide, the 5' and 3' non-translated regi
ons, and the initiation and termination signals; 
these 0.82 kb, together with a total of 4.7 kb of 
introns, make up a gene of 5.5 kb; with the addi
tion of about 4 kb of territorial DNA on both 
sides, it is seen that a coding sequence of 0.56 kb 
requires not less that 13.5 kb of DNA [45, 317]. 
In Drosophila there are genes with even larger 
introns; e.g. ubx, with a total length of 75 kb, or 
antp, at 100 kb, both code for relatively small 
proteins [189]. Introns lie mostly within coding 
regions, sometimes in the 5' transcribed but not 
translated region, and seldom in the 3' region. In 
homologous genes of different species or in multi
ple genes resulting from duplication, they are 
generally to be found at homologous positions; 
they can, however, disappear or appear during 
the course of evolution. Particularly large varia
tion in intron position is found in the actin genes 
(see Fig. 10.4; p.341). In length and sequence, 
introns show especially rapid evolutionary change 
and distinctive polymorphism. Thus, in the actin 
genes, differences in the number, size and posi
tion of introns are found not only between differ
ent species but even between different members 
of this multi-gene family in a single individual. In 
Drosophila and other dipterans, introns are 



found in only some of the multiple 28S rRNA 
genes. The insulin genes of the vertebrates consis
tently have two introns, one in the 5' non-coding 
region and one in the region of the C-peptide; in 
rats, however, the C-peptide intron is missing 
from one of the two insulin genes present [45]. 

In some introns there are open reading frames 
(ORFs) without stop codons that can code for 
proteins. The first example of an exon in an 
intron was the maturase gene, discovered within 
the yeast cytochrome-b gene in 1981; this plays a 
role in the splicing of the cytochrome-b tran
script. Two examples are known in Drosophila: 
The first is the gart gene, which codes for three 
enzymes of purine synthesis and contains in its 
first 4142-bp-long intron on the complementary 
strand, i.e. being read in the opposite direction, 
the fully functional gene for pupa cuticular pro
tein (PCP) with 184 amino acids, a homologue of 
four known larval cuticular proteins (LCPs). In 
contrast to the gart gene, the PCP gene is expre
ssed only in the epidermis of the pre-pupa. The 
PCP gene situated in the gart intron itself con
tains an intron of 71 bp between co dons 4 and 5. 
A sequence comparison with the relevant yeast 
gene clearly shows that the PCP gene was 
inserted later [189]. Sequence comparisons sug
gest that the PCP gene arose about 70 million 
years ago by duplication of the then single LCP 
gene and is, therefore, much older than the pre
sent Drosophila species [307]. The second exam
ple is the molecular organization of the dounce 
gene which codes for a cAMP phosphodiesterase 
and has proven to be particularly complex, with 
three divergently transcribed genes nested within 
its introns. Two of these, Sgs-4 and Pig-1, are 
nested within the extremely large 79-kb intron 
that separates exon 3 from exon 2 [69, 143]. Cor
responding examples are also to be found in 
mammals and man. A gene of unknown function 
is located in the first intron of the mouse (3-
glucoronidase gene; introns 1 and 3 of the human 
pre-albumin gene contain ORFs that could code 
for proteins of 37 to 69 amino acids [442, 465]. 

There are two basically different hypotheses 
about intron evolution that relate to the localiza
tion of introns within coding sequences and the 
splicing process. According to the "association" 
hypothesis, introns and splicing were already pre
sent in the first organisms but were lost in the pro
karyotes when DNA content was reduced in 
favour of more rapid replication. The second 
hypothesis ("divisive" intron origin) assumes that 
coding sequences originally were continuous and 
lacking in introns, and that only during eukaryote 
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evolution were introns introduced and the splic
ing mechanism developed. Here one can think of 
introns arising from transposable elements that 
carried on their ends signals specific for insertion 
into DNA sequences that were already present 
and for the splicing process. The first hypothesis 
assumes that longer coding sequences arose dur
ing the early evolution of organisms by the join
ing of shorter sequences. Speaking in favour of 
this is the existence in prokaryotic genomes of a 
primitive, RNA-dependent splicing mechanism 
and the albeit rare occurrence of introns. A par
ticularly strong argument for the associative ori
gin of introns is that in many genes single exons 
represent subregions of polypeptide chains that 
either fold in a compact manner (modules) or 
are structurally and functionally autonomous 
(domains). On the other hand, for many genes 
there is no correlation between intron position 
and domain structure. The appearance of new 
introns can be demonstrated in the evolution of 
the serine proteases (see Fig. 3.6; p.91). The 
tubulin and actin genes of eukaryotes vary 
enormously in the number and position of 
introns: a- and (3-tubulin are homologous and 
agree in about 40 % of their amino acids, but only 
one of the 17 possible intron positions in a
tubulin and the 19 possible intron positions in (3-
tubulin coincide. All these positions, however, 
regardless of whether they contain an intron or 
not, show characteristics of the typical intron
flanking "junction sequence"; they appear to be 
"proto-splice sites" predestined for the insertion 
of introns [107, 155,421]. 

The rearrangement of exons (exon shuffling) 
has played a large role in molecular evolution 
[366,421]. One finds, for example, in genes of 
very different function and origin, one or more 
exons that code for an amino acid sequence 
homologous to epidermal growth factor (EGF) 
(see Fig. 3.6; p. 91). That introns may be very old 
is nicely demonstrated by the genes of triose
phosphate isomerase; these are homologous in all 
organisms. In E. coli and baker's yeast these 
genes have no introns, but they have five introns 
in the fungus Aspergillus nidulans, six in vertebra
tes, and eight in maize. Five of the introns have 
the same position in maize and man. Many of the 
introns lie in regions of the triosephosphate iso
merase genes whose amino acid sequence is 
highly conserved in all organisms; this speaks 
against them being inserted later and at random 
[155]. 

The idea that the genomes of the first orga
nisms contained non-coding sequences can be 
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supported both theoretically and statistically. 
Computer simulation shows that in random 
sequences of the four bases, a stop codon appears 
after a maximum of 600 bp, and longer sequences 
can be obtained only by excision of the region of 
the stop codon and splicing of the resulting frag
ments; this coincides with the fact that only genes 
of less than 600 bp have no introns [392]. If one 
assumes a length of 20 kb for the primordial 
nucleic acid molecule of the first organisms, then 
a stop codon-free sequence (ORP) of 550 bp or 
more would be expected in a maximum of 4.6 % 
of all molecules; according to this, the excess of 
non-coding sequences found today in most euka
ryotes represents the original situation [318]. The 
correspondence between exon and domain 
boundaries, used as an argument for the associat
ive origin of introns, does not apply to all prote
ins; furthermore, even homologous genes do not 
always have the same number or location of 
introns. Thus, the origin of introns through the 
insertion of transposable sequences is by no 
means excluded; perhaps the two mechanisms 
exist side-by-side. 

2.2 Multiple Genes and Pseudo genes 

Many genes occur in the haploid genome in sev
eral, often very many, more or less identical 
copies. This was already postulated two decades 
ago because it was noted that there are many 
cases where different proteins (globin isoenzymes) 
with the same or a similar function exist in the 
same individual. Today, one can detect all the 
similar sequences in the genome by hybridization 
with a DNA probe. Such experiments have made 
it clear that there are further copies of almost all 
genes somewhere in the genome, although in 
many cases these may be non-functional. Multi
gene families make biological sense in two ways. 

1. Dose repetition: In the biosynthesis of almost 
all proteins, one gene is sufficient for a high 
rate of synthesis because of the two amplifying 
effects of transcription and translation. In the 
formation of different RNA types, however, 
including the 5S rRNA and the different 
tRNAs, the second amplifying step is missing. 
Many identical genes are required in this case 
to satisfy requirements. The only example of 
dose repetition of a protein-coding gene is that 
of the histones, which must be produced in a 
short period during the cell cycle in an amount 

similar to that of the DNA. Here again, the 
amplifying effect of protein biosynthesis is 
insufficient. Only gene duplication or multi
plication in the germline is appropriate, i.e. a 
process of molecular evolution that affects all 
the cells of an animal. The multiplication of the 
genome or of single genes can also be limited 
to particular somatic cells. This also serves to 
cover increased requirements for gene pro
ducts but it is a process of individual biochem
ical adaptation and will be dealt with elsewhere 
(p.27). 

2. Variant repetition: When multiple genes pro
duced by gene amplification develop indepen
dently in evolution (diversification), there ari
ses a family of related but significantly differ
ent gene products that may be adapted to vari
ous conditions in different cell types or in dif
ferent developmental stages. This book con
tains many such examples. 

Multiple genes arise through gene duplication, 
the genetic mechanism of which is most likely 
unequal crossing-over. The duplicated genes are 
at first arranged one after the other (a tandem 
cluster); the genes of a family can also be spread 
throughout the genome (dispersed genes); and 
finally, there are mUlti-gene families with most of 
the members together in one or more clusters and 
single copies (orphons) at other positions in the 
genome. This phenomenon was discovered in 
1981 in the histone genes of the sea urchin Lyte
chinus pictus, where more than 50 orphons have 
been found, but is apparently quite widespread. 
In cases of dose repetition, the genes of a gene 
cluster are generally regulated together and, 
through particular evolutionary mechanisms 
(horizontal or concerted evolution), remain simi
lar in sequence (homogeneous). Neither of these 
is valid for cases of variant repetition. Orphons 
are excluded from horizontal evolution and, 
therefore, show great diversification. 

In all mUlti-gene families there are probably 
members that are not transcribed because of the 
presence of some sort of defect. Such genes are 
rather misleadingly termed pseudogenes. The 
name was coined in 1977 by Jacq, who discovered 
the first such gene within the 5S rRNA genes of 
the clawed frog, Xenopus laevis. Many pseudoge
nes are now recognized, e.g. in the gene families 
of the globins, the immunoglobulins and the 
tubulins of various mammals, cytochrome c of 
rats, actin and metallothionein of man, and the 
cuticula proteins of Drosophila. In some gene 
families, the number of pseudogenes greatly 



exceeds that of functional genes, the proportions 
being, for example, 4:1 for the cytochrome c 
gene of rats, 8: 3 for the tubulin genes, 10: 1 for 
the U1 RNA genes of man, and between 6: 1 and 
32: 1 for various ribosomal protein genes of the 
mouse [464]. Two categories of pseudo genes are 
recognized according to their origins: the "tradi
tional" and the "processed" pseudogenes. The 
traditional pseudogenes arose through the 
duplication of gene copies that, after a period of 
normal function, became defective, e.g. by single 
base substitutions that introduce intrinsic stop 
codons (nonsense mutations) or by the insertion 
or deletion of one or two bases that shift the read
ing frame (frameshift mutations). Genes may also 
be inactivated by changes in transcription or 
translation signals or by substitutions in the con
trol region. 

The pseudo genes of the second category are 
distinguished from functional genes by the 
absence of introns and by their remote location in 
the genome, far from their functional counter
parts. Many possess a 3' terminal poly(A) 
sequence of 11-38 bp; many are flanked by ident
ical, similarly oriented sequences (direct repeats). 
All these characteristics speak for a mode of ori
gin whereby a DNA copy produced by reverse 
transcription of a finished (processed) mRNA is 
inserted somewhere in the genome. The pro
cessed pseudo genes thus belong to the large num
ber of RNA-dependent transposed sequences 
(retroposens), and are also termed retropseudo
genes. This type of pseudo gene is found in many 
multi-gene families of mammals but, up to now, 
has been found only rarely in other vertebrates 
and the invertebrates. Only by sequence analysis 
will it be possible to decide whether the widely 
spread orphons are really pseudogenes of this 
category [452,464, 470]. The retropseudogenes 
and the other retroposons will be discussed more 
thoroughly below. 

2.3 Repetitive Sequences 
and Mobile Elements 

Whereas the small genomes of the prokaryotes 
consist almost entirely of unique sequences, the 
much larger eukaryote genomes consistently con
tain a proportion of repetitive sequences, which 
in unicellular or multicellular animals may be 
between 10 and 50 % of the DNA. The propor
tion of repetitive, information-deficient sequen
ces in DNA fragments can be estimated from the 
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rate with which single strands reassociate to 
duplexes (reassociation kinetics). The product of 
the starting concentration and half-life, cot, 
increases with increasing complexity. The cot 
value distinguishes highly repetitive DNA with 
about 106 copies, middle repetitive DNA with 
102_105 copies, and single-copy (unique) DNA 
with one or a few copies. The multi-gene families 
of the ribosomal RNAs and histones fall into the 
category of middle repetitive DNA, although 
only with proportions of a few percent. The Pro
tozoa, with their small genomes, have only 
10-20 % repetitive DNA [203]; amongst the 
vertebrates, the teleost Arothron diadematus has 
the lowest proportion of repetitive DNA with 
13 % [345]; in contrast, a relatively large propor
tion, particularly of highly repetitive DNA, is 
found in the extremely large genomes of the Uro
dela [43]. 

Many of the highly repeated sequences form 
tandem clusters in the heterochromatin of the 
centromere and telomere regions of chromoso
mes (satellite DNA). Tandem repeats of short 
sequences are also found in the telomeres them
selves, the specialized structures at the ends of 
chromosomes that play an important role through 
their replication, stabilization and interaction 
with the nuclear membrane. The molecular struc
ture of the telomeres was first investigated in the 
Ciliophora where 104-107 of such chromosome 
ends are to be found in the macronucleus. Telo
meric repeats of (TTGGGG)m were found in Tet
rahymena, and of (TTTTGGGG)n in the hypot
richous Ciliophora Oxytricha, Euplotes and Sty
lonchia. The telomeres have a single-stranded 
extension to which specific proteins are bound 
[192]. In addition to the repeats (TTGGGG) and 
(TGAGGG), one finds especially (TTAGGG) in 
humans, all classes of vertebrates, and the flagel
late trypanosomes. The combined length of the 
tandem repeats in the lower eukaryotes amounts 
at the most to 1 kb, but in man it is 10-15 kb, and 
in the mouse it is up to 100 kb [36, 491]. Short, 
highly repeated sequences of only 2-3 bp are also 
widely scattered in the genome, e.g. in introns, in 
the spacers between genes, and also within longer 
repeated sequences. All possible types of such 
short, dispersed sequences are found in very dif
ferent classes of eukaryotes (man, Drosophila, 
sea urchin, the micronucleus of the ciliate Stylon
chia, and yeast); examples include repeats such 
as AA!IT (i.e. poly(A) on one strand and 
poly(T) on the other), GT/CA or CAG/GTC. 
Unlike similar satellite-DNA sequences, these 
dispersed sequences are transcribed [432]. Droso-
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phila proteins that bind specifically to the 
sequence (GT/CA)n have now been found [453]. 
The proportion of highly repetitive DNA, deter
mined with a radiolabelled DNA probe for exam
ple in rats, is higher than the estimate from .reas
sociation experiments [480]. In contrast to hIghly 
repeated sequences, middle repetitive DNA is 
always widely distributed throughout the 
genome. It is now clear that many of these 
sequences are transposable, i.e. they can be intro
duced into other parts of the genome. 

2.3.1 Satellite DNA 

The name satellite DNA derives from the specific 
bands that form during density-gradient centri
fugation due to the deviations in. density ca,!~ed 
by the typical composition of hIghly repetItIve 
DNA. The term is today applied to all tandemly 
clustered, highly repeated sequences, ev~n ,:hen 
the base composition, and thus the densIty, IS no 
different from that of the rest of the DNA (cryptic 
satellites) [31]. With the exception of the large 
copy number and the tandem ar~angement s~tel
lite DNAs in animals show consIderable vanety. 
The length of the repeat, for example, can vary 
between 2 and more than 1000 bp. Satellite DNA 
is mainly to be found in the highly condensed, 
strongly staining areas of the nucleus (hetero
chromatin) bound to specific proteins [13]. The 
amount may differ even between closely related 
species. The short satellites of Drosophila mela
nogaster, for example, make up 21 % of the 
genome, those of D. simulans constitute 5 %, but 
in D. erecta the value is only 0,5 % [269]. In the 
flour beetle, Tenebrio molitor, no less than 49 % 
of the genome is made up of satellite DNA, cor
responding to the very large amount of hete~o
chromatin seen in this species [343]. Satelhte 
DNA is completely absent from the somatic cells 
of several species, which leads to the question of 
whether it has any somatic function at all. It is 
interesting in this connection that such DNA can 
be highly methylated in somatic cells but unme
thylated in the germline; this is very different to 
the genes that are normally more highly methyl
ated in the germline and are inactive [179]. 

The relationship between base composition 
and density. can be exploited for DNA fractiona
tion. Depending upon the molar fraction of gua
nosine and cytidine (G+C), DNA in a caesium 
chloride solution at 25°C has a density of 

p = 1.660 + 0.098 (G+C). 

In mammals and birds, density-gradient centri
fugation results in four bands; two have densities 
less than 1.703, and two are GC-rich, "heavy" 
bands with densities of more than 1.704. Lower 
vertebrates usually show a complex pattern in the 
lower density region; only a very few species also 
have "heavy" DNA [345]. The simplest satellites 
are found, for example, in Cancer pagurus and 
other decapod Crustacea, where 10-30 % of the 
total genome consists of poly(AT). Although 
satellite DNA is mostly absent from lower euka
ryotes, very complicated satellites with repeats of 
177 and 196 bp are to be found in the flagellates 
Trypanosoma brucei and T. cruzi, respecti~ely 
[400]. In Drosophila melanogaster, four satelhtes 
may be isolated from density gradients; one satel
lite is made up of repeats of more than 300 bp, 
and the other three consist of 10 or 11 different 
repeats of 5-9 bp [269]. Unusually complex 
repeats of 1460 bp are seen in the satellite DNA 
of the sea snail, Rapana thomasiana [282]. 

Satellite DNA shows rapid evolution, and even 
closely related species have different repe~ted 
sequences [111]. There are, however, excep~lOns 
to this rule but these have not yet been explamed. 
For example, the same 6-bp repeat is found in the 
kangaroo rat Dipodomys and the guinea-pig; 
seven of the ten short satellites of Drosophila 
melanogaster are found in the twin species (sib
ling species) D. simulans, whereas all ten, in fact, 
occur in the more distantly related D. erecta 
[269]. The mechanisms of "horizontal evolution:' 
lead, on the one hand, to more sequence UnI

formity within individual tandem clusters, but, on 
the other hand, to the rapid spread of single-point 
mutations. Thus, satellite DNA shows a higher 
degree of variability between individuals of a spe
cies than was suspected earlier from measure
ments of denaturation temperature or density: in 
both Drosophila and mammals, over 10 % 
sequence difference is found between in~ividual 
repeats. In addition to sequence alteratIons by 
substitution, addition/deletion and rearrange
ment, changes in the amount through amplifica
tion and the elimination of whole regions appear 
to be frequent events in the evolution of satellite 
DNA [31]. 

The multiple satellites of a species often 
develop one from the other. In man and other pri
mates, one finds a family of repeats of about 
171 bp, called a-satellite or alphoid-DNA, in the 
centromere region of all chromosomes. The alph
oid sequences of humans deviate, on average, by 
16 % from a common consensus sequence and 
may be assigned to five groups of closely related 
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sequences [73]. In cattle, there are eight main 
satellites that together make up 23 % of the 
DNA. These are apparently all composed of simi
lar 23-bp repeats that probably arose from the 
same 11- to 12-bp ancestral sequence [430]. The 
domestic rat, Rattus rattus, possesses two satellite 
DNAs: type I is a 370-bp dimer, whose 185-bp a 
and b subunits show 60 % sequence agreement 
and apparently arose by duplication of a common 
92- to 93-bp ancestral sequence. The other satel
lite, type I, is a tandem of 185-pb repeats (a') that 
show 85 % agreement with a. Both types are 
polymorphous. The brown rat, R. norvegicus has 
only type I [125]. 

2.3.2 Middle Repetitive DNA 
and Genome Organization 

Middle repetitive DNA sequences are widely dis
persed in the genome and show two patterns of 
organization. Xenopus shows the typical short
period interspersion pattern. The largest part of 
the euchromatin consists of single-copy sequen
ces of about 1-2 kb alternating with short repetit
ive sequences of 0.1-0.3 kb. The Xenopus pat
tern is apparently widespread and, in addition to 
its occurrence in fish, amphibians, reptiles and 
mammals, is found in acrania, sea urchins and 
various insects [385]. The long-period intersper
sion pattern, of which the Drosophila pattern is 
typical, consists of repeated sequences of average 
length 5 kb interspersed with single-copy sequen
ces of up to 35 kb. This pattern is possibly an 
adaptation to a relatively small genome [153]. 
The Drosophila pattern is also present in the dip
terans Chironomus, Anopheles and Sarcophage 
as well as in the honey bee, Apis mellifera; in con
trast, one finds the short-period interspersion 
pattern in the dipterans Aedes, Musca and Sto
moxys, in the butterfly Antherea and in the Thysa
nura Thermobia. An intermediate pattern occurs 
in the mosquito, Culex sp. [81]. Unlike other ver
tebrates, all birds that have been examined show 
the Drosophila pattern [456]. There are regions of 
the genome in all animals that deviate from the 
basic type. Thus, short dispersed repeats are to be 
found in Drosophila, although less often than in 
mammals [153]. In humans, DNA sections of 
more than 50 kb, with the basic type of short 
repetitive sequences, alternate with sections in 
which long repeats are also to be found [422]. 

2.3.3 Transposition of Middle Repetitive 
Sequences 

The existence of mobile genetic elements Gump
ing genes) was postulated in the 1940s by Barbara 
McClintock on the basis of experiments with 
maize. The molecular-genetic evidence was first 
obtained from Drosophila, where the sequence 
"copia" and similar sequences can be detected at 
various positions in the genomes of different 
natural populations or laboratory strains, and 
even in different individuals of the same popula
tion or on the homologous chromosomes of indi
viduals [220]. This shows that the transposition 
and deletion of mobile elements are extraordi
narily frequent events, much more frequent even 
than base substitutions. 

The transposition rate of copia and similar 
sequences in Drosophila melanogaster is about 
10-3 per generation, whilst the insertion frequency 
of inducer-(I)-factors and hobo elements is even 
higher [176]. Extreme environmental factors, for 
example, heat shock in Drosophila can increase 
the transposition rate [221]. For various technical 
reasons, the direct detection of a transposition in 
mammals is more difficult. However, in the 
region of the B-globin cluster of the mouse exten
sive reorganization due to insertion of an L1 ele
ment is quite convincing, as is the allelic poly
morphism resulting from the insertion of an Alu 
element in the region of the prolactin gene of the 
rat [56,389]. 

The duplication, transposition and dispersion 
of mobile elements and the resulting changes in 
genome organization (rearrangements) are 
important mechanisms in molecular evolution as 
well as the main cause of the dynamic state of the 
eukaryotic genome [428]. On the other hand, the 
transposition of mobile sequences may, in many 
cases, be of no consequence for the phenotype. 
The fact that the majority of the mobile elements 
distributed throughout the genome appear to 
have no biological significance led to the concept 
of selfish DNA; this concept was formulated in 
1980 by Doolittle and Sapienza and, in a similar 
way, by Orgel and Crick, and has since been the 
subject of active controversy [116]. "Selfish 
DNA" is understood to mean DNA elements 
that, on the basis of specific sequence characters, 
show the potential for transposition; they multi
ply and move around the genome and so avoid 
elimination. These elements "survive", replicate 
and mutate in the genome like parasites in a 
host. It is quite possible that later in evolution 
they may attain a biological significance, just as a 
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parasite may become a symbiont. Non-functional 
DNA, without the ability to transpose ("ignorant 
DNA" or "junk DNA"), would, in contrast, be 
relatively quickly eliminated during evolution. It 
must be argued that the concept of "selfish DNA" 
does not take sufficient account of the dynamic 
flexibility of the genome: undoubtedly, the 
genome is a mosaic of sequences that contribute 
to the phenotype (genes) and those that do not; 
however, there is a constant exchange between 
these two compartments [470]. 

The mechanisms of transposition have not yet 
been completely explained. Whereas transposi
tion involving extrachromosomal DNA is import
ant in the prokaryotes, transposition via RNA is 
limited to the eukaryotes and is distinguished by 
the term retroposition; sequences transposed in 
this way are called retroposons. The direct trans
position of DNA elements can happen either by 
replication of the transposed element and inser
tion in the target site (replicative transposition), 
or by excision of the element and its transfer to a 
new site. Such a "cut-and-paste" mechanism is 
assumed for the P element of Drosophila. The 
enzyme required ("transposase") is coded by the 
P element itself. The intermediate products of the 
transposition are extrachromosomal, circular 
DNA molecules, such as are often found, for 
example, in tissue cultures of Drosophila and 
various vertebrates [347]. 

Retroposition begins with the transcription of 
the transposable elements. According to the type 
of retroposon, this is apparently carried out with 
RNA polymerase II or III; in any case, the ubi
quitous, long LINEs contain a Pol II promoter, 
and the shorter SINEs contain a Pol III promoter. 
The RNA intermediate is temporarily included in 
a ribonucleoprotein particle. Finally, a DNA copy 
is produced from the RNA by reverse transcrip
tion and is reinserted into the genome [325, 353, 
470]. A "staggered cut" occurs at the insertion 
site, as does a short sequence duplication 
(Fig. 2.3). All intact retroposons code for their 
own reverse transcriptase, which has significant 
homology to the enzyme of the retroviruses [488]. 
Little is known about the choice of the insertion 
site, although several retroposons show definite 
insertion specificity. Thus, the CRE-l elements of 
the flagellates Trypanosoma and Crithidia are 
found exclusively in the genes of the mini-exons 
that are transpliced into all mRNAs [144]. The 
insertion elements Rl and R2 in the rRNA genes 
of several insects are site-specific mobile elem
ents. In the silkworm, Bombyx mori, it has been 
shown that the R2 element codes for an endonuc-

lease that is highly specific for the 28S rRNA gene 
and produces a staggered cut at the insertion site 
with a 4-bp sticky end [325]. 

Two types of retroposons are recognized 
according to structure and origin: "viral" and 
"non-viral". The viral retroposons resemble the 
tumorigenic RNA viruses (retroviruses) of mam
mals and birds. These are of special interest 
because they are able to incorporate particular 
host genes into their genome and then transfer 
these to other regions of the host genome. The 
host genes involved are known as cellular oncoge
nes, and their equivalents in the viral genome are 
termed viral oncogenes. At present, about 20 
viral oncogenes are known and these are named 
after the virus in which they were found: v-src 
(Rous sarcoma), v-myc (myelocytomatosa), v-ras 
(sarcoma), etc.; the corresponding cellular onco
genes are accordingly termed c-src, c-myc and c
ras [89]. Sequences that are homologous to par
ticular cellular oncogenes have been found 
throughout all classes of vertebrates and in Dro
sophila, the nematode Caenorhabditis and yeast 
[27, 157]. Most oncogenes are aberrant forms of 
components of the intracellular signalling system, 
i.e. growth hormones and their receptors, ligand
dependent protein tyrosine kinases, GTP-binding 
proteins, cytoplasmic serine/threonine kinases, 
and proteins involved in gene regulation. The 
DNA of the non-transducing retroviruses carries 
in its central region structural genes, in particular 
for reverse transcriptase, integrase (pol) and viral 
structural components (gag, env); it also carries 
LTRs and short inverted repeats at both ends and 
these are recognized by the mechanism for inser
tion into the genome (Fig. 2.4). The transcription 
signals (promotor, enhancer, poly(A) signal) are 
organized in the LTRs such that transcription 
begins at the anterior LTR and ends at the poste-
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T}TTGCATGGC 

ATAACGTtCCG 

TTGCATGGC 
=-_....:.===================. 
ATAACGT ACCG 

TATTGCA TTGCATGGC 
--------------------------------------

ATAACGT AACGTACCG 

Fig. 2.3. During the insertion of a mobile element, the 
strands of the DNA double helix are cut at slightly different 
points (staggered cut), producing a short sequence duplica
tion at the insertion site 
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Fig. 2.4. Plan of retrovirus-provirus or retrotransposon 
[136]. 1, Long sequence repeats with the same orientation 
(direct repeats); 2, short repeats with the opposite orien-

rior LTR. Transducing retroviruses mostly have 
defective viral genes which are partly substituted 
by oncogenes; such viruses need non-transducing 
helper viruses for their multiplication. Retroviru
ses are distributed throughout the vertebrates. 
The best-known retroposons are "copia" and the 
families similar to copia, which were discovered 
in Drosophila but are also found in many other 
animals and even in yeast and higher plants [461], 
and the similarly ubiquitous foldback (FB) elem
ent, "THE1" in humans and "VL30" in rats and 
mice [470]. The non-viral retroposons contain no 
LTRs or flanking inverted repeats; they usually 
have a 3' terminal poly(A) sequence, and also 
cause a duplication of the target sequence that is 
longer (7-21 bp) than with the viral type (4-
6 bp). Such non-viral retroposons have their ori
gin in various cellular RNAs, with the exception 
of the rRNA and 5S rRNA, i.e. from mRNAs, 
tRNAs, 7SL RNAs and snRNAs. They corre
spond almost always to the fully spliced RNA, 
i.e. in contrast to the viral retroposons, they 
never possess introns but they are quite often 
shortened at the 5' or 3' end. With the exception 
of these few structural similarities, the non-viral 
retroposons show significant variation. Their 
length may be anything from 33 bp (retropseudo
genes of the U2 snRNA of humans) to over 6 kb 
(unshortened L1). The processed pseudogenes, 
and the long and short middle repetitive sequen
ces (LINEs and SINEs) of the mammals belong 
to this group. At first it was believed that non
viral retroposons were seldom to be found in 
other groups of animals [470], but it has since 
become clear that SINEs occur in fish, amphibi
ans and reptiles [123], and LINE-like elements 
are distributed amongst not only different ver-

2.3.4 Mobile Sequences of Invertebrates 21 

2 -
• 

2 -3 -

tation (inverted repeats); 3, duplicated sequence at the 
insertion site. The arrows show the direction of reading 

tebrate classes but also insects and unicellular 
organisms [33, 301, 324, 325]. A large degree of 
variability is seen in all families of retroposons; 
mutations can spread and be present at high fre
quencies so long as they do not hinder transposi
tion. 

2.3.4 Mobile Sequences of Invertebrates 

Approximately 12 % of the genome of Droso
phila melanogaster consists of middle repetitive 
sequences, of which about one-quarter concern 
dispersed tRNA genes, tandem-repeated rRNA 
and histone genes. The remaining three-quarters 
consist of about 50 families of widely dispersed 
elements, each with 10-100 copies and lengths of 
5-10 kb. Other Drosophila species, such as D. 
algonquin and D. affinis, apparently have fewer 
repetitive elements but these have larger copy 
numbers [68, 191]. The best known are "copia" 
and the copia-like sequences (gipsy, 412, 297, 
17.6, mdg1, B104, 3S18) [26, 179]. As shown by 
hybridization with the relevant DNA probes, 
copia and gipsy are widely distributed throughout 
the whole Drosophila genus, although both the 
sequence and number vary greatly between spe
cies [419]. Thus, in Drosophila melanogaster there 
are 20-60 copies of copia, in the very similar sib
ling species D. simulans there are only 2-4, and 
in D. hydei the element is not present [417]. The 
copia-like sequences correspond to vertebrate 
retroviruses in terms of their LTRs; they have 
transcription signals and flanking, inverted 
repeats (Fig. 2.4). The open reading frame (ORF) 
within copia codes for a polyprotein 1409 amino 
acids long that, like the retroviruses, encompas-
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ses a nucleic acid-binding protein, a protease, an 
integrase and a reverse transcriptase. In cultured 
Drosophila cells, one finds retrovirus-like partic
les, with copia RNA and transcriptase activity 
[490]. 

Foldback (FB) elements in the genus Droso
phila are found only in the species groups of D. 
melanogaster, D. montium and D. takahashi, but 
otherwise are widely distributed in the eukaryo
tes. They carry at both ends a long inverted 
repeat that results in the folding of the denatured 
element. In contrast to the complex terminal 
repeats, there is a tandem sequence of 31-bp 
repeats towards the middle [397]. Two flanking 
FB elements can mobilize large DNA sections 
and transport them to other genome positions; 
this has been shown for the loci "white" (w), 
"roughest" (rst) and "no-ocelli" (noc) in Droso
phila [48, 71]. The element "mariner", 1.3 kb 
long and with terminal inverted repeats, is also 
confined to particular species of the Drosophila 
genus, where it produces, for example, eye
colour mutations. It is found in 20-30 copies in 
the genome of Drosophila mauritiana, in lower 
numbers in, e.g., D. yakuba and D. simulans, 
and not at all in D. melanogaster and D. erecta 
[53]. 

P elements have spread throughout the genus 
Drosophila by some as yet unknown mechanism. 
The first P elements were observed in the 1950s in 
North American populations of D. melanogaster. 
In the following two decades, these sequences 
spread into Europe, Asia and Australia, so that 
today P-free (M) strains are to be found in only a 
few places. Contrary to earlier assumptions, P 
elements are also present in other species of Dro
sophila, not as it happens in those most closely 
related to D. melanogaster but in the distantly 
related species group based on D. willistoni. This 
has led to the idea that P elements were transfer
red from a species of the D. willistoni group to D. 
melanogaster through some sort of infection pro
cess [103, 172]. P elements can be used as vectors 
to transfer foreign sequences into the genome of 
D. melanogaster [95]. Complete P elements, 
which are only transposed in cells of the germline, 
are 2.9 kb long, carry terminal repeats of 31 bp 
but no LTRs, and contain four open reading fra
mes (ORFO to ORF3) that together code for the 
87-kDa enzyme (transposase) necessary for the 
transposition in germline cells. In somatic cells, 
splicing of ORFO, ORFl and ORF2 results in a 
66-kDa protein that acts as a transposition repres
sor [95, 361]. Crossing of a P male with an M 
female drastically increases the P-element trans-

position rate; this causes multiple mutations and 
chromosomal rearrangements and leads to over 
90 % sterility. This effect is known as "hybrid dys
genesis". Reciprocal crosses between M males 
and P females, or intercrossing of P males and 
females, does not increase the P-element trans
position rate; this stems most probably from the 
large amount of the 66-kDa protein that is found 
in the eggs of P females [95]. 

Hybrid dysgenesis can also be induced in D. 
melanogaster by the inducer (I) factors; these are 
5.4 kb long, without terminal repeats but have a 
3' poly(A) sequence. They contain two open 
reading frames: ORF2, which encodes a reverse 
transcriptase, and ORF1, which encodes a 
cysteine-rich protein similar to the retroviral gag 
protein. During the transposition of I factors, an 
RNA is produced through polymerase II activity 
and forms a ribonucleoprotein complex with the 
products of ORFl and ORF2. The genomes of 
flies from inductive I strains contain incomplete 
and about 15 complete I factors; only defective I 
factors are found in the responsive R strains. 
These factors are widely spread in the Drosophila 
genus, but have only relatively recently been 
transferred to D. melanogaster. The I factors of 
the closely related species D. simulans are more 
similar to those from D. melanogaster than those 
from D. teissieri [1, 454]. I factors closely 
resemble the LINEs of mammals, and this is true 
for a series of further insect retroposons such as 
F-, G-, and doc elements and jockey in Droso
phila, or TIAg in Anopheles gambiae [33, 301, 
325]. 

In comparison with those of Drosophila, the 
mobile elements of other invertebrates have been 
investigated to only a limited extent. The single 
exception is the Tel element of Caenorhabditis 
elegans; this small nematode can be easily cul
tured and has been extensively investigated at the 
molecular biology level. The Tcl element has only 
1610 bp with terminal inverted repeats of 54 bp, 
and produces a 2-bp duplication of the target 
sequence. Tcl can be transposed directly; the 
ORF of 273 triplets codes for a transposase carry
ing an N-terminal DNA-binding sequence [388]. 
Only 25 copies of the element are present in the 
Bristol strain of C. elegans, compared with the 
250 copies in the strains Bergerac and DH424. 
Contrary to previous opinion, the elements are 
not completely identical; 20 of the 250 elements 
in Bergerac and one in Bristol have a cutting site 
for the HindIII restriction enzyme; this is missing 
from all the others [369]. In most strains with few 
Tel copies, there is no or negligible transposi-



tion in the germline [18]. Thus, mutations caused 
by Tcl insertion into the unc-54 gene for the 
heavy chain (HC) chain of myosin are frequently 
found in Bergerac but never in Bristol [121]. 
Reversion of the mutated gene to the intact 
unc-54+ is 1000 times more frequent in somatic 
than in germline cells; the excised elements are 
detected as extrachromosomal DNA [370]. In 
addition to Tel, the related elements Tc2 to Tc5 
are also found in C. elegans. Other elements 
similar to Tel are TCbl (previously "Barney") 
from Caenorhabditis briggsae, HBl from Droso
phila melanogaster, and Uhu from Drosophila 
heteroneura [47, 181]. 

The free-living nematode Panagrellus redivivus 
shows high mutation rates in the DNA region that 
is homologous to the unc-22 gene of C. elegans. 
This is due to the insertion of a PAT-l element of 
4.8 kb that appears in 10-50 copies at different 
locations in various strains of P. redivivus. PAT-l 
can probably be used as a vector for gene-transfer 
experiments in C. elegans [266]. A retrovirus-like 
element (Tas) , recently discovered in Ascaris 
lumbricoides, consists of an internal sequence of 
about 7 kb and two flanking LTRs of 256 bp. The 
germline genome contains a total of 50 Tas elem
ents at about 20 gene locations, with a 2: 1 distri
bution between the variants Tas-l and Tas-2. 
Because only one-quarter of the Tas-l but all the 
Tas-2 elements are eliminated during chromatin 
reduction in somatic cell formation, Tas-2 elem
ents are restricted to the germline [9]. 

2.3.5 The Retroposons of Vertebrates 

Many sequences found in the mammalian 
genome possess some of the characteristics of 
retroviruses: long direct repeats (LTRs), internal 
ORFs and short duplications of target sequences, 
but only to a very limited extent do they represent 
infectious viruses. The VL-30 and LTR-IS se
quences of the house mouse and several other 
Mus species [384] may be mentioned in this res
pect, together with the "mys" family of the North 
American white-foot mouse Peromyscus leucopus; 
this family is not found in Mus domesticus [475]. 

The human "THE1" repetitive sequences have 
corresponding characteristics. These are viral 
retroposons with a length of 2.3 kb and 350-bp 
LTRs which duplicate a 5-bp sequence at the 
insertion site. They code for a poly(A)-RNA of 
about 2 kb that, however, shows no similarity to 
known retrovirus products; thus, THEl is appar
ently transposed passively [104, 470]. The human 
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genome contains approximately 10 000 THE-l 
sequences. The element is found in all primates, 
although in only a few copies in the prosimians. 
The THE-l of the pro simian galago is only in part 
homologous to the human element; a new com
bination of existing genomic sequences appar
ently occurred in primate THE-l evolution, prob
ably with the participation of a retrovirus [383]. 
The CRl element of the chicken, which is detect
able in the neighbourhood of several genes, prob
ably also belongs to the viral retroposons. This 
consists of sequences of about 300 bp with short 
terminal inverted repeats with opposite orienta
tions, according to whether they are located 5' or 
3' ofthe gene in question [424]. It is still not clear 
whether sequences like CRl of the chicken or 
OAX in the clawed frog Xenopus are really 
capable of retroposition [470]. 

Two groups can be distinguished amongst the 
non-viral retroposons of mammals: the short 
SINEs with a length of 70-300 bp and usually 
more than 105 copies; and the longer LINEs with 
a length of more than 5 kb and never more than 
104 copies. The SINEs consistently carry an inter
nal Pol III promoter and mostly also a 3' poly(A) 
tail. Only in the case of the C family of the rumin
ants can one find the more complicated sequence 
(AGC)n instead of (A)n [470]. The best-known 
SINE family is the Alu sequence of humans and 
other primates; this owes its name to the restric
tion site for the endonuclease Alu I. In humans, 
about 500000 Alu copies are present per genome 
and make up 5-6 % of the DNA. Assuming a 
regular distribution, an Alu sequence would be 
found every 5-8 kb of human DNA; however, 
they can occur in clusters. Thus, the 4826-bp 
intron of the 5~ tubulin gene contains ten Alu, 
and there are four in a 2.7-kb spacer between the 
rRNA genes [158, 290]. The Alu elements are still 
mobile. For example, in the ~-globin cluster of 
the gorilla there exists an Alu element between b
globin and ~-g1obin, but this is not found in any 
other primate; conversely, the intron 4 of the 
human a-fetoprotein gene contains an Alu that is 
not present in the gorilla [373, 440]. Alu-like 
elements are widely distributed in mammals. 
They show extensive sequence similarity to the 
7SL RNA which is found in large amounts in the 
cytoplasm and which is part of the signal recogni
tion particle responsible for the membrane trans
port of secretory proteins; however, the central 
part of the 7SL sequence is missing from the Alu 
and Alu-like sequences (Fig. 2.5). The human 
7SL RNA shows 87 % similarity to that of the 
frog Xenopus laevis and 64 % to that of Droso-
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Mouse: Alu- DNA 

phila melanogaster; therefore, Alu could quite 
easily be older than the mammals [445]. 

The Alu elements of the primates are dimers of 
about 300 bp, with 186 bp of the 7SL sequence 
missing from the left subunit and 155 bp missing 
from the right; thus, the right subunit is 31 bp 
longer (Fig. 2.5). The variation in length results 
mainly from the variable , 4- to 50-bp length of the 
3' poly(A) sequence. The human Alus are distrib
uted between at least three sequence families 
that, on average, deviate by 15 % from the con
sensus sequence [222,470, 476]. As a conse
quence of this intraspecific variability, no species
specific differences can be determined between 
Alus of humans and various primate species 
[380]. Especially aberrant Alu structures are 
found only in the prosimian Galago crassicauda
tus. Here, there are two Alu types, I and II, of 
which I is very similar to the human Alu in both, 
its subunits, whereas II is similar only in the right 
subunit. The left, deviant subunit is also found as 
a monomer [102]. The Alu-like sequences of the 
rodents are all monomers of about 135 bp. The 
B 1 element that occurs in about 100 000 copies in 
the mouse genome corresponds, like the primate 
Alu, to the 7SL RNA; the deletion of about 
155 bp, however, is shifted by about 14 bp 
towards the 3' end. Alu and Bl show more than 
80 % similarity in their comparable regions [470]. 
In comparisons between the rat and mouse, Bl 
sequences showed 90 % similarity [120]. 

In contrast to the Alu-like elements, the other 
SINEs of the mammals are predominantly 
derived from tRNAs; this is true, for example, 
for the B2 and ID sequences found in addition to 
Bl in rodents, the C repeats of rabbits, and the 
unrelated C families of the ruminants, and per
haps also for the monomer of Galago [228, 299, 
470]. Mobile elements derived from tRNAs are 
also found in fish, amphibians and reptiles. The 
majority of the SINEs contain an internal promo-

Fig. 2.5. A comparison of the AIu repeated 
elements of man and the mouse with the human 
7SL RNA. The human Alu is a dimer of two 
homologous subunits, each ending in a poly(A) 
segment; the subunit in front is 31 bp shorter 
than that behind. The Alu subunits are derived 
from the 7SL RNA sequence by deletion of a 
155-bp fragment. The mouse Alu (Bl) corre
sponds to the left Alu subunit of man but has a 
30-bp duplication [445] 

ter for RNA polymerase III and are thus possibly 
transposed via an RNA intermediate. There are, 
however, tRNA-derived repetitive elements that 
can apparently not be transposed, for example, 
OAX from Xenopus laevis [123]. The sequences 
of the SINEs have been so altered during evolu
tion that homology to particular tRNAs can no 
longer be determined. There are apparently also 
combined sequences derived from descendants of 
7SL RNA and tRNA, for example, Alu type II in 
Galago and the bovine monomer family (BMF) 
[280]. 

The LINEs of the mammals are particularly 
individualistic and complex, non-viral retropo
sons: they can be 6-7 kb long but are mostly 
shortened at the 5' end; they contain no LTRs but 
do have a 3' terminal poly(A) sequence, several 
internal ORFs of together more than 3.5 kb, and 
a sequence duplication at the insertion site. 
Homologous RNAs are actually found in tumour 
cells and are possible intermediates of retroposi
tion [131, 470]. The reverse transcriptases and 
other proteins coded by the LINE ORFs of vari
ous mammalian orders show so much similarity to 
the retroviruses, and also to the reverse transcrip
tases of the F elements and I factors of Droso
phila melanogaster, that they must be related in 
evolution [130, 325]. Each mammalian species 
contains only one family of LINEs, for example, 
"Kpnl" of the primates, or "MIFl" ("BamHl") 
of the mouse. As the LINEs of different mam
mals show significant sequence homology and are 
apparently related, the general name "Ll" should 
preferably be used, if necessary together with the 
beginning letter of the genus or species name, 
e.g. LIHs for human LINEs, LICa for those from 
the long-tailed monkey Cercopithecus aethiops, 
and LIMd for the domestic mouse, Mus domesti
cus. The Ll sequences of different species of the 
mouse genus vary intraspecifically by about 14 % 
and show species-specific differences correspond-
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ing to a divergence of 0.85 % per million years 
[283]. The L1 of man, mouse and rats differ in 
about 33 % of positions [408]. The conclusion 
that there is only one LINE family per mamma
lian species has become open to question since 
the discovery in man of the "L2H" LINE that 
deviates greatly from L1H and is found only at 
comparable frequencies in the gorilla; in the 
chimpanzee it occurs in at least 100 times fewer 
copies [315]. The human genome contains at least 
40000 L1 copies, and the numbers in other mam
mals are of the same order. The L1 elements are 
not uniformly distributed in the genome: in the 
approximately 60 kb of the ~-globin cluster there 
are no less than nine L1, whereas with even distri
bution each L1 would be separated by about 
150 kb [399, 470]. 

2.3.6 Retropseudogenes 

The retropseudogenes or processed pseudo genes 
are derived almost exclusively from completely 
processed RNA and, hence, contain no introns 
and have a 3' poly(A) tail. They are very frequent 
in mammals; the list of pseudo genes in man, rats 
and the mouse includes more than 30 multi-gene 
families, e.g. arginine succinate synthase, metal
lothionein, ~-tubulin, ~-actin, various immuno
globulin chains and oncogenes in humans, as well 
as cytochrome c, various ribosomal proteins, a
tubulin and a-globin in rodents [464, 470]. Like 
the other non-viral retroposons, the retropseudo
genes are limited mainly to mammals and are 
almost unknown in other vertebrates or inverte
brates. This is clear from the example of 
glyceraldehyde-3-phosphate dehydrogenase, for 
which in humans, rabbits, guinea-pigs and hams
ters 25 pseudo genes are presently known; in rats 
and mice there are actually more than 200, but in 
the chicken there is not a single one [470]. Retro
pseudo genes are transposed passively, which 
means that the enzymes for reverse transcription 
and insertion must be available in the cell. 
Because, under these circumstances, each active 
gene could constantly produce additional DNA, 
the question arises as to what limits the number 
of processed pseudo genes ; it can be assumed that 
an equilibrium is established between their 
formation and their spontaneous deletion [464]. 
An important difference exists here between Pol 
II- and Pol III-transcribed genes: because poly
merase II uses transcription signals outside of the 
transcribed region, these are missing in the DNA 
copy of the RNA; pseudo genes derived from 

mRNA can therefore not be transcribed. In con
trast, all the necessary transcription signals of 
most Pol-III transcribed genes lie within the tran
scription unit. Thus, DNA copies of Pol III genes 
contain all the information for the production of 
further processed pseudogenes [464]. In rate 
cases, pseudogenes arise from transcription of an 
initially incomplete or aberrantly processed 
RNA. If the transcription signals lying in front of 
the coding region are also included, then a func
tional gene copy can result. The only sure exam
ple of this at present is the gene for prepro-insulin 
in rats and mice. These rodents possess two insu
lin genes that are more or less equally strongly 
expressed. Gene I contains only one intron in the 
5' flanking non-coding region, whereas gene II 
contains an additional large intron in the 
sequence coding for the C peptide. Because the 
prepro-insulin gene of the chicken and various 
mammals also contains both introns, gene II may 
be looked upon as the original rodent gene; gene 
I apparently arose from a transcript initiated 
approximately 0.5 kb before the normal tran
scription start site [470]. A functional gene may 
also come about if the gene copy produced from 
processed mRNA is inserted close behind a Pol II 
promotor or later acquires such a promotor. The 
intron-free but functional calmodulin gene of the 
chicken probably arose in this way [167]. 

2.4 Size of the Genome 

2.4.1 The DNA Content of Haploid Genomes 
(the C Value) 

Since the first systematic investigations at the 
beginning of the 1950s, the DNA content in pg 
per haploid genome, the so-called C value, has 
been determined for more than 1000 species of 
prokaryotes and eukaryotes [62] (Table 2.2). The 
DNA content appears to increase with increasing 
level of organization. The lowest values in the 
animal kingdom are to be found in the Protozoa, 
e.g. Plasmodium falciparum, whose genome is 
only four to seven times larger than that of E. coli 
[168]; extremely large genomes are found 
amongst the Urodela. A plausible mechanism for 
the increase in genome size during evolution is 
genome doubling (polyploidization), followed by 
renewed "diploidization" and the diversification 
of gene sequences, new arrangements of chromo
somes, and loss of parts of the DNA; according to 
this process, all eukaryotes would be diploidized 
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Table 2.2. The amount of DNA per haploid genome 
(C value). In DNA containing equal proportions of each 
base, 1 pg corresponds to approximately 109 base pairs, or 
a molecule 300 mm long 

Animal group DNA (pg) Reference 

Protozoa 0.02-0.38 [129, 159, 203] 
Porifera About 0.05 [17] 
Cnidaria 0.35-0.73 [17] 
Echinodermata 0.54-3.3 [17] 
Mollusca 0.4-5.4 [17] 
Annelida 0.09-5.3 [17] 
Crustacea 0.09-15.8 [17] 
Insecta 0.1-7.5 [17] 
Acrania 1.28 [385] 
Thnicata About 0.45 [385] 
Chondrichthyes 2.8-9.8 [17] 
Osteichthyes 0.39-4.4 [17,345] 
Urodela 15-90 [17,277] 
Anura 1-17 [17,277] 
Reptilia 3.5-8.3 [17] 
Aves 1.4-2.5 [455] 
Mammalia 3.0-5.8 [17,455] 

polyploids. Animal groups in which no poly
ploidization has recently occurred should have 
more or less similar DNA contents; this is the 
case, for example, for most vertebrates, the sea 
urchins and starfish. Where the DNA content of 
the species within a group differs by more than 
100 % , genome doubling within phylogenetically 
recent times may be assumed; in such groups 
there are tetraploid, and even octaploid, species 
in addition to diploids, as for example in the 
Selachei, certain Teleostei (Ostariophysi), 
Anura, insects and several other invertebrates 
(see Table 4.6; p. 126). Extreme DNA values of 
almost 100 pg, as found in the Dipnoi and Uro
dela, apparently result from amplification of par
ticular sequences, especially repetitive DNA. 
Even here, the C values within a genus can vary 
greatly, for example, between 20 and 70 pg in 
the Urodela genua Plethodon [277]. Further
more, Urodela with high C values have signifi
cantly larger cells; an increase in cell volume is 
accompanied by an increase in copy number of 
particular multi-gene families, such as histones 
and the various ribosomal RNAs, although this 
does not necessarily occur in direct proportion to 
the C value [195]. 

The exact number of genes cannot yet be 
defined for any animal organism. When making 
estimates, it is necessary to bear in mind that 
many genes are present in multiple copies. 
Hybridization of the mRNA, present in a tissue 
or organism, with the DNA allows an estimation 
to be made of the total length of unique DNA 

represented by the mRNA (the "complexity"). 
Technical objections to this method include, on 
the one hand, the fact that in no cell and at no 
time are all genes expressed together and, on the 
other hand, that the occurrence for non-paired 
DNA sections in the DNA/RNA hybrid molecule 
lead to overestimates. For the embryos of many 
species (mouse, Xenopus, Triturus, Musca, sea 
urchins), this method gives estimates of the 
mRNA complexity, independent of the C value, 
of 2-3 .107 nucleotides (nt). In Drosophila, 
whose genome is actually quite small, the egg has 
a significantly smaller value of 1.2 .107nt com
pared with the larval value of 2.18 .107 nt [202]. 
With an average mRNA size of 1500 nt, mRNA 
complexities of 1.2 .107 and 2.18 .107 nt corre
spond, respectively, to about 8000 and 15 000 
genes. In Drosophila, it was initially assumed that 
each of the approximately 5000 chromosome 
bands (chromomeres) represented a gene; today, 
the estimate is of 15000-20000 genes. For man, 
figures of 20000 or 50000 genes are considered 
plausible. On the other hand, there is probably an 
upper limit to the number of individual genes that 
remain more or less constant despite the mutation 
rate observed in the eukaryotic genome; this 
upper limit could be about 30000 [11]. 

Whatever the case might be, relative to the 
total length necessary for encoding all mRNA, 
rRNA and tRNA sequences, the amount of DNA 
in haploid genomes is much too large (C value 
paradox). This fact has led to the assumption that 
large parts of the DNA are meaningless and with
out a function ("junk DNA"). However, several 
objections to this hypothesis can be raised: an 
extremely high rate of evolution would be 
expected for DNA sequences without selection 
pressure, i.e. 1-2 % of substitutions per million 
years instead of the 0.1 % found for coding 
sequences, as well as continuous changes in 
length through insertions and deletions. In real
ity, the introns and non-translated (NT) regions 
on both sides of each gene are surprisingly similar 
in homologous genes of different species or in dif
ferent members of a mUlti-gene family. Such con
servative evolution suggests, in fact, strong selec
tion pressures and therefore important functions. 
Rather than the introns and DNA regions (spa
cers) between genes, it is the pseudogenes that 
correspond to "junk DNA". The repetitive 
sequences that make up so much of the DNA 
have also not yet been allocated a function. But 
as these sequences are mobile within the genome, 
they can be understood as "selfish" DNA that 
exists parasitically, so to speak, in the genome; 
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because of this ability they also can not be 
counted as "junk DNA" (see p. 20). 

2.4.2 Increase and Decrease in the DNA 
Content of Individnal Cells 

Drastic changes in the DNA content take place 
during the development of somatic cells. Mitosis
like processes lead to the appearance of giant 
chromosomes (polyteny) or nuclei with multiple 
chromosomes (polyploidy). Enlargement of the 
DNA content can also come about by the multi
plication of single genes (gene amplification). 
DNA multiplication in somatic eumetazoan cells 
is comparable with the formation ofthe (somatic) 
macronucleus in the Ciliophora. There are also 
several examples of reduction in the DNA con
tent of eumetazoan cells (chromatin diminution). 

Somatic polyploidy is widespread in animals 
[50], and high C values and somatic polyploidy 
can be understood as alternative evolutionary 
strategies. The ploidy level varies with the tissue; 
thus, in the waterbug Gerris lacustris, one finds 
diploid and tetraploid nuclei in muscle, 16-ploidy 
in the testis septa, and 32- or 64-ploidy in the 
Malpighian tubules. Also in mammals, for exam
ple, the liver, kidney and pancreas cells are often 
tetra- or octaploid, and the human megakaryocy
tes are up to 32-ploid. In particular cases, 
extremely high ploidy levels are found: 
approximately 500000 (corresponding to 17-18 
duplications) in the silk glands of Bombyx mori, 
200000 and 4096 in the giant neurons of the snails 
Aplysia and Lymnaea, and 4000 in rat trophob
lasts [196, 316]. In the salivary gland cells of the 
Diptera, the mitotically doubled chromatids 
remain together and so form the giant polytene 
chromosomes [50]. At anyone time, in Droso
phila melanogaster these contain 1024 chromatids 
and 16000 in Chironomus chromatids (corre
sponding to 9 and 13 replications, respectively); 
they are arranged so regularly that the individual 
chromatid loops lead to a cross-banding pattern. 
In Drosophila, about 5000 bands are recognizable 
in the haploid genome and each is equivalent to 
between 3 and 300 kb of DNA [268]. Somatic 
endomitosis in the Diptera produces different 
effects in different cell types: polyteny is the 
result in salivary glands, intestine, fat bodies, 
Malpighian tubules and circular glands; and poly
ploidy in the ovary, pericardium cells and nerve 
cells [316]. These processes do not lead to equal 
multiplication of all parts of the DNA; under
replication of specific satellite DNAs is found, for 

example, in polytene and polyploid cells of Dro
sophila [268]. 

There are basically two possibilities for ensur
ing large amounts of specific gene products at par
ticular time-points in development; these are 
accumulation of the products and gene amplifica
tion. Stable mRNAs accumulated over a long per
iod are to be found, for example, for globins in 
the reticulocytes or for ovalbumin in the oviduct 
cells. The large egg cells of the clawed frog, Xeno
pus laevis, require about 1012 ribosomes and cor
responding amounts of tRNA for the protein syn
thesis that is initiated by fertilization. The imma
ture oocytes contain reserves of 5S rRNA and 
tRNA in 7S and 42S nucleoprotein particles. In 
the smaller 7S particles, about half of the total 5S 
rRNA is assiociated with one protein species, and 
in the large 42S particles, the other half of the 5S 
rRNA and almost the total tRNA is associated 
with two further proteins. The protein of the 7S 
particle is identical to the transcription factor 
TFIIIA that is necessary for the transcription of 
the 5S rRNA. Of the two proteins in the 42S par
ticle, the smaller one (43 kDa) binds to 5S 
rRNA; the larger one (48 kDa), on the other 
hand, is structurally and functionally very similar 
to the translation factor EF-1a [457]. The sud
denly increased requirement for other rRNAs 
(28S, 18S and 5.8S rRNA) at the onset of develop
ment is satisfied by the existence of about 1 mil
lion extra copies of rRNA genes produced by 
gene amplification. This is in addition to the usual 
diploid complement of 1000, which exist in the 
form of extrachromosomal circular DNA molecu
les; each of these molecules carries 15-100 rRNA 
genes. Amplification of the rRNA genes is also 
found in other amphibians, fish, many insects, 
and to a lesser extent in other animals [420]. 

A different amplification mechanism occurs in 
the ovary follicle cells of Drosophila; within 
about 5 h these produce a secondary egg mem
brane (chorion) from a series of specific proteins. 
The chorion protein genes lie in two clusters on 
different chromosomes. The cluster on the X 
chromosome is amplified about 20 times and is 
expressed earlier than the 60- to 80-fold amplified 
cluster on chromosome 3. The region of DNA 
around the chorion protein locus is amplified by 
multiple replication events, starting at the same 
point, such that many parallel DNA helices are 
produced (Fig. 2.6). By the use of drugs, mutants 
with amplification of specific genes can be isol
ated from cell cultures of mammals or Droso
phila. Up to now, about 20 such cases are known, 
e.g. the amplification of dihydrofolate-reducing 
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Fig. 2.6. Gene amplification via the "onion-skin" mechan
ism in the gene for the chorion protein of Drosophila mela
nogaster [418] 

enzymes in mammalian cells or Leishmania 
through the use of methotrexate, or DNA poly
merase a in Drosophila through use of aphidico
line. The frequencies of such mutations are 
around 10-4 to 10-7 per generation; the amplified 
DNA region of up to 1000 kb is usually much lar
ger than the gene itself, and tandem clusters or 
extrachromosomal copies may be produced 
[193, 420,483]. The first indication of a compara
ble phenomenon outside of the laboratory was 
from the mosquito Culex quinquefasciatus, where 
the organophosphorus-resistant strain Tem-R has 
250 times more copies of the esterase I gene than 
does the sensitive strain S-Lab [310]. 

All ciliates show a typical nucleus dualism. The 
polyploid macronucleus has somatic functions 
and indulges in active RNA synthesis in vegetat
ive cells; the diploid micronucleus has only gener
ative functions and, after conjugation, it guides 
the production of the new macronucleus in com
plex division and recombination processes. 
Formation of the macronucleus occurs in three 
phases. In the first phase, the micronuclear chro
mosomes are converted into polytene chromoso
mes by multiple replications. In the following 
phase, the chromosomes are enclosed in vesicles 
and divided into many pieces, during which not 
only spacers between the genes but also internal 
sequences (IES) are eliminated. Repetitive elem
ents are found amongst the IES; thus, the Tecl 
element occurs in the micronucleus of Euplotes 
crass us in about 104 copies but is completely 
absent from the macronucleus. In the third phase, 
the linear DNA fragments are replicated several 
times and given telomeres; the macronucleus is 
then completed by reformation of the nuclear 
membrane. The macronuclear, linear DNA mole
cules of the hypotrichous ciliates Euplotes, Stylo
nychia and Oxytricha have lengths of from 400 bp 
to about 20 kb, and most likely correspond to 

single genes; according to the species, each DNA 
molecule is present in 1000-15000 copies. Forma
tion of macronuclei here leads to the elimination 
of tens of thousands of DNA elements with 
lengths of 14 to more than 500 bp. The macronuc
lei of holotrichous ciliates, such as Paramecium or 
Tetrahymena, contain only about 3000 types of 
linear DNA molecule with lengths of 20 to more 
than 100 kb. During the formation of the macro
nucleus of Tetrahymena thermophila, only about 
5000-7000 DNA fragments are eliminated; how
ever, these are longer than those in the hypotrich
ous species [15, 210,431]. 

Chromatin diminution is the elimination of 
chromatin during the first somatic cell divisions 
such that all somatic cells contain less DNA than 
do the germline cells. This was discovered by von 
Boveri in 1887 in the roundworm Parascaris equo
rum and has since been detected in many nemato
des as well as in several insects, crustaceans 
(Copepoda) and ciliates [431]. About one-quarter 
of the chromatin of Ascaris lumbricoides is eli
minated. The eliminated DNA consists mainly of 
AT-rich, highly repetitive satellite sequences with 
repeat lengths of 121-123 bp which are combined 
in many variations in long tandems. There is no 
indication that this DNA is at any time tran
scribed [128]. Also, many transposable elements 
are eliminated at a higher than expected rate e.g. 
Tcl in Caenorhabditis elegans and Tas-2 in Ascaris 
lumbricoides [9, 370]. 

2.5 Chromatin Proteins 

The chromosomal DNA of a diploid mammalian 
cell has a total length of about 2 m. This DNA 
must be packed into a volume of a few cubic mic
rometres in the cell nucleus and still remain acces
sible to polymerases and other macromolecular 
effectors. This is made possible by the supramole
cular structure of the chromatin in which the 
DNA is associated with various proteins. The lar
gest fraction of these proteins consists of the very 
basic histones, which are present in an amount 
corresponding to that of the DNA. In many 
sperm, whose chromatin is particularly strongly 
condensed, the histones are partly or completely 
substituted by another type of basic protein, pro
tamine. Histone is also missing from the dinofla
gellates. In addition to the histones or protami
nes, the chromatin contains a heterogeneous mix
ture of other proteins, the non-histone proteins, 



Table 2.3. Average length of DNA per nucleosome [5] 

Species Tissue Length (bp) 

Rabbit Brain cortex 162 
Man Hela cells 188 
Rat Foetal liver 196 
Rat Cerebellum 200 
Chicken Erythrocytes 212 

in amounts equivalent to one-tenth of the histone 
content [197]. The elementary units of the chro
matin are the nucleosomes, which can be released 
from the chromatin by partial digestion with nuc
lease. These are made up of "core particles" that 
are about 11 nm in diameter and bound together 
with "linkers" of various lengths. The core parti
cle is an octomer of two each of the histone mole
cules H2A, H2B, H3 and H4; around this is 
wound a 146-bp DNA fragment in two almost 
complete turns. A molecule of the fifth histone 
type, H1, is associated with the linker DNA. The 
length of linker DNA varies between about 20 
and 80 bp, and the distance between the core par
ticles shows species- and tissue-specific differ
ences (Table 2.3). This "string-of-pearls" struc
ture makes up chromatin threads, with a diameter 
of 30 nm, that are usually folded into loops about 
O.4!-lm in length and with approximately 
20-80 kb of DNA. The molecular architecture of 
these chromatin structures, as well as the proc
esses of their formation and alteration, are only 
incompletely understood. During nuclear divi
sion, the chromatin is condensed in the chromo
somes; in interphase, it is more or less evenly dis
persed throughout the whole nuclear volume. 
The heterochromatin remaining condensed dur
ing interphase is particularly rich in highly repe
titive (satellite) DNA and appears, at the level of 
the nucleosome, to have a very similar organiza
tion to that of the euchromatin described above 
[197]. 

2.5.1 Structure and Evolution of the Histones 

All histones are rich in the basic amino acids: H1, 
H2A and H2B predominantly in lysine, and H3 
and H4 in arginine. H1 is so basic that it is soluble 
in 50 % perchloric acid. The core histones have 
lengths of 102 (H4), 121-129 (H2A, H2B) , 135 
(H3), and over 140 amino acids (sperm-specific 
H2B from sea urchins). They are clearly subdi
vided into an N-terminal region with many basic 
amino acids which is involved in DNA binding, 
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and a C-terminal region, which is responsible 
for histone-histone binding and contains a large 
fraction of non-polar amino acids. The function of 
the linker histone H1 is not yet clear. It may 
determine the distance separating the nucleoso
mes, or it may be involved in the establishment of 
higher levels of chromatin structure; possible 
functions in the regulation of gene expression are 
also under discussion [485]. Most H1 his tones 
have a length of between 189 (chicken erythro
cyte H5) and 255 (Drosophila melanogaster) 
amino acids [234, 314]. The H1 molecule is made 
up of three domains, of which the N-terminus 
(27-44 amino acids) and the C-terminus (90-97 
amino acids) are rich in basic amino acids and 
interact with the DNA; in contrast, the central 
region (72-76 amino acids) displays characters of 
a typical globular protein [485]. In Platyneris 
dumerilii there are two very small sperm-specific 
H1 histones with only 121 and 119 amino acids; 
the N- and C-termini of these are much shorter, 
whilst the 80-amino-acid central region has about 
the normal length [234]. A very unusual H1 is 
found in the macronucleus of the ciliate Tetrahy
mena. This H1, with only 163 amino acids, is also 
relatively small but, above all, it lacks the usual 
domain structure and the 62 basic amino acids are 
evenly distributed over the whole sequence. If 
the central region really is involved in the forma
tion of the higher chromatin structure, it would 
be superfluous in the macronucleus, which divi
des amitotically without the dramatic changes in 
chromatin structure seen during mitosis in other 
cell types. The corresponding gene is also excep
tional in that, in contrast to all other histone 
genes, it contains an intron [484]. The known 
sequences of his tones and histone genes are regu
larly published in the journal Nucleic Acids 
Research. 

The histones H1, H2A and H4 are irreversibly 
N-terminally acetylated during translation. In 
histone H4, at least one lysine-E-amino group is 
acetylated in the cytoplasm and later deacetyl
ated in the nucleus; this may be necessary for the 
correct assembly of the histone octomer. The cor
responding acetyltransferases are found in the 
cytoplasm and nuclei of mammalian cells, but 
have been isolated only from the brine shrimp 
Artemia salina and characterized in detail with 
respect to specificity and regulatory properties 
[127]. In several histones, other blocked amino 
acids are found at the N-terminus; e.g. N
dimethylproline in H2B of the starfish Asterias 
rubens, and N-trimethylalanine in H2B of Tetra
hymena [286]. 
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The question of the homology of the histones is 
difficult to answer because of their monotonous 
amino acid composition; it is apparent, however, 
that at least histones H2A, H2B and H4 share a 
common origin. It is controversial whether H3 
also belongs to this group. Hl is different to the 
core histones in almost every respect and is 
undoubtedly not homologous [486]. The core his
tones have changed only slowly during evolution, 
H3 and H4 being amongst the most conserved 
proteins (see Table 4.12; p. 161). The sequence of 
H4 is constant throughout the vertebrates, and 
differs in sea urchins, starfish and the nematode 
Caenorhabditis elegans by only one amino acid, 
and in higher plants by only two amino acids 
[451]. The H3 sequence of mammals differs by 
only one amino acid from that of the rainbow 
trout, Salmo gairdneri, and by only four amino 
acids from those of Caenorhabditis elegans and 
peas [87,451]. The most unusual core histones 
are found in the Ciliophora: the H4 of Tetrahy
mena thermophila shows only 78 % similarity 
with that of yeast, and only 80 % similarity with 
the higher eukaryotes. This provides one of the 
arguments in support of the idea that the ciliates 
diverged from the general evolutionary line of the 
eukaryotes prior to the separation of the fungi, 
higher plants and animals [201]. 

Histones H2A and H2B show strong species 
specificity. Compared with the corresponding his
tones from calf thymus, the H2A from the rain
bow trout differs in 6 positions, from the cephalo
pod Sepia officinalis and the worm Sipcinculus 
nudus in 19 positions, and from Caenorhabditis 
elegans in 23 positions; the H2B from the trout 
Salmo trutta differs in 8 positions, from Droso
phila in 21 positions and from the limpet Patella in 
26 positions [87, 233, 451,479]. Hl is evolutio
narily much less conserved than the core proteins 
and may be represented within a single animal by 
several cell-specific variants [485]. The C
terminal regions of histones H2A and H2B, in 
agreement with the requirements for stable 
protein-protein binding, show much less variation 
than the N-terminal regions, which must be 
adapted to different DNA sequences and activ
ities in different cells, chromosomes or chromo
some regions. For similar reasons, the central sec
tion of the Hl histone is much more highly con
served than are the terminal regions [451, 479, 
485]. In addition to substitution and deletion of 
individual amino acids, the evolution of the histo
nes has also involved the duplication, insertion or 
deletion of longer sequences, as will be described 
for several sperm-specific Hl and H2B histones. 

2.5.2 The Histone Genes 

In completely differentiated cells, the histones 
are subject to a turnover process, the rate of 
which is greater for the various Hl types than it is 
for the core histones. Thus, the half-lives of histo
nes Hl° and HIA in mouse kidney cells are 41 
and 61 h, those of H2B and H2A are 90 and 135 h, 
and those of H3 and H4 are as high as 216 and 
316 h, respectively [110]. The most intensive his
tone synthesis occurs more or less simultaneously 
with DNA replication in the S-phase of the cell 
cycle. Chromatin doubling requires large quant
ities of histones, e.g. in mammalian cells about 
30 million molecules of each histone type are 
needed. Hence, all eukaryotes possess multiple 
genes for the five histone classes, with several 
hundred copies in sea urchins, 660 copies in the 
polychaete Platynereis dumerilii, 120-140 copies 
in Drosophila hydei, 100-110 copies in D. mela
nogaster, 11 copies in Caenorhabditis elegans, 145 
copies in the rainbow trout Salmo gairdneri, 90 
copies in the clawed frog Xenopus laevis, 10 
copies in the chicken, 10-20 copies in mice, and 
only 2-3 copies in Tetrahymena [86, 240, 364, 391, 
443, 485]. The different copy numbers may be 
explained by the fact that the successive cell divi
sions in the early embryo development of sea 
urchins and Drosophila follow much more rapidly 
than in vertebrates. The number of histone genes 
in the Urodela increases out of proportion to the 
C value; the crested salamander, Triturus crista
tus, (C = 23 pg) has 636 H4 genes, and the axo
lotl, Ambystoma mexicanum, (C = 38 pg) has 
2685; nevertheless, it is questionable whether all 
these genes are active [194]. 

The histone genes of Tetrahymena are disper
sed throughout the genome, whereas in yeast 
they are organized into four gene pairs, H2A
H2B and H3-H4 [21]. In contrast, most of the his
tone genes of Drosophila and the histone genes 
expressed early in sea urchin embryo develop
ment are arranged in highly organized clusters 
that contain one gene of each of the five histone 
classes in a tandem array. The order of the genes 
within the clusters is species specific but uniform 
within each genome; the individual histone 
genes, however, may be read in different directi
ons (Fig. 2.7). Gene clusters lacking Hl genes are 
found in the starfish (H2B-H2A-H4-H3) and the 
polychaete Platynereis (H4-H2B-H2A-H3) [88, 
391]. The organization of the gene clusters in ver
tebrates is much less regular: the clusters mostly 
do not lie in tandem; the number and order of the 
genes within the cluster of anyone animal may 
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Length: Order: 
~ ~ ~ ~ ~ 

Various sea urchins 

Drosophila melanogaster 

Salmo gairdneri 

Notophthalmus viridescens 

Xenopus borealis 

6.3-7.2 

5.0 

10.2 

9.0 

8.5 

H1-H4-H28-H3-H2A 
~ ~ ~ ~ ~ 

H3-H4-H2A-H28-H1 
~ ~ ~ ~ ~ 

H4-H28-H1-H2A-H3 
~ ~ ~ ~ ~ 

H1-H3-H28-H2A-H4 
~ ~ ~ ~ ~ 

H4-H2A-H28-H1-H3 

Fig. 2.7. Histone gene repeats in 
various animals, showing repeat 
lengths (kb) together with the 
order and direction of reading of 
the genes [391, 467] 

Xenopus tropicalis 

Xenopus laevis 

Gallus domesticus 

be different; some clusters contain several copies 
of specific genes (e.g. in Xenopus and chicken), 
or even lack some genes (Fig. 2.7); the repeat 
length itself varies within an individual due to dif
ferences in the length of the spacers between 
genes [443, 479]. In summary, it may be said that 
there was an increase in both number and level of 
organization of the histone genes during evolu
tion from the lower to the higher eukaryotes, but 
this was later lost during the evolution of the ver
tebrates. 

Despite the many conservative aspects of his
tone amino acid sequences, there are many 
indications of rapid evolutionary change in the 
organization and sequences of the histone genes. 
In the vertebrates, the organization can be very 
different, even in closely related species (e.g. 
Xenopus laevis and X. borealis) or in different 
individuals of the same species (X. laevis) [443]. 
Significant differences in the number and location 
of histone gene clusters are also found between 
various species in the genus Drosophila. In D. 
virilis, in contrast to D. melanogaster, 30-40 % of 
the clusters lack HI genes [115]. In both sea 
urchins and Drosophila, some histone gene clus
ters may lie as "orphons" outside of the tandem 
array, at other places in the genome. "Horizontal 
evolution", which would otherwise ensure the 
similarity of neighbouring genes, is more difficult 
for orphons and the isolated genes of the verteb
rates; the result is greater variability and even the 
development of pseudogenes [291,434]. Histone 
genes coding for identical or very similar amino 
acid sequences may have drastic differences in 
nucleotide sequence: thus, although H3 of cattle, 

H1-H28-H2A-H1-H4-H3 

10.5 H1-H3-H4-H2A-H28 
~ ~ ~ ~ ~ 

8.5 H4-H2A-H28-H1-H3 

14.0 H4-H3-H2A-H38 
+ 7 others 
~ ~ ~ ~ ~ 

H4-H2A-H3-H2A-H4 

mice and rainbow trout differ by only one amino 
acid, these species have only 81 of 135 codons in 
common [86]. The amino acid sequence of H4 is 
identical in all vertebrates, but only 28 of 102 
co dons agree [479]. The two H4 genes of Tetrahy
mena differ in only 14 of the 104 codons, but the 
non-coding regions are completely different; the 
same is true for the H2B genes [201, 327]. Five 
H4 genes from four individual sea urchins (Stron
gylocentrotus purpuratus) were found to contain 
59 variant nucleotides in the spacers, and in two 
genes there was, in addition, an inserted 195-bp 
element that is also found at other gene locations 
of this species. In the species S. purpuratus and S. 
droebachiensis, which separated 4-6 million 
years ago, the spacers between the H2B and H3 
genes differ in 11.2 % of the nucleotides. The 
intraspecific variability is two- to fourfold less. 
This indicates, furthermore, that in the last mil
lion years there has been no sequence equaliza
tion between the five H4 genes through horizon
tal evolution [489]. 

Sea urchins like S. purpuratus and Lytechinus 
pictus have several histone gene families that are 
expressed in a development and tissue-specific 
manner; best known are the "early" and "late" 
genes of the embryo. The families of the early his
tone genes consist of many hundreds of clusters 
that, on the basis of minor sequence differences 
in the spacer, may be divided into subfamilies. 
The mRNAs of the early genes exist already in 
the unfertilized egg; their transcription increases 
during cleavage to reach a maximum in the early 
blastula. From the gastrula onwards, the early 
genes are replaced by the late type, which include 
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only 5-15 clusters spread throughout the 
genome. The nucleotide sequences of the early 
and late histone genes differ in the coding regions 
by about 20 % and in the non-coding regions by 
much more than this [291]. The large sequence 
differences suggest that the separation of the two 
types occurred a long time ago and is general for 
the sea urchins. 

2.5.3 Variability of the Histones 

Non-allelic variants (subtypes) of histones are 
now known in all histone classes except H4. Even 
H3, despite its conservative character in the 
mammals, is found as three somatic variants 
(H3.1, H3.2 and H3.3) and a sperm-specific vari
ant (TH3). The differentiation into H3.1 and 
H3.2, where the only difference is Cys or Ser at 
position 96, occurs only in mammals; the classes 
H3.1 and H3.3, on the other hand, are found in 
birds and other vertebrates. The H3.3 gene con
tains introns and probably represents far more the 
original H3 gene; the intronless genes ofthe H3.1 
class, however, possibly arose before the separa
tion of plants and animals. Both H3.1 and H3.3 
show no species-specific differences between 
humans and chickens but differ from one another 
at four positions. Histones of class H3.1 are only 
synthesized in vertebrates during preparation for 
nuclear division, but class 3.3 is synthesized 
throughout the whole cell cycle. The H3.1 class 
also resembles the early and late H3 of the sea 
urchin [471]. Subtypes of the core histone H2A 
are more than likely to be found in all vertebra
tes, but they also occur in the macronucleus of the 
ciliate Tetrahymena, in Caenorhabditis elegans, 
and in Drosophila melanogaster [98, 451]. 
Whereas the species-specific differences in histo
nes H2A and H2B are usually localized in the N
terminal region, the variants found in the verteb
rates also show differences in the C-terminal 
region; this probably results in changes in histone 
conformation and in structural and functional 
properties of the whole nucleosome. The exist
ence of different variants of core his tones thus 
facilitates heterogeneity amongst the nucleoso
mes, and this may be important for the variable 
expression of different DNA regions. 

The linker histone Hl is the most variable of 
all histones, and the various subtypes appear to 
be correlated with metabolic activity and the 
degree of condensation of the chromatin. Up to 
seven Hl subtypes are found in somatic cells of 
vertebrates and many invertebrates. Immunohis-

tochemical investigations have shown that differ
ent chromatin regions in the giant chromosomes 
of the midge Chironomus thummi have different 
spectra of Hl subtypes [303]. The chicken is the 
only animal in which a complete set of six Hl 
sequences of 217-224 amino acids has been deter
mined [84]. Two variants of the particularly 
lysine-rich Hl° are to be found in all mammalian 
organs; similar Hl variants are also present in all 
other vertebrate classes and even in the mussel 
Anodonta cygnea [300]. The proportion of the 
Hl° type is not only cell-specific but also signifi
cantly higher in active regions of the genome: it 
amounts to 12 % in the (inactive) globin region of 
the liver cell genome of the mouse, 15-19 % in 
the satellite DNA, and 61 % in the region of the 
albumin gene [105]. Extremely aberrant histone 
genes have been found in the duck Caraina mos
chata; the coding sequence of H3 differs from 
that of the chicken in 10 of 135 amino acids, and 
of Hl in 22 of 217-218 amino acids [439]. 

Unique histone variants are present in the 
strongly condensed chromatin of nucleated eryth
rocytes and germline cells, and also in the tran
scriptionally inactive micronucleus of the Cilio
phora. In bird erythrocytes, which retain their 
nuclei after differentiation, an Hl variant, H5, 
appears simultaneously with their genetic inac
tivation. H5 shows significant similarity to Hl° in 
its central region and is also related to repression 
of DNA synthesis. The proportion of erythrocyte
specific histone increases after the end of DNA 
synthesis [177]. Specific, as well as non-specific, 
Hl variants may also be detected in the nucleated 
erythrocytes of many fish, amphibians and repti
les, but do not always correspond electrophoretic
ally with the H5 of bird erythrocytes. A typical H5 
predominates in the teleosts Salmo gairdneri, 
Perca flavescens and Pomoxis nigromaculatus; 
Cyprinus carpio has little H5 but a lot of Hl; and 
Catostomus commersoni has no H5. The erythro
cytes of Xenopus laevis also contain both Hl and 
H5; on the other hand, typical H5 was missing 
from the red blood cells of Rana catesbeiana and 
all reptiles that were examined [371]. 

The chromatin of mature male gametes is not 
transcribed; it is highly condensed and thus the 
genetic information is protected until the time of 
fertilization. Sperm-specific histone variants are 
responsible for the compact structure, as is prota
mine, the alternative type of nuclear protein. 
During spermatogenesis in rats, there are dra
matic changes in the spectrum of nuclear prote
ins: already in the spermatogonium there is a 
large increase in the somatic forms Hla and 



H2A.X and the appearance of the testis-specific 
H3 variant, TH3; the sperm-specific histones 
H1t, TH2A and TH2B are produced during meio
sis. In the intermediate spermatid stages, all his
tone and non-histone proteins are replaced by the 
transitional proteins TP-1 and TP-2, which are no 
longer organized into nucleosomes. The protami
nes appear 2-3 days later; there is one form in 
the rat and several forms in other mammals, and 
these persist into the mature sperms [165, 379]. 
Similar alterations in nuclear proteins are seen 
during spermatogenesis in other vertebrates; 
thus, in the dogfish, Scyliorhinus caniculus, for 
example, two transitional proteins are followed 
by four protamines [32]. 

In sea urchin sperm there are no protamines 
but late H4 and H3, particular H2A subtypes and 
sperm-specific HI and H2B variants. The latter 
are interesting in that the N-terminus is extended 
by 20-26 amino acids with highly basic, repetitive 
tetrapeptides (HI) or pentapeptides (H2B); the 
many positive charges neutralize the negative 
charges on the DNA and thus allow dense pack
ing of the chromatin [348]. The sequence of the 
repeats shows species-specific variation [246]. 
H2B variants with N-terminal extensions appear 
to be limited to sea urchin sperm; the H2B from 
the sperm of the starfish, Asterias rubens, consists 
of only 121 amino acids without N-terminal 
repeats [283] ; and the histones in the sperm of the 
holothurians are also not significantly different 
from these of the somatic cells [492]. The sperms 
of the polychaete Platynereis dumerilii contain 
the same core histones as other cells, but they 
have four specific HI variants and two protami
nes. Two of the HI variants are unusually small, 
with only 119 and 121 amino acids. Only one HI 
and one protamine are found in Chaetopterus 
variopedatus [234]. The micronucleus of the Cilio
phora contains genetically inactive chromatin that 
is, nevertheless, organized into nucleosomes. In 
Tetrahymena this includes, in addition to the his
tone H3S that is also present in the macronucleus, 
a special H3F and three polypeptides a-y, which 
are not HI variants, in the linker region [484]. 
The unusual structure of the HI in the macronuc
leus has already been mentioned (p. 29); in Tetra
hymena, the macronucleus also contains a specific 
H2A variant [474]. 

The variability of the his tones is also increased 
by post-translational modification, such as phos
phorylation, acetylation, methylation and coval
ent binding to poly-ADP-ribose. The significance 
of these processes is to be found in the fine 
adaptation of chromatin structure to changing 
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internal and external conditions. uH2A is a par
ticularly interesting post-translationally altered 
histone that is a conjugate of H2A with ubiquitin. 
This polypeptide, with a length of 76 amino acids 
(see Fig. 3.5; p. 88), occurs in all organisms from 
bacteria to mammals and apparently functions as 
a signal for protein degradation. In uH2A, the C
terminal glycine of ubiquitin is attached via an 
isopeptide bond to the E-amino group of the H2A 
lysine-119, and the conjugated molecule has a 
forked "Y" configuration that is very unusual for 
a protein. About 10 % of H2A is found in this 
form. uH2A should probably not be considered 
an intermediate of histone degradation, and ubi
quitin apparently has more than one function in 
the cell [320]. 

2.5.4 Protamines 

The protamines are small, extremely basic nuc
lear proteins with 30-70 % arginine and were first 
discovered in mature fish sperm, although they 
are also be found in the sperm of birds, mammals, 
and several invertebrates. As has already been 
mentioned, protamines are first produced during 
sperm maturation and they replace the pre
existing histones and transition proteins. Fish 
protamines are known after the genus or species 
name: "scyliorhinin" from the dogfish, Scyliorhi
nus canicula; "clupein" from the herring, Clupea 
harengus; "salmin" from salmon of the genera 
Salmo and Oncorhynchus; "iridin" from the trout 
Salmo irideus, etc. The sperm of anyone species 
contains several protamines which are design
ated, for example, as iridin la, Ib and II. Protami
nes have been sequenced from more than 50 spe
cies of cartilaginous and bony fish (Fig. 2.8). Due 
to their unusual amino acid composition, the pro
tamine sequences are difficult to compare; anal
ysis of their relationships and evolution is best 
carried out using the gene sequences [332]. 

The teleost protamines are, without exception, 
very small polypeptides of less than 35 amino 
acids, in which arginine predominates and cyste
ine is absent. In the particularly well-investigated 
rainbow trout, Salmo gairdneri, and in other tele
osts, the protamines show pronounced hetero
geneity; six different protamines, albeit with 
quite similar sequences, can be isolated from a 
single trout testis (Fig. 2.8) [295]. Protamines are 
not found in all teleosts; they are lacking, for 
example, in carp and in the winter flounder, Pseu
dopleuronectes american us . The discovery that a 
protamine gene of the rainbow trout, Salmo 
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10 20 30 40 

Sc MKCGrKrrrrrrHACKrKKrACKQrSSTIVrAHLVHrrrAArrCPr 

10 20 30 

59 Prrrr-SSSrPVrrrrrPrVSrrrrrrGGrrrr 
El PrrrrASSSrPVrrrrrPKMSrrrrr-GGrrrr 

10 20 30 40 50 60 

Gd ArYrrSrTrSrSPrSrrrrrrSGrrrSPrrrrrYGSArrSrrSVGGrrrrYGSrrrrrrrY 

10 20 30 40 50 

Bt ArYrCCLTHSGSrCrrrrrrrCrrrrrrFGrrrrrrVCCrrYTVlrCTrQ 
Ss ArYrCCrSHSrSrCrPrrrrCrrrrrrCCPrrrrrAVCCrrYTVlrCrrC 
Hs ArYrCCrSQSrSrYYrQrQrSrrrrrrSCQTrrrAMrCCrPrYrPrCrrH 

Fig. 2.S. The sequences of different protamines. Sc, Z2 
from the shark Scyliorhinus canicula [285]; Sg, C2b from 
the rainbow trout Salrno gairdneri [295]; El, the protamine 
from the pike Esox lucius [413]; Gd, "gallin" from the 
chicken Gallus dornesticus [332]; Bt, the protamine from 

gairdneri, is flanked by long terminal repeats, just 
like a viral retroposon, leads to the idea that the 
uneven distribution of protamines amongst the 
bony fish is the result of gene transfer between 
different species [212]. 

The protamines of the Elasmobranchii often 
deviate quite markedly from those of the teleosts. 
In Scyliorhinus canicula, the sperm contains four 
protamines (ZI, Z2, Z3 and S4) that vary in 
length from 27 (Z3) to 45 amino acids. Only Z3 
corresponds in its composition to the typical pic
ture of the arginine-rich teleost protamines; the 
others contain many cysteines, in addition to the 
arginines, and are associated through disulphide 
bridges. Sequence comparisons of protamines are 
difficult to undertake due to their odd amino acid 
composition; in any case, there are no indications 
of any relationship between the protamines of the 
dogfish and the teleosts [32, 70]. 

Protamines occur in the sperm of all birds and 
mammals. The protamines of mammals have 
50-60 amino acids, those of the quail, Coturnix 
japonica, have 56, and "gallin" from the domestic 
fowl has 61 amino acids (Fig. 2.8); these are all 
significantly larger than those of the fish [332]. 
The protamines of higher mammals contain 
8-18 % cysteine in addition to 47-61 % arginine, 
and are so cross-linked by disulphide bridges that 
their isolation and characterization is difficult. In 
contrast, the protamines of the marsupials are 
cysteine-free [134]. The sperms of most mammals 
contain only one protamine species; until 
recently, two protamines (PI and P2) were identi
fied in only man and the mouse. The other mam
malian species do actually possess two protamine 

the cow Bos taurus [292]; Ss, the protamine from the pig 
Sus scrofa [292]; Hs, human protamine PI [296]. The pro
tamines of both teleosts, the two mammals and man are 
arranged to show the maximum sequence similarity. For 
the sake of clarity, arginine is represented as r 

genes but the P2 gene has suffered many muta
tions and is only weakly expressed [279]. The 
protamine-like proteins from the sperm of inver
tebrates have not yet been systematically investig
ated. However, several proteins from mussels, 
snails, cephalopods and holothurians have been 
sequenced. Some of these, in contrast to the ver
tebrate protamines, contain large amounts of 
lysine in addition to arginine [14, 223,288, 349]. 

2.5.5 Non-Histone Proteins 

In addition to histones, the chromatin of all euka
ryotes contains a heterogeneous mixture of other 
proteins that are equivalent to about one-tenth 
the quantity of the histones. These include, for 
example, RNA polymerases and other enzymes, 
proteins involved in the binding and maturation 
of transcripts, and regulatory proteins. The 
extraction of clean nuclei preparations releases 
non-histone proteins not only from the chromatin 
but also from the microfibrils of the nuclear mat
rix to which the chromatin is bound, and from the 
nucleoplasm, the nuclear membrane, the nucleoli 
and the heterogenous nuclear ribonucleoprotein 
(hnRNP) particles. The non-histone proteins are 
divided into two groups according to their elec
trophoretic behaviour: a "high mobility group" 
(HMG) and a "low mobility group" (LMG). The 
HMG has been more extensively investigated. 
The HMG proteins have an unusual composition 
of one-quarter each of acidic and basic amino 
acids. Free ubiquitin, as HMG-20, is also 
included in this category. One-dimensional elec-



trophoresis of HMG proteins routinely yields 
20-40 bands, and 2-D electrophoresis of Hela 
cell preparations results in more than 450 HMG 
fractions, although in this case proteolytic arte
facts cannot be excluded. The nuclear protein 
spectrum of invertebrates, such as the Mediterra
nean fruit fly Ceratitis capitata or the nematode 
Caenorhabditis elegans, have a comparably high 
degree of complexity [57, 450]. In the absence of 
information on the amino acid sequences, direct 
comparisons of the non~histone proteins of ver
tebrates and invertebrates are impossible; how
ever it is, remarkable that antibodies against 
HMG-14 and HMG-17 of calf thymus show cross
reactivity with the chromosomes of Drosophila. 

In calf thymus, the largest fraction of the HMG 
proteins is made up of the proteins numbered 1, 
2, 14 and 17, the sequences of which are mostly 
already known. Each nucleosome carries two 
binding sites for HMG-14 or HMG-17. The 
sequences of these two HMGs agree, for exam
ple, in the chicken at only 44 % of positions. 
Compared with HMG-17, HMG-14 shows a much 
higher rate of evolution: the human HMG-14 (98 
amino acids) and that of the chicken (104 amino 
acids) show only 51 % agreement, compared with 
98 % agreement in the HMG-17 proteins [112]. 
HMG-l and HMG-2 from mammalian thymus 
are identical in 79 % of their over 200 amino acids 
[395]. The larger HMG-l and HMG-2 of calf thy
mus correspond to HMG-Tl and HMG-TI of the 
rainbow trout Salrno gairdneri, and the smaller 
HMG-14 and HMG-17 correspond to the HMG
D and HMG-C; in addition, there are further 
HMGs in fish that are not readily comparable 
[51]. HMG-Tl and HMG-TI of the trout are each 
encoded by four genes, whereas the human 
HMG-14 and HMG-17 proteins are represented 
by two multi-gene families, which in the case of 
HMG-17 has 40-50 members [250]. The nucleoli 
of all eukaryotes contain nucleolin, a multi
functional, 100-kDa protein that plays a key role 
in rRNA maturation and the biogenesis of riboso
mes. The sequence of 713 amino acids, deter
mined via cDNA, shows no similarities to other 
known proteins [251]. 

2.6 DNA Replication and Repair 

DNA replication and repair in the eukaryotes has 
been nowhere near as well investigated as in the 
prokaryotes; the sparse comparative biochemical 
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data that are available are restricted mainly to the 
DNA polymerases, which in fact playa central 
role in these processes. These enzymes link the 
free 3'-OH group of an RNA or DNA primer to 
the 5' -phosphate of a deoxynucleotide triphos
phate. In the reactions of the polymerases, the 
enzyme complex is either translocated to the next 
nucleotide after each polymerization step (pro
cessive) or released (distributive). During the 
replication of the chromosomal double helix, one 
strand (the leading strand) is synthesized continu
ously, whereas the other (the lagging strand) is 
synthesized only in sections (Okazaki fragments). 
Thus, two different polymerase activities are 
required for DNA replication: a highly processive 
one for producing the leading strand, and one less 
tightly bound polymerase that is released after 
the replication of each Okazaki fragment. Five 
types of DNA polymerase (a-E) are found in the 
cells of mammals and other eumetazoans. Poly
merases a and 0 take part in the replication of 
chromosomal DNA, with the o-polymerase prob
ably synthesizing the leading strand and the a
polymerase the lagging strand [20,407, 427]. 
With only 10-9 to 10-12 errors per nucleotide per 
generation, the reliability of DNA replication is 
very high; in addition to the specificity of base
pairing, this accuracy can be attributed to "proof
reading", i.e. the excision of wrong nucleotides 
by a polymerase-associated 3'-5'-exonuclease 
activity [245]. The y-polymerase is responsible for 
the replication of mitochondrial DNA, and the ~
polymerase for the repair of chromosomal DNA 
[478]. 

The a-polymerases are characterized by their 
high molecular weight and by sensitivity to the 
inhibitor N-ethylmaleimide (NEM); their func
tion is the replication of chromosomal DNA. The 
RNA primer required for the polymerase reaction 
is synthesized by a primase that is always found 
tightly associated with eukaryote a-polymerases. 
The best-known animal a-polymerase primase is 
that of Drosophila rnelanogaster. This is made up 
of four subunits, a--O, of 182, 73, 60 and 50 kDa 
respectively; polymerase activity is associated 
with the 182-kDa subunit, primase activity with 
the 60- and 50-kDa subunits; and no catalytic 
activity is known for the 73-kDa subunit [92, 93]. 

The a-polymerases (replicases) of mammals 
have molecular masses of up to 1300 kDa and a 
highly complex structure that is not yet known in 
detail [160, 224]. The a-polymerase of mammals 
has no exonuclease activity but, in contrast, the 
enzyme of Drosophila rnelanogaster exhibits 
"cryptic" 3'-5' -exonuclease activity. The 0-



36 2 Nucleic Acids and Nuclear Proteins 

polymerase is always associated with an exonuc
lease. Whilst the a-polymerase incorporates less 
than 100 nucleotides before being released from 
the substrate, the 6-polymerase has an in vivo 
processive capacity of at least 4500 nucleotides. 
This is related to the effect of an accompanying 
36-kDa protein that is only produced in the S
phase of the cell cycle and is known as proliferat
ing cell nuclear antigen (PCNA) or cyclin. In the 
absence of PCNAlcyclin, the 6-polymerase is 
released from its substrate after only ten incor
poration steps [407]. 

Many polymerase complexes are simultane
ously active on the chromosomal DNA, with the 
gap between them (the replicon length) varying 
from 5 (in embryos) to 350 !lm (in spermatogene
sis). All new nucleosomes are apparently taken 
up on the same daughter strand. In the Protozoa 
and in the lower eukaryotes there are always 
multiple DNA polymerases available but these 
are only partially comparable with those of the 
Eumetazoa. They have, without exception, 
higher molecular masses, and in some cases dis
play exonuclease activity [66, 146]. 

The ~-polymerases responsible for DNA 
repair have no exonuclease activity and only a 
limited accuracy; the error rate is 1:1000. Their 
structure is much simpler than that of the other 
polymerases. The enzymes of man and the mouse 
are 39-kDa monomeric polypeptides with 335 
amino acids [478]. Like the a-polymerases, these 
enzymes also appear to have changed only very 
slowly during evolution. The ~-polymerases of 
different mammals are very similar immunologic
ally and in their tryptic peptide patterns; antisera 
against the rat enzyme react with the correspond
ing bird and fish enzymes but not with those of 
the trypanosomes [64, 429]. Because ofits much 
larger, 1l0-kDa subunits, the Drosophila ~

polymerase belongs to a completely different 
category [375]. The y-polymerase is responsible 
for replication of the mitochondrial DNA and, as 
it represents only about 1 % of the total DNA 
polymerase activity of the cell, is known less 
accurately; in pure mitochondrial preparations, 
only the y-polymerase is found. However, the 
enzyme is also found in cell nuclei, where it is 
apparently involved in virus replication and pos
sibly in DNA recombination processes. y
polymerase is characterized by a high molecular 
mass (150-300 kDa), NEM sensitivity and the 
exclusive use of DNA primers. The Drosophila 
enzyme is a heterodimer of 125- and 35-kDa sub
units. The enzyme of the clawed frog, Xenopus 
laevis, has a catalytic subunit of 140 kDa and is 

associated, like the chicken enzyme, with a 3'-5'
exonuclease [206, 472]. 

Only rather sketchy information is available 
about the other enzymes and protein factors 
associated with the DNA polymerases of animals 
[59], enzymes such as those required for unwind
ing the DNA and stabilizing the single strands, for 
the synthesis of RNA primers, and nucleases and 
ligases. In fact, Drosophila is the only animal 
from which not only all three DNA polymerases 
(a-y) but also primase, ligase and both topoiso
merases have been isolated. Ligases create phos
phodiester bonds between the free 5' -phosphate 
groups and the free 3' -hydroxyl groups of broken 
DNA strands. The ligase in the unfertilized eggs 
of Drosophila melanogaster has the highest activ
ity; this enzyme consists of only one 80- to 83-
kDa polypeptide [354, 355]. The topoisomerases 
catalyse the reversible interconversion of differ
ent DNA isoforms, e.g. supercoiling and relaxa
tion, or the reversible chain-like linking of circu
lar DNA (catenation and decatenation). The 
enzymes play important, but incompletely under
stood, roles in replication and transcription. 
There are two very different forms of topoisome
rases [466]. The type I nicking-closing enzymes 
break one strand of the double helix and pull the 
other strand through the gap in such a way that 
the energy of the phosphodiester bond is con
served, and no further energy supply is required 
for the reannealing process. Such enzymes have 
been characterized in detail in various mammals, 
the chicken, Xenopus, Drosophila and Trypano
soma cruzi. The type II topoisomerases open and 
close both strands simultaneously and require 
ATP. These enzymes are also well described for 
mammals, Xenopus and Drosophila [356,359, 
362,466,487]. 

Spontaneous alterations in DNA constituents 
(point mutations) are of frequent occurrence in 
all organisms; in man, for example, about 5000 
purine bases per day are released from their N
glycosidic bonds (depurination), and 100 cytosine 
residues are deaminated to uracil. A system of 
repair enzymes deals with these and other forms 
of damage; examples include DNA glycosylases, 
exonucleases, DNA polymerases and ligases. 
However, little is known about these from a com
parative biochemical point of view [248, 376]. 
RNA-dependent DNA polymerases (reverse 
transcriptases) are required for the transposition 
of retrovirus-like DNA elements. High activities 
of a reverse transcriptase have been found in the 
ciliate Paramecium teraurelia but the biological 
significance of this is not clear [226]. 



2.7 Transcription and RNA Maturation 

2.7.1 RNA Polymerases 

The DNA-dependent RNA polymerases synthe
size complementary RNA on the DNA matrix by 
the creation of phosphodiester bonds between 
the free 3'-OH groups of the RNA and the 5'
phosphates of ribonucleoside triphosphates. 
Whilst in bacteria, mitochondria and chloroplasts 
there is only one RNA polymerase, in the cell 
nucleus there are three classes (I-III) of this 
enzyme. Pol I is responsible for the formation of 
the pre-rRNA, Pol II for the transcription of 
protein-coding genes, and Pol III for the synthe
sis of the tRNA precursors, the 5S RNA and 
other smaller RNAs. Pol I is localized in the nuc
leolus and is activated by Mg2+, whereas the other 
two enzymes are found in the nucleoplasm and 
require Mn2+. Pol II is inhibited by as little as 
1O-7M a-amanitin, Pol III by at least 10-4M a
aminitin, and Pol I is completely insensitive. The 
little-investigated mitochondrial RNA polymera
ses, like those of the prokaryotes, are specifically 
inhibited by rifampicin [6, 37]. 

In spite of different specificities, the three 
classes coincide in their general functional and 
structural principles; the catalysed process always 
follows the order: DNA sequence recognition, 
binding, initiation, elongation, termination and 
release of the products. All polymerases have 
molecular masses between 500 and 700 kDa and 
are composed of two non-identical, large poly
peptides of 120-240 kDa and several others of 
mostly less than 50 kDa [37,96, 377]. Compari
son of gene sequences in different eukaryotes 
reveals that the large subunits of the three poly
merase types are homologous. Only the large 
subunit of Pol II carries a C-terminal extension 
made up of repeated heptapeptides, numbering 
26 in yeast, 44 in Drosophila and 52 in mammals, 
with the consensus sequence YSPTSPS. In con
trast to all eukaryotes, Trypanosoma brucei pos
sesses two Pol II forms that are coded by differ
ent genes, differ in only four amino acids and 
have differently constructed, non-repetitive C
terminal domains. Quite surprisingly, the biosyn
thesis of the variable surface glycoproteins (VSG) 
of the trypanosomes is not inhibited by a
amanitin; ongoing studies of the three polymera
ses have as yet found no explanation for this 
observation [404]. 
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2.7.2 Transcription 

The initiation and termination signals for the 
three polymerase classes have different locations 
and structures. Around the initiation point (') of 
the Pol I-transcribed rRNA genes (rDNA) there 
is a sequence that can be represented by the con
sensus sequence ATRT' A, where R stands for a 
purine; the 5' end of the 18S rRNA gene of the 
silkworm Bombyx mori lies 909 bp downstream 
from the initiation point [142]. Transcription of 
the rDNA extends several hundred nucleotides 
beyond the 3' end of the mature 28S rRNA; e.g. 
in Xenopus by 235 nt and in the mouse by 565 nt 
[346]. The control region for the Pol III
transcribed genes for the small RNAs lies in the 
middle of the coding sequence. In the gene for 
the 5S rRNA, for example, a control protein of 
37 kDa is bound at this point and guides the poly
merase to its binding site in front of the coding 
sequence; sequences in front of the coding region 
are also required for the transcription of the 5S 
rRNAgene of Bombyx mori [464]. Other Pol III
transcribed genes most probably have specific 
protein factors that correspond to the control pro
tein of the 5S rRNA gene. The termination signal 
here consists, in the simplest case, of at least 
TTTT in a GC-rich region; this is found, for 
example, in the Xenopus and mammalian tRNA 
genes. However, there are also Pol III
transcribed genes without poly(T) [346]. 

By far the most thoroughly understood are the 
transcription units of the Pol II-transcribed, 
protein-coding genes and their signals for the 
initiation and termination of transcription, the 
formation of the 3' end of the mRNA, the exci
sion of the introns and the splicing of the exon 
ends (Fig. 2.1). The human ~-globin genes may be 
considered as prototypes for Pol II-transcribed 
genes; the analysis of spontaneous mutations that 
lead to reduced synthesis of the ~-globin chains 
(~-thalassemia) has contributed greatly to 
explaining the significance of different regions 
of the gene sequence [333]. The sequence 
TATAAA, the TATA box or Hogness-Goldberg 
box, is found at about -30 in the 5' region 
upstream of the coding sequence of all Pol II
transcribed genes. There are, however, genes in 
which a typical TATA is missing, e.g. the gene for 
tropomyosin I in Drosophila melanogaster [23]. 
In many genes, there are further, less strongly 
conserved elements in the region between -130 
and -50; mutation of these can influence tran
scription, e.g. the sequences CCAAT or GGGCG 
[54]. The histone genes of the ciliate Tetrahymena 
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have a CCAAT sequence but neither a TATA box 
nor GC elements; here again, it is clear that the 
ciliates stand apart from the other eukaryotes 
[52]. The DNA region at which Pol II begins tran
scription is termed the promoter; the TATA box is 
an element of the promoter. Pol II requires sev
eral transcription factors (TFII) for initiation. In 
the formation of the Pol II initiation complex, the 
factors TFIID and TFIIA first bind directly to the 
TATA box, and then to the factors TFIIB and 
TFIIE, which interact alternately with each other 
and with the polymerase. For Pol III there are 
the cofactors TFIIIA and TFIIIC [149, 342]. 
Enhanced, regulated gene expression is achieved 
by the binding of specific regulatory proteins 
(activators) to a sequence element (the enhancer) 
that can stimulate the transcription of the relev
ant gene from a distance of several thousand base 
pairs. Enhancers are also known for Pol 1-
transcribed, ribosomal RNA genes (see Fig. 2.15) 
[313, 381]. In front of the start site of translation 
at the AUG start codon there is a conserved 
sequence in the mRNA that probably corre
sponds to a complementary sequence in the 18S 
rRNA of the ribosome. In vertebrates, the con
sensus sequence here is GCCRCCAUG [239], 
and in Drosophila one finds the significantly dif
ferent sequence C/AAAAlCAUG; thus, in Dro
sophila A is preferred, whereas in vertebrates C is 
preferred [62a]. In the 3' region, the strongly con-

served consensus sequence AAUAAA is the sig
nal for splitting the primary transcript 10-30 nt 
downstream during RNA maturation, and for 
attaching the poly(A) tail. Due to the immedi
ately ensuing processes of RNA maturation in 
vivo, the termination of Pol II transcription can 
only be investigated in vitro using purified enzy
mes. Then it is seen that particular T-rich sequen
ces act as termination signals at which the poly
merase is released from the DNA. However, the 
termination is apparently not very precise [227]. 

2.7.3 Maturation of the Primary Transcripts 
(RNA Processing) 

Four types of intron can be distinguished on the 
basis of the splicing mechanisms. For intron types 
I and II, the splicing process requires no enzyme 
but is instead catalysed from the RNA itself. Self
splicing introns of group I are found in chromoso
mal and mitochondrial transcripts of the fungi 
and in chloroplasts and specific RNAs of the 
ciliate Tetrahymena. Group II introns, which 
undergo a different version of self-splicing, are to 
be found together with the group I type in mito
chondrial transcripts of fungi and higher plants. 
The maturation of chromosomal mRNA takes 
place enzymatically in a protein-RNA complex 
called the spliceosome. Chromosomal tRNA is 
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also spliced enzymatically, although the enzymes 
involved (endonuclease, ligase, etc.) are not 
organized in a splice os orne [63]. Soon after initi
ation, the 5' ends ofthe primary Pol II transcripts 
receive the cap sequence m7GpppXpmY ... 
(Fig. 2.9); these protect the transcript from attack 
by 5' -exonucleases and bind the finished mRNA 
onto the large ribosomal subunit. The pre-mRNA 
is already linked to proteins during transcription 
to form the "string-of-pearls" type of hnRNP par
ticle. The hnRNP particles contain a set of evolu
tionarily conserved polypeptides, amongst which 
are six so-called core proteins of 30-43 kDa 
[34, 119, 350, 357]. With the attachment of differ
ent, smaller nuclear RNAs (snRNAs, p. 52), the 
hnRNP particle is converted into a "spliceo
some", on which the excision of the introns and 
the ligation of the exons (splicing) takes place 
[119]. Upon completion of transcription, excess 
nucleotides are removed from the 3' end of the 
Pol II transcript, and a poly(A) sequence of ini
tially 200-300 nt is added; the poly(A) tail of 
mature mRNA in the cytoplasm is usually shorter. 
Some mRNAs, e.g. most histone mRNAs, are 
not polyadenylated [264]. The function of the 
poly(A) chain is not clear, although it apparently 
increases the in vivo stability of the mRNA [281]. 

Accurate splicing requires particular signals at 
the intron-exon border Gunctions), the consensus 
sequences of which are AG:GUAAGU at the 5' 
end of the intron, and (U/C)uNCAG:G at the 3' 
end [208, 336]. Occasionally, one finds signals 
deviating from the "GU-AG rule" but which, 
nevertheless, function perfectly: e.g. GC- instead 
of GU- is found at the 5' end of the second intron 
of the aD -globin gene of the duck Cairina mos
chata [126]. An example of a modified 3' signal 
with -CG instead of -AG is provided by the per 
gene of Drosophila [77]. The splicing process 
begins with a break at the 5' end of the intron. 
The exposed 5'-G is linked by a 2',5'
phosphodiester bond to an internal A residue 
near the 3' end of the intron; this produces a cir
cular structure with a tail (a lariat) (Fig. 2.10). 
Just how the intron becomes fully released and 
the exons ligated is not completely clear. The 
whole process requires ATP. All stages of RNA 
maturation take place in the nucleus; the finished 
mRNA is then transported into the cytoplasm by 
an as yet incompletely understood mechanism, 
but it is known that it becomes bound to a further 
set of proteins [119]. 

In the Kinetoplastida, like Trypanosoma, 
Leishmania or Crithidia, mRNA maturation does 
not involve linking of fragments of the pre-

mRNA molecule, but rather the binding of the 
pre-mRNA to an independent transcript (trans
splicing). Consequently, all mature mRNAs of 
each species begin with the same 35- to 39-nt 
sequence, the "spliced leader" (SL) or "mini
exon". The SL sequences differ according to the 
species but are quite similar, e.g. between Crithi
dia fasiculata and Trypanosoma brucei they agree 
at 27 positions (77 % ). In T. brucei, Leptomonas 
collosoma and most likely other Kinetoplastida, 
the SLs have an unusual terminal cap structure of 
pm7G ... followed by four 02'-methylnucleotides. 
The SLs originate from the 5' end of an SL RNA, 
with a length of 85-140 nt, which is encoded by 
its own specific gene family. SL or mini-exon 
genes have lengths of 0.4-1.35 kb and form 
tandem clusters of 200-250 copies. The primary 
transcripts of the Kinetoplastida are multi
cistronic and during maturation are cleaved at 
specific sequences into individual protein-coding 
pre-mRNAs; these are further processed at the 5' 
end by trans-splicing and at the 3' end by attach
ment of a poly(A) chain. The typical polyadenyla
tion signal AAUAAA is most certainly missing 

Fig. 2.10. The mechanism of the splicing process, during 
which an intron in the primary transcript is excised and the 
breakpoint resealed [394]. In the first step, the GpG bond 
at the 5' end of the intron is broken and the exposed 5'
terminal G of the intron is linked to an internal A by a 2', 
5' -phosphodiester bond. The tailed, circular structure that 
results is known as a lariat. In the second step, the 3'
terminal OH group of the leading exon is linked to the 5' 
phosphate of the succeeding exon and the lariat is released 
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from the Kinetoplastida transcripts [10, 341, 
493]. 

A spliced leader of 22 nt has also been found in 
10-20 % of the mRNAs of various free-living and 
parasitic nematode species. As in the Kineto
plastida, the SL here also stems from an SL 
RNA coded for by a family of more than 100 
genes. Anyone pre-mRNA can be spliced either 
cis- or trans-. Trans-splicing requires a particular 
type of spliceosome. In contrast to the Kineto
plastida, the SL sequences of all nematode spe
cies are identical. However, in Caenorhabditis 
elegans there are two SLs that differ in 7 of the 
22 nt and are distributed gene-specifically 
amongst the mRNAs. Thus, for example, the 
mRNAs of three out of four glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) genes, and 
many other mRNAs, carry SL1, whereas the 
fourth GAPDH gene carries SL2. Trans-splicing 
has also been found in trematodes [10, 101, 
117, 161,205]. 

2.7.4 Production of Multiple 'ftanscripts 
ofa Gene 

There are many exceptions to the rule of "one 
gene, one polypeptide". Alternative initiation, 
polyadenylation or splicing signals lead to the 
formation of multiple mRNAs on a gene, and 
possibly also to the production of multiple prote
ins; these alternatives may be regulated in a 
tissue- or stage-specific manner. Thus, in addition 
to the diversification of duplicate genes and post
translational protein modification, this gives a 
further mechanism for the creation of variant pro
teins which can be adapted to the specific require
ments of different cells or developmental stages. 
Alternative splicing has now been shown for 
many pre-mRNAs. In many cases, the alterna
tively spliced exons stem from the duplication of 

a common precursor; this mechanism for produc
ing multiple proteins apparently arose early in the 
evolution of the eukaryotes. As yet, very little is 
known about the regulation mechanisms that 
determine the splicing processes preferred by dif
ferent tissues or developmental stages [403]. 

Examples are known for all the possibilities for 
alternative splicing. The alternatives may depend 
upon the retention in the mature mRNA of a par
ticular exon (Fig. 2.11A), as in the tropomyosin I 
gene of Drosophila or the troponin T gene of the 
chicken. In many cases, more than one exon is 
involved in alternative splicing. The random com
bination of n exons produces 2D mRNAs. Four 
variants of the basic myelin protein of the mouse 
are known to arise from the random combination 
of two exons (Fig. 2.12c). In the troponin T gene 
of the rat, each of the five exons 4-8 can be 
excised during mRNA maturation, producing 32 
tissue-specific and development-dependent iso
forms. In many cases, particular exons may 
alternate but they never lie in tandem 
(Fig. 2.11B). This is true for exons 16 and 17 of 
the 18 exons in the rat troponin T gene; in this 
way, the number of possible isoforms is increased 
to 64 [46]. The different C-terminal sequences of 
the membrane-bound and secreted immunoglo
bulins arise because the mRNAs are endowed 
with different exons, following differential splic
ing of the 3' end; each has its own poly(A) signal 
(see Fig. 6.4, p. 224). 

Facultative splicing signals within an exon 
result in differences between mature mRNAs due 
to the presence or absence of parts of exons 
(Fig. 2.11 C and D); for example, the fibronectin 
variants of the rat are produced in this way 
(Fig.2.12a). If an intron is not excised 
(Fig. 2.11 E), then the encoded protein gains an 
extra domain. This is true, for example, for the y
fibrinogen molecules of the rat, 10 % of which 
contain an amino acid sequence coded for by 
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Fig. 2.11 A-G. Different mRNAs and pro
teins can be produced from the same gene 
by alternative splicing [46]. A Particular 
exons are spliced or excised; B alternating 
exons are excluded from the finished 
mRNA; C exons include several acceptor 
sequences; D exons include several donor 
sequences; E introns are not excised; F sev
eral different promoters are available; 
G several different poly(A) signals are 
available 
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a c 
Fibronectin gene 

5'-c=Jr-------{� 7~5~n!£t II =J2~8~5 n~t=:::J1}1o~8~n!£t 11_--- 3' 
mRNAs 

-c=Jr-------[=======1~5~6~aa~======I_---

-c=J~--------{==:l13~1~a~a===r----

-c=J~--------------------~~~-----

b 
aA-Crystallin gene 

5'---i[====}-----C~I~ns~e~rt=:J-------c=J_ 3' 
CTGAGGT AGCTCAT. ... CAAAGGC 

Fig. 2.U a-c. Examples of alternatively spliced genes. a 
The three fibronection mRNAs in rat liver contain coding 
sequences of 36 or 131 (36 + 95) or 156 (36 + 95 + 25) 
amino acids [258]. b The intron in the aA-crystallin gene of 
the rat contains the coding sequence for an insert of 22 
amino acids; the variant aAins, which makes up 10-20 % of 
the aA-crystallin molecules, arises by alternative splicing 
[229]. c The gene for the basic myelin protein (MBP) of the 

intron 7. In aA-crystallin of the rat, the inserted 
sequence corresponds to only a part of the intron 
(Fig.2.12b). Alternative promoters or poly(A) 
signals produce heterogeneity of mRNAs at the 
5' and 3' ends (Fig. 2.11 F and G). 

A particularly complicated situation is found in 
the "period" (per) gene of Drosophila, and this 
also deserves attention because of its interesting 
function. This gene is involved in establishing cir
cadian rhythms; in pero flies the rhythm is mis
sing, and in pers and perl flies it is accelerated or 
retarded, respectively; transformation of pero 

flies with the per+ gene restores the rhythm 
[238,436]. The per gene has eight exons and pro
duces three biologically active transcripts. Tran
script A, which is only expressed in the brain and 
amounts to 70 % of per mRNA, is 4519 nt long 
and codes for a protein with 1218 amino acids and 
a mass of 127 kDa. In transcript C, the last three 
introns are not excised; a large exon of 2800 nt is 
formed. The C-terminal end of the amino acid 
sequence coded by this transcript is completely 
different from that of the A transcript, in that the 
reading of the intron between exons 5 and 6 shifts 
the reading frame of exon 6. Finally, in transcript 
B 288 bp have been removed during splicing; 

TCAAGGT 

mouse includes seven exons, the boundaries of which in 
the amino acid sequence are shown by dashed lines. Four 
different proteins of 21.5, 18.5, 17 or 14 kDa arise by the 
splicing out of exon 2 and/or exon 6. The 18.5-kDa MBP is 
illustrated; in the 21.5-kDa MBP, the 26 amino acids coded 
by exon 2 are included at the site indicated. a-Helices are 
shown as spirals, and ~-sheets as broad arrows [133] 

here, however, because the extra intron lies 
behind the stop codon, the amino acid sequence 
is unchanged. Transcript A is involved in the 
establishment of the circadian rhythm; C is pos
sibly concerned with another rhythm, such as that 
involved in courtship [77]. 

2.7.5 Regulation of Transcription 

Only a portion of the genes are transcribed in any 
one cell, and the transcription pattern changes 
during the course of cell differentiation. In the 
intact cell, regulatory mechanisms can affect the 
steps in protein biosynthesis that come after tran
scription: during RNA maturation, during 
mRNA transport from the nucleus to the cyto
plasm, during mRNA degradation, and during 
translation. A particularly clear picture of tissue
specific and stage-specific differences in gene 
expression is obtained when the total mRNA of 
the investigated material is translated in vitro and 
the translation products are separated by 2-D gel 
electrophoresis [83]. It is expected that an 
explanation of the mechanisms controlling the 
space- and time-dependent patterns of gene 
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expression will provide decisive insight into the 
processes of cell differentiation and morphogene
sis. The control mechanisms of gene expression, 
particularly of transcription, are at the centre of 
one of the most actively researched areas of mod
ern biology. Investigations in invertebrates, espe
cially Drosophila melanogaster and the nematode 
Caenorhabditis elegans, have become particularly 
important; the unique suitability of the latter for 
such studies is based on the fact that each indi
vidual contains the same number of cells and the 
developmental fate of each of these cells has been 
described. 

The most important mechanism for transcrip
tion control is the interaction between regulatory 
proteins and particular DNA sequences, espe
cially promoters and enhancers. The DNA
binding domains of the regulatory proteins have 
four different structural motifs [215, 253, 423]: 
the helix-tum-helix motif, which consists of two 
a-helices separated by a B turn, was discovered in 
gene activation and inhibition in prokaryotes, but 
is also found in vertebrates, e.g. in the form of 
the determination factors of muscle development 
[44]. Related structures are the homeodomains 
that are coded by the homeobox, a DNA element 
found in many very different eukaryotes. A sec
ond DNA-binding motif is the zinc finger, which 
was discovered in the transcription factor TFIIIA 
of the clawed frog, Xenopus laevis. This contains 
nine repetitive sequences of about 30 amino 
acids, each with two terminal cysteine and histi
dine residues that together bind a zinc molecule, 
whilst the amino acids in between project as a fin
ger [76]. Many proteins with this motif are now 
known to exist in a variety of organisms from 
baker's yeast to man; they function as transcrip
tion activators or determination factors. In the 
vertebrates, the zinc fingers are encoded in multi
gene families [75, 235]. In Drosophila melanogas
ter the products of, for example, the segmenta
tion genes "Krtippel" (Kr) and "hunchback" (hb) 
are zinc finger proteins, as are the products of the 
glass gene that is required for the differentiation 
of the photoreceptor cells [309]. The third DNA
binding motif, found in the steroid receptors of 
the vertebrates, is also a zinc finger in which, 
however, the zinc is bound coordinately by four 
cysteine residues. To this class belong, for exam
ple, the products of the Drosophila "knirps" (kni) 
gene, which is responsible for abdominal seg
mentation, and the "Seven-up" gene, the absence 
of which causes the photoreceptor cells Rl, R3, 
R4 and R6 of the eye to assume the characterist
ics of the R7 type [302, 319]. The fourth motif, 

the leucine zipper, contains four or five leucine 
residues, each separated by exactly seven amino 
acids; as a result, the leucines all lie on the same 
side of the a-helix. Interaction between these leu
cine residues stabilizes a heterodimeric, DNA
binding structure such as is found, for example, in 
the products of the oncogenes jun, fos and myc 
[215, 423]. Active chromatin regions are always 
more sensitive to nucleases; the areas in which 
the DNA is free of nucleosomes, and is therefore 
easily accessible for regulatory proteins, show a 
tenfold higher sensitivity and are termed "hyper
sensitive sites". These areas are rich in enzymes 
such as topoisomerases I and II, RNA polyme
rase II, and transcription factors [166]. 

Still to be explained is the mechanism whereby 
the binding of a regulatory protein to a DNA 
sequence can influence the expression of a gene 
that is 100 bp or even 1000 bp removed. Four 
mechanisms have been suggested: 

1. Two proteins, bound to different sites on the 
DNA, interact through the formation of a 
DNA loop ("looping"). 

2. The binding of one protein so alters the con
formation of the DNA that the binding of 
another protein (e.g. an enzyme) is facilitated 
("twisting") . 

3. The regulatory protein recognizes a specific 
DNA sequence and then moves from there to 
another site, at which it initiates transcription, 
for example, by interaction with the promoter 
("sliding") . 

4. Binding of a protein to one site facilitates pro
tein binding at a neighbouring site and so on 
until the promoter is reached ("oozing") [352]. 

Genes that in different cell types are activated at 
different times should possess several regulatory 
sequences that interact with different factors. 
There are various possible patterns of organiza
tion: 

1. The individual members of a multi-gene family 
could carry different control elements; the 
best-known example here is the globin gene 
family. 

2. One gene can possess different control elem
ents for the same initiation signal, as found, for 
example, in the genes for the yolk protein, the 
heat-shock protein hsp26, and the "white" and 
"fushi tarazu" genes of Drosophila. 

3. One gene can possess two independently regul
ated initiation signals, as is seen, for example, 
in the a-amylase gene of the mouse and the 
gene for alcohol dehydrogenase in Drosophila 
melanogaster [137]. 



The regulatory elements may be found more than 
once in a gene; the ovalbumin locus of the chicken, 
for example, carries many copies of the sequence to 
which the progesterone receptor can bind. 

The protein-coding sequence of about 180 bp, 
termed a homeobox, was discovered in 1984 as 
homologous regions in various genes of Droso
phila melanogaster that are involved in the growth 
and differentiation of body segments during 
embryo development; in particular, it involves 
the genes "fushi tarazu" (ftz) , ''Antennapedia'' 
(Antp) and "bithorax" (btx). Homeobox sequen
ces have since been identified in many different 
eukaryotes. The homeodomain encoded by the 
homeobox has a length of about 60 amino acids 
(Fig.2.13) and normally lies close to the C
terminus of the protein. Although, in many cases, 
mutations of the homeobox lead to disturbances 
of morphogenesis and cell differentiation [152]' 
the biological role of the homeoprotein lies most 
likely in its function as a transcription regulator. It 
can be seen in Drosophila that each homeobox is 
only expressed in specific embryonal cells and, 
conversely, each cell has a specific pattern of 
homeoproteins. This may be explained by the fact 
that any given homeobox gene can influence the 
expression of others. On the other hand, these 
genes should affect the expression of non
regulatory structural genes whose products are 
responsible for the shaping of specific cell types. 
The hom eo domain is apparently responsible for 
DNA binding, although little is known about the 
sequence specificity and mechanism of this bind
ing. The remaining nine-tenths of the homeopro
tein sequence are not important for DNA binding 
but may be involved in determining the specificity 
of the effect through interactions with other tran
scription factors [185, 263]. 

Today, homeoboxes have been detected not 
only in more than 20 Drosophila genes but also in 
other arthropods, annelids, molluscs, nematodes, 
echinoderms and vertebrates; they are missing, 
however, from brachiopods, nemerteans and ces
todes. The homeoproteins of the vertebrates nor
mally have a length of only 250-300 amino acids, 

o 10 20 30 
ERKRGRTTYT RYQTLELEKE FHFNRYLTRR RRIEIAHALC 

40 50 60 
LTERQIKIWF QNRRMKWKKE NK 

Fig. 2.13. The consensus sequence of the homeodomains 
from 29 species of insects and vertebrates. The homeodo
main of the Antp gene of Drosophila melanogaster differs 
from the sequence shown only by Q instead of T at position 
6 [151] 

2.7.6 Heat-Shock Genes and Heat-Shock Proteins 43 

whilst the genes Antp and Ubx of Drosophila are 
unusually large and complicated [390]. Six of the 
homeogenes known in Drosophila can be identi
fied in the honey bee, Apis melifera; surprisingly, 
however, the homologue of the segmentation 
gene "fushi tarazu" is missing [463]. The nema
tode Caenorhabditis elegans possesses about 60 
homeogenes and the vertebrates have apparently 
more than 100, of which about 30 have been 
sequenced in man and about 26 in the mouse 
[2, 55, 114, 184, 198, 377, 469]. In extreme cases, 
the homeodomains in these genes have only 
about 20 % amino acids in common, although, in 
contrast, almost identical homeodomains can be 
found in proteins of man and Drosophila. Within 
a species, the homeodomains may be very differ
ent; thus, in Drosophila melanogaster a gene has 
been found that is expressed only in the muscles 
of the gut, and the homeodomain of this gene 
coincides with the next most related gene in only 
26 of 66 positions [22]. The homeodomains can be 
divided into 11 families according to their amino 
acid sequences [469]; the particularly widespread 
genes of the Antp class are organized in clusters 
in man and the mouse, as they are also in Droso
phila, whereas the genes of the engrailed (en) 
class are dispersed [271]. 

2.7.6 Heat-Shock Genes 
and Heat-Shock Proteins 

In 1962 the observation was made that a tempera
ture increase from 25 to 37°C produced drastic 
alterations within a few minutes in the puff pattern 
of Drosophila polytene chromosomes. It has since 
been found that sudden increases in temperature 
cause marked, rapid but transient activation of 
particular genes in almost all investigated orga
nisms, from bacteria to mammals. These genes 
encode new mRNAs and proteins that are termed 
heat-shock proteins (hsps) [265, 328]. Amongst 
the freshwater polyps of the genus Hydra, species 
such as H. oligactis, which show extreme sensitiv
ity to heat stress, produce no hsps, in contrast to 
heat-tolerant species like H. attenuata [40]. The 
optimal temperature for the induction of hsps 
varies with the species: it is 28°C in the trout, 35-
37°C in Drosophila, and over 40 °c in birds and 
mammals. Many hsp genes can also be induced by 
chemical or other stress factors; thus, the hsps 
apparently have a general protective function and 
are therefore also called "stress proteins" 
[218, 382]. The induction of these proteins pre
sents an interesting model for gene regulation. 
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The hsp spectrum differs with the animal spe
cies, but in general is neither organ nor develop
ment dependent. However, it was recently 
observed in Drosophila that the complexity of the 
hsp spectrum increases with age: lO-day-old flies 
develop 14 hsps and 45-day-old flies develop at 
least 59 [138]. In general, two main classes of pro
tein, of 68-110 and 15-30 kDa, can be distingu
ished, although the types hsp70 and hsp83 usually 
dominate; the large hsp100 and hsp110 of the 
mammals are not represented in Drosophila. 
Both the coding sequences and the control regi
ons of hsp genes are extremely conservative. The 
sequence of hsp70 in Drosophila shows 73 % 
agreement with the human protein, 72 % with 
yeast, and 61 % with the malarial agent Plasmo
dium falciparum [244, 265]. Hsp83 is just as con
servative, showing 63 % agreement between Dro
sophila and yeast. In many animals there are sev
eral hsp70 genes, often with different levels of 
inducibility. In Leishmania major, the gene family 
includes four members, in Caenorhabditis elegans 
there are six, in Drosophila melanogaster five or 
six, and in the vertebrates at least two [190, 257, 
262]. The heterogeneity of the large hsps may be 
further increased by post-translational modifica
tion. The spectrum of the small hsps varies greatly 
with the species; there are even differences 
between different species of Drosophila. In D. 
melanogaster one finds in particular hsp28, hsp26, 
hsp23 and hsp22; Caenorhabditis elegans has 
hsp25, hsp18 and hsp16; and Xenopus laevis and 
several lungless salamanders have only hsp30. 
The small hsps of a species are all related; in Dro
sophila, for example, they have approximately 
50 % identical amino acids. They are not as 
strongly conserved as the large hsps but, never
theless, show significant agreement between the 
insects, nematodes and vertebrates [216, 265, 
328]. 

The hsp70 gene from Drosophila is also heat
shock inducible in mouse cells, Xenopus oocytes, 
sea-urchin embryos and yeast cells. The control 
sequences, the heat-shock elements (HSEs), lie 
13-lO0 bp in front of the initiation site and have 
the consensus sequence CNNGAANNTTCNNG. 
The HSE binds a specific protein (heat-shock 
transcription factor, HSTF) that, together with a 
further protein, covers about 130 bp of the con
trol region of the hsp70 gene. HSTF is found in 
normal cells but is without activity; a heat
dependent alteration of the HSTF is apparently 
required for its induction. Most hsp genes have 
several HSEs, e.g. hsp70 of Drosophila has four, 
of which only two are sufficient for maximal 

induction [12]. In contrast, at least three HSEs 
are required for maximal expression of the Dro
sophila hsp26 [338]. Accumulation of an hsp cau
ses a negative-feedback inhibition of transcrip
tion of the heat-shock gene [265, 328]' Using 
gene technology methods, other genes can be 
brought under the control of a heat-shock promo
ter. The hsp27 gene of Drosophila can be induced 
by the moulting hormone ecdysone, as well as by 
heat shock, using different regulatory elements; 
whilst the HSEs lie between bp -270 and -370, 
the binding sites for ecdysone receptors are 
between bp -579 and -455 [360]. 

Heat shock in Drosophila causes a 100- to 
lOOO-fold increase in transcription of the hsp 
genes, whilst the transcription of other genes cea
ses; simultaneously, the translation of already 
available stable mRNAs stops, although they 
remain intact and translatable. The hsp mRNAs 
differ from other Drosophila mRNAs in having 
unusually long "leaders" in front of the coding 
region. Introns have been found in only two of 
the many hsp genes sequenced so far: hsp83 from 
Drosophila and a small hsp from Caenorhabditis. 
In contrast to Drosophila, there is no difference 
between the translation of hsp mRNAs and other 
mRNAs in the mammals; similarly, in the somatic 
cells of Xenopus, only the transcription of the 
various genes is differentially affected. In the 
oocytes, however, the hsp genes are usually 
already transcribed and only their translation is 
increased following heat shock. It is not known 
how these differences arose, but they do allow 
some biological interpretation. Drosophila achie
ves a much quicker heat-shock response through 
the simultaneous regulation of transcription and 
translation than is either possible or necessary in 
the somatic cells of Xenopus; on the other hand,. 
the oocytes of Xenopus are so large that an 
increase in the transcription rate alone would 
require several days to produce an effective heat
shock reaction. Intracellular protein degradation 
following the binding of proteins to ubiquitin is 
intensified following heat shock; in fact, ubiquitin 
behaves as a heat-shock-induced gene in the 
chicken and also in yeast [265, 328]. 

2.8 Ribonucleic Acids 
and Ribonucleoproteins 

Approximately 10 % of the total RNA of the cell 
is present in the nucleus; the remaining 90 % is in 



the cytoplasm. The RNA of the cell nucleus con
sists mainly of the primary transcription products 
of the three RNA polymerases, i.e. pre-rRNAs, 
pre-tRNAs and the mRNA precursors; due to 
their variable length these are known as hetero
geneous nuclear RNAs (hnRNAs). These precur
sors and intermediates of RNA maturation show 
a very high turnover rate. In addition, a group of 
smaller, metabolically more stable RNA molecu
les, the snRNAs, is also found in the nucleus. All 
the RNAs of the cell nucleus are organized, toge
ther with various proteins, into complex ribonuc
leoprotein (RNP) particles. The nuclear RNAs 
are, for the most part, degraded in the nucleus; 
only about 5 % of them reach the cytoplasm in 
the form of ribosomes, tRNAs or mRNAs. The 
cytoplasmic RNA consists mainly of rRNAs; the 
tRNAs amount to about 10 % and the mRNAs 
account for just a few percent. The latter are also 
bound to various proteins in the cytoplasm to 
form RNP particles, the informosomes. There 
are, on the one hand, free informosomes with 
non-translatable mRNA and, on the other hand, 
the active mRNAs that are bound to ribosomes 
(polysomes) and form loose associations with the 
protein factors of translation and also with other 
cytoplasmic proteins [276, 416]. In the oocytes of 
amphibians and sea urchins, about 70 % of the 
poly(A)-RNA is bound to transcripts of repetitive 
DNA sequences; this combined RNA is not trans
lated and disappears at the onset of embryo 
development. This possibly represents a reserve 
of immature mRNA [85]. 

2.8.1 The rRNA Genes 
and Their 'fianscription 

In all cells there exist organelles of about 20-nm 
diameter, the ribosomes, on which protein bio
synthesis takes place [178]. They are universally 
constructed from two subunits of different size 
that only combine with mRNA during protein 
synthesis. In the ribosomes of E. coli, the best
known ribosomes and the prototype for all the 
rest, the smaller subunit contains an SS-rRNA 
(small subunit) of 16S with 1540 nt and 21 differ
ent proteins, whereas the larger subunit has an 
LS-rRNA (large subunit) of 23S (2900 nt), a 5S 
rRNA (120 nt) and 32 proteins. The cytoplasmic 
ribosomes of the eukaryotes are generally some
what larger; the RNA of the small subunit has 
18S (as many as 1800 nt), and the larger subunit 
contains a 28S RNA (4800 nt), the 5S RNA, and 
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an additional5.8S rRNA (160 nt). The number of 
proteins in both subunits is also larger than in 
prokaryotes. The smallest eukaryotic ribosomes 
are found in the Microsporidia, a group of para
sitic unicellular organisms that exist in the cells of 
many very different Eumetazoa and Protozoa; 
these apparently separated quite early from the 
evolutionary line of the eukaryotes. Their riboso
mes are no larger than those of the prokaryotes 
[460]. 

Mitochondria and plastids possess their own 
systems for protein synthesis with a special type 
of ribosome. The ribosomes of the mitochondria 
are, without exception, smaller than prokaryotic 
ribosomes, both subunits contain only one RNA 
molecule each; the size of these mitochondrial 
rRNAs varies from 12S + 16S in the higher euka
ryotes to 9S + 12S in the trypanosomes [49, 326]. 
In spite of these extreme differences in size and 
composition, the architecture of all ribosomes is 
so similar that they can be traced back to a 
common origin. Comparative investigations of 
ribosome structure have led several authors to 
classify the "Eocyta" as the fourth subkingdom of 
living organisms, in addition to the Archaebacte
ria, Eubacteria and Eukaryotes. This is a group of 
sulphur bacteria that live in hot springs and are 
closer than the other two subkingdoms to the 
eukaryotes in their ribosome structure [247]. 
According to other authors, however, ribosome 
morphology alone does not provide satisfactory 
evidence to justify such far-reaching conclusions 
[335]. 

The coding sequences of the 18S rRNA, 5.8S 
rRNA and 28S rRNA together make up the pre
rRNA genes (rDNA), which are organized in tan
dem repeats in the nucleolus. In all animals, in 
contrast to the situation in yeast, the genes for the 
5S rRNA are separated from the other rRNA 
types. The number of pre-rRNA genes in the 
Eumetazoa lies between 45 and several thousand 
(Table 2.4), but the number of rRNA genes can 
differ quite markedly between different individu
als of a species, as has been seen, for example, in 
Drosophila [156]. In the haploid genome of the 
malarial agent Plasmodium berghei there are only 
four rRNA genes, but these are, however, very 
different in both length and sequence and are 
expressed in a stage-specific manner [100]. The 
ciliate Tetrahymena has only one rRNA gene per 
haploid genome in the micronucleus, but in the 
non-chromosomal DNA of the macronucleus 
there are about 10 000 hairpin-like rDNA molecu
les that together amount to several percent of the 
total DNA [374]. 
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Table 2.4. Number of rRNA, 5S rRNA and tRNA genes in 
the haploid genome of some animals [135, 140, 159,242, 
272, 340, 398, 417] 

Species rRNA 5S-RNA tRNA 

Plasmodium berghei 4 
Tetrahymena 1 150 
pyriformis 
(Micronucleus) 
Caenorhabditis 55 300 
briggsae 
Schistosoma mansoni 100 
Urechis caupo 290 
Mytilus edulis 220 
Drosophila 100- 240 100-200 590-900 
melanogaster 
Sciara coprophila 45 
Sarcophaga bullata 144 
Lytechinus variegatus 260 
Squalus acanthias 960 
Carassius auratus 240- 280 
Necturus maculosus 2700-4000 
Xenopus laevis 500- 760 24000 6500-7800 
Xenopus borealis 500 9000 
Gallus domesticus 190- 200 
Rattus norwegicus 150- 170 830 6500 
Homo sapiens 50- 200 2000 1310 

The repeated units of the rDNA contain the 
genes for the different rRNA types always in the 
order 18S, 5.8S and 28S with transcribed spacers 
in front of and behind the coding sequences 
(ETS) and between the genes of the individual 
rRNA types (ITS); there are also non-transcribed 
spacers (NTS) between the repeats (Fig. 2.14). 
Control elements in the NTS stimulate rDNA 
transcription [164]. The length of the transcribed 
and, in particular, the non-transcribed spacers 
differs greatly according to the species; thus, the 
mouse has rDNA repeats of 43.5 kb, of which 
14.5 kb is transcribed. The corresponding values 
for Xenopus are 12.5 and 7.5 kb [411]. The smal-

lest eukaryotic rDNA unit, of only 5.4 kb, is 
found in the flagellate Giardia Lamblia; the three 
rRNAs are also smaller than in any other eukary
ote [39a]. The total length of the rDNA repeats, 
as well as the length of individual repeats, yaries 
between different species; this is based on the 
fact that the NTS are mainly made up of short 
repetitive sequences, the number of which can 
vary (Fig. 2.15). 

Approximately half of the rDNA repeats in 
Drosophila melanogaster contain insertions in the 
28S gene, and these are apparently active retro
posons. They contain the coding sequence for a 
reverse transcriptase and mostly create duplica
tions of the target sequence. Two different types 
of insertion are found in the rDNA repeats: 
type I (or RIDm) of 5.35 kb, and type II (or 
R2Dm) that is 3.6 kb long and inserted 74 bp fur
ther upstream. Both show agreement in 28-39 % 
of their sequences with the retroposons RIBm 
and R2Bm found in the 28S rRNA genes of the 
silkworm, Bombyx mori. The type I of D. meLa
nogaster corresponds to elements that are found 
in D. virilis and the bluebottle, Calliphora eryth
rocephaLa. There are insertions in the 28S rRNA 
genes of the mosquitos Anopheles gambiae and 
A. arabiensis that are inserted 634 bp further 
downstream than the type I of D. melanogaster, 
although these apparently have similar target 
sequences [211, 337]. 

In the ciliate Tetrahymena, whose rDNA 
repeats in the macronucleus can all be traced 
back to the two homologous genes of the diploid 
micronucleus, there is an intron of 403-413 nt in 
the 28S region of all repeats that has a similar 
sequence in all species and belongs to the class of 
self-splicing introns (p. 15). The intronless alleles 
found in T. pigmentosa are expressed to the same 
extent as the intron-containing alleles [321, 322]. 
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Fig. 2.14 a, b. The structure 
of the rDNA repeats of a 
Xenopus laevis and b Droso
phila melanogaster [272]. ETS 
and ITS, transcribed spacers 
in front of or within the cod
ing sequence; NTS, non
transcribed spacer of variable 
length. See text for further 
explanation 
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Fig. 2.15. The structure of the spacers between the rRNA 
repeats of Xenopus laevis. The rRNA possesses two pro
moters (white); the non-transcribed spacer (NTS) contains 

Amongst the vertebrates, only the salamander 
Triturus vulgaris has an intron, and this occurs in 
8 % of the rDNA repeats; they are not found in 
other species of Triturus or in other amphibian 
genera like Xenopus [270]. In view of the exten
sive similarities in the structural and functional 
characters of the rRNAs, the variation in gene 
organization, with differences in location, num
ber of genes, lengths of spacers, presence or 
absence of introns etc., can hardly be looked 
upon as adaptive evolution. 

About one-half of the total transcriptional 
activity of the cell is devoted to the transcription 
of the rDNA, and this forms the single function 
of RNA polymerase I. One mammalian cell 
requires in the order of 2 million new ribosomes 
before each cell division; with a generation time 
of 15 h, a Pol I transcription rate of 30 ntis and a 
distance of 100 bp between the Pol I molecules, a 
minimum of 50 rRNA genes per haploid genome 
is required to cover the rRNA needs of the cell, 
and, in fact, the number of rRNA repeats is 
mostly higher (Table 2.4). A closer study of 
rDNA transcription has only become possible 
within the last few years since in vitro and in vivo 
systems have become available for transcribing 
cloned rDNA. The primary transcript (pre
rRNA) includes significant parts of the spacers 
(ETS) from in front of and behind the coding 
sequence, as well as the coding sequence itself 
and the internal spacers (ITS). At 47S, this pre
rRNA in mammals is larger than was originally 
thought (45S) , but the 5'-terminal 650 nt are 
quickly removed; on the other hand, in Xenopus 
and Drosophila the 5'-terminus of the pre-rRNA 
is identical to that of the 18S rRNA. Contrary to 
previous ideas, transcription, at least in mammals 
and Xenopus, proceeds far beyond the end of the 
28S rRNA [411]. 

The Pol I promoters, in contrast to those of 
Pol II and Pol III, appear to be taxon specific. 
Thus, there is no transcription of mouse rRNA in 
extracts of human cells, or of Drosophila virilis 
rDNA in extracts of D. melanogaster; however, 
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18 S 
r-- promoters~ 

(rIl •••••••• ) 1'1 
60/ 81 bp - n= 2_ 6 L---------l 

Repeats 

---- lkb-

two to six segments of 1 kb, made up of repeated elements 
of 60 and 81 bp that function as enhancers (black). These 
segments contain further promoters [411] 

Xenopus laevis and X. borealis are compatible, as 
are the mouse and rat, and also man and several 
ape species. The reason for this appears to lie 
with proteinaceous transcription factors that 
show species-specific sequence recognition. How
ever, positive results have been reported with the 
rDNA of the beetle Dytiscus in oocytes of the 
clawed frog Xenopus, and with Xenopus rDNA in 
mouse cells. The efficiency of Pol I-catalysed 
transcription is apparently strongly dependent 
upon the experimental conditions. Thus, for initi
ation of transcription in Xenopus the "proximal 
promoter", the region between -40 and + 10 
(where the initiation site is + 1), is in many cases 
sufficient, whereas in other cases optimal tran
scription requires additional upstream promoters 
between -150 and -110. In Xenopus there are fur
ther promoters lying 1 or more kb in front of the 
initiation site; in addition, there are repetitive 
sequences of 60 or 81 bp that act as enhancers to 
increase transcription (Fig. 2.15) [411]. The trypa
nosomes, whose Pol II transcripts with the later 
added "spliced leader" sequence are so unusual 
(p. 39), apparently have quite normal rDNA tran
scripts [118]. 

2.8.2 Structure of rRNAs 

All known sequences of SS-rRNAs, LS-rRNAs 
and 5.8S rRNAs, together with those of the 5S 
rRNAs, tRNAs and snRNAs, are published 
regularly in supplementary issues of the journal 
Nucleic Acids Research. The length of the SS
rRNA in the small ribosomal subunit varies 
between 9S (about 640 nt) and 18S (about 
1870 nt), and that of the LS-rRNA in the large 
subunit varies between 12S (about 1230 nt) and 
28S (about 4800 nt). Nevertheless, the primary 
and secondary structures of both rRNA classes 
are very similar. The differences in length are 
the result of insertions in otherwise homologous 
regions which do not significantly disturb the 
secondary structure of the central region. Open 
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loops in the rRNAs alternate with stretches of 
double helix in which unorthodox base-pairing, 
like G-U and G-A, may be seen (Fig. 2.16) 
[49, 326]. Based on the known SS-rRNA 
sequences, a family tree can be constructed; 
although this does not provide the conclusive 
solution to the important problems of systemat
ics, it nevertheless shows how heterogeneous the 
unicellular organisms are. Vairimorpha necatrix 
(Microspora) branches off first from the evolu
tionary line, then the flagellates Euglena and 
Trypanosoma, next the ciliates, and only then 
do Amoeba castellanii, baker's yeast, higher 

a 

B 

plants and the animals separate from each other 
[409,460]. 

After transcription, the pre-rRNA is broken 
down into the individual rRNAs. This post
transcriptional process happens rather differently 
in the various groups of organisms, and leads to a 
wealth of different rRNA types. Sequence com
parisons show that the 5.8S rRNA of the cyto
plasmic ribosomes corresponds to the 5' terminus 
of the prokaryote 23S rRNA; the known 5.8S 
rRNA sequences show more than 50 % agree
ment with the corresponding RNA of E. coli. 
Therefore, a new cutting site must have appeared 
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Fig. 2.16 a, b. The S.8S rRNAs. a The sequence and struc
ture of the S.8S rRNA from Artemia salina [447]. B-F are 
base-paired areas; M2 a multi-branched loop; H)-H3 hair
pin loops. b The "hairpin" region F-H3 of different S.8S 
rRNAs. The S.8S rRNA of Drosophila melanogaster is 
made up of two fragments (Sa and Sb) that are held toge-

ther non-covalently by base-pairing in the hairpin region. 
This configuration results from the excision of the fragment 
corresponding to the H3 loop out of the transcribed 
sequence (at the site shown by the arrows) without the sub
sequent joining of the free ends [386]; see also Fig. 2.14 b 



during the evolution of the eukaryotic rRNA. 
The 5 .. 8S rRNA is attached at both ends via 
hydrogen bonds to the 28S rRNA: the 3' end 
joins with the 5' terminus of the 28S rRNA, and 
the 5' end attaches to a sequence 400 nt further 
away. The lengths of the 5.8S rRNAs are around 
160 nt; those of the flagellate Giardia lamblia 
(140 nt) and the ciliate Tetrahymena (154 nt) are 
the shortest, whereas those of the silkworm Bom
byx mori (167 nt) and the trypanosomes (170 nt) 
are the longest. Despite all the differences in 
length and sequence, the secondary structure 
always fits the same plan (Fig. 2.16a). The largest 
differences between the various 5.8S rRNAs lie in 
the (G+C)-rich region ne'ar the 3' end 
(Fig. 2.16b). Compared with all the other 5.8S 
rRNAs, approximately 15 nt are missing from the 
3' end in Giardia lamblia; hence, the interaction 
with the 5' end of the LS-rRNA is also absent 
[39a]. In the dipterans Drosophila and Sciara, a 
piece is cut out of the 5.8S rRNA after transcrip
tion, but the free ends are not spliced. Two short 
rRNAs result and these are held together only by 
base-pairing: 5.8Sa with 123 nt and 5.8Sb, or 2S 
rRNA, with 30 nt (Figs. 2.14 & 2.16b) [419, 433]. 
The largest variety of products is shown by the 
pre-rRNA of the flagellate Crithidia fasciculata, 
where, in addition to 5S rRNA and 5.8S rRNA, 
there are four further small rRNAs [49, 386]. 

In many animals, for example protozoans, 
molluscs, annelids, crustaceans and insects, there 
is a breakpoint in the middle of the 28S rRNA, 
and under denaturing conditions this gives rise to 
two fragments of about 18S ("28Sa and "28S~") 
(Fig.2.14b). Investigations of Drosophila, the 
fungus gnat Sciara coprophila and the silkworm 
Bombyx mori have revealed not only the opening 
of a bond but also the excision of a short, 
extremely VA-rich, 19-nt fragment that forms a 
stem-loop structure. In the pea aphid, Acyrtosi
phon pisum, and other aphids, this characteristic 
structure, and thus also the breakpoint, is missing 
[329]. The 5.8S rRNA of the silkworm Bombyx 
mori has an unusual length of 167 nt instead of 
about 160 nt, and is perhaps specifically adapted 
to form a stable complex with the 28S rRNA 
[141]. In several carp-related fish, preformed 
breakpoints that open under denaturing condi
tions are found in the majority of the 18S and 28S 
rRNA molecules of somatic cells, but not in 
germline cells. Ribosomes with such rRNAs have 
reduced translation activity in vitro. It is remark
able that such aberrant rRNAs are found only in 
tetraploid species, such as Barbus barb us, Cypri
nus carpio and Carassius auratus, and do not 
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occur in the diploid species of the family Cyprini
dae or other fish [259, 260]. 

2.8.3 The 5S rRNAs and Their Genes 

The 5S rRNA genes are organized in tandem 
sequences outside of the nucleolus and are tran
scribed by polymerase III (p.37). In the clawed 
frogs of the genus Xenopus, and also in the tele
ost Misgurnus fossilis, there are two sets of 5S 
rRNA genes that are termed oocyte-specific or 
somatic, according to the cell type in which they 
are expressed; these differ in sequence by about 
5 % [289, 323]. In the clawed frogs, the gene 
family of the oocyte-specific 5S rRNA consists of 
24000 copies (Xenopus laevis) or 9000 copies (X. 
borealis) on chromosome 9, whereas that of the 
somatic type consists of just a few hundred copies 
dispersed over almost all the chromosomes (Tab
le 2.4). Also, in the nemertean Emplectonema 
gracile there are two types of 5S rRNAs that dif
fer by no less than 22 (14 %) nucleotides [243]. 
Although in all other higher eukaryotes the 5S 
rRNA genes are independent of the rDNA 
repeats, in the plant-parasitic nematode Meloido
gyne arenaria they are included [448]. The micro
nucleus of Tetrahymena contains, in fact, only one 
gene for the larger rRNAs but has about 30 clus
ters of altogether approximately 150 genes for the 
5S rRNA; the number is not significantly larger 
in the macronucleus. In contrast, the macronuc
leus of the hypotrichous ciliate Euplotes eurysto
mus contains about 106 5S r RNA genes 
[340, 363]. 

More than 350 5S rRNAs have been se
quenced. There have been continuous attempts 
to draw conclusions about phylogenetic relation
ships between the species from the species
specific differences amongst the 5S and 5.8S 
rRNAs, and to draw up family trees [199, 330, 
412]. The results are, however, contradictory or 
even quite obviously absurd; clearly, these short 
sequences do not provide sufficient information 
for determining evolutionary distance [188]. Bet
ter results can be expected from comparisons of 
the significantly longer SS-rRNA and LS-rRNA 
sequences. 

2.8.4 Ribosomal Proteins 

The ribosomes of E. coli contain altogether 53 
proteins in their two subunits; the number of 
ribosomal proteins in the eukaryotes is known 
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only approximately but is clearly larger than in 
the prokaryotes. For example, 84 proteins have 
been isolated from the cytoplasmic ribosomes of 
rat liver [64]; with the help of 2-D electrophore
sis, 35-45 proteins were identified in the large 
subunits of the insects Acheta, Drosophila and 
Bombyx and 30-32 were identified in the small 
subunits [41, 278]. Of these, at least 26 of the 
Drosophila proteins have already been purified 
[74]. The ribosomal proteins from rat liver have 
molecular masses between 11 and 41 kDa, and 
those of Drosophila are between 11.5 and 61 kDa. 
There is apparently only one molecule of each 
protein species per ribosome, except for the pro
tein type that corresponds to L71L12 of E. coli; 
this is present in several copies. The proteins of 
the small subunit are designated "S" and those of 
the large subunit "L", and they are numbered 
rather variably by different authors according to 
their location in 2-D gels. Because comparisons 
between proteins isolated by different authors are 
so difficult, attempts have been made to develop 
a uniform nomenclature [294]. The 53 ribosomal 
proteins of E. coli, with altogether 7336 amino 
acids, have now been completely sequenced. The 
sequencing of all the ribosomal proteins of the 
rat, involving about 16000 amino acids, is now 
the subject of intense efforts; by 1989 more than 
30 had been examined [65, 339, 426]. Although 
altogether about 500 ribosomal proteins have 
been sequenced so far, the information obtained 
is still insufficient to allow firm statements to be 
made about species-specific sequence differences 
and the evolution of the ribosomal proteins. 
However, it is already quite clear that they are 
very conserved proteins. Direct sequence compa
risons show that, for example, the proteins S14 
and L31 of the rat and man differ by less than 
1 %, protein S19 differs by just as little between 
Xenopus and the golden hamster, 22 % difference 
exists between S26 in the rat and the homologous 
protein in Drosophila, 25 % difference exists 
between S6 in the rat and yeast, and there is 
about 50 % identity between L44 in Trypanosoma 
brucei, baker's yeast and man [19, 207, 231, 255, 
435]. 

Although in vitro many ribosomal proteins are 
phosphorylated by cAMP-dependent or -inde
pendent protein kinases, in vivo one particular 
basic protein is phosphorylated in all eukaryotes: 
the protein from rat liver is designated S6 and has 
within its sequence of 249 amino acids 15 serine 
residues that possibly act as a phosphate receptor 
[187,473]. S6-like proteins have been detected in 
various animals, even down to the Protozoa; the 

protein from ovaries of the clawed frog, Xenopus 
laevis, shows immunological cross-reactivity with 
the S6 from chicken liver. In all cells that have 
been examined, the phosphorylation of S6 increa
ses in connection with cell division and with the 
association of ribosomes into polysomes [217]. 
The ribosomes of yeast, higher plants, the crusta
cean Artemia salina, Drosophila melanogaster, 
and various mammalian organs all contain two 
strongly acidic proteins with pI values less than 
4.5 and molecular masses from 13.5 to 17 kDa; in 
Artemia and Drosophila these are singly phos
phorylated, and in mammals they are multiply 
phosphorylated. The two proteins in Artemia, 
known as eL12 and eL12', are found in several 
copies in the large ribosomal subunit and are pos
sibly involved in the elongation step of protein 
biosynthesis. The sequences of eL12 and eL12' 
are known; they are identical in the 22 amino 
acids of the C-terminus but otherwise show no 
significant homology. Although the protein L 7 / 
L12 from E. coli shows little similarity to eL12, it 
can replace eL12 in the ribosomes of Artemia 
[275]. 

The proteins of the mitochondrial ribosomes 
form a distinct group, although they are synthe
sized in the cytoplasm and only later introduced 
into the mitochondria. Comparisons, by 2-D gel 
electrophoresis, of mitochondrial and cyto
plasmic ribosomal proteins from the same tissue 
reveal only very limited similarities between spe
cies from the vertebrates to Neurospora [393]. 
Just like the rRNAs, the proteins of the mito
chondrial ribosomes show a much greater rate of 
evolution than do the components of the cyto
plasmic ribosomes. In 2-D gels of rat and cow 
ribosomal proteins, only 15 % of the spots are dif
ferent for cytoplasmic ribosomes, whereas 85 % 
differ for the mitochondrial ribosomes [344]. 
Even between the closely related clawed frog spe
cies Xenopus laevis and X. mulleri, the mito
chondrial ribosomes show seven differences. It 
appears that only in the mammals are there multi
ple genes for the ribosomal proteins, e.g. 7-20 
copies per protein in the mouse. In contrast, 
there are only one or two copies of each gene in 
yeast, insects and amphibians. Surprisingly, only 
300-400 relatively stable mRNAs are present for 
each ribosomal protein in rapidly growing mouse 
cells; the reason for the large number of genes is 
therefore not clear [25, 304]. 



2.8.5 The Transfer RNAs and Their Genes 

The cytoplasm of eukaryotic cells contains up to 
108 tRNA molecules with lengths of 75-93 nt; 
together these make up 10-15 % of the total 
RNA. The number of different types of tRNA is 
greater than that of the amino acids, so that sev
era~ different tRNAs (isoaccepting tRNAs) are 
avaIlable for the same amino acid; on the other 
hand, there is not a specific tRNA for each amino 
acid codon as, in accordance with the "wobble 
e~fect", the anticodon of some tRNAs recognizes 
dIfferent co dons of the same amino acid. The 
mitochondria contain a special set of tRNAs that 
differ from those in the cytoplasm (p.53). The 
homologous tRNAs of different animal species 
show only minor differences; e.g., the sequence 
identity between the tRNA LysJAAA of Drosophila 
melanogaster and that of the rabbit is about 95 % 
and the tRNALys/AAA of Drosophila and man ha~ 
in fact the same sequence [242]. Regardless ofthe 
differences in length and sequence, tRNAs 
always have a similar 3-D structure with four hel
ical regions and three or four loops (Fig. 2.17). 

In bacteria and yeast there are nonsense sup
pressor tRNAs that can read through stop 
codons. The corresponding effect is achieved in 
higher eukaryotes through false reading of stop 
co dons by normal cytoplasmic tRNAs. Thus, in 
rabbit reticulocytes the stop codon UGA (opal) 
of the ~-globin mRNA is sometimes overlooked 
in vivo and a "read through" protein, which is 
l~nger than normal by 22 amino acids, is synthe
sIzed. The responsible tRNA here is either the 
normal tRNATrp, as has been detected in vitro 
or a specific suppressor tRNASer• Two opal: 
suppressive tRNASer molecules are known in the 
cow and chicken, and constitute about 1-3 % of 
the total tRNASer population; they are probably 
post-transcriptionally modified products of the 
same gene. Their anticodon CmCA (mC repre
sents methylcytosine) recognizes the stop codon 
UGArather than, as expected, UGG = Trp [182]. 
I~ the nematode Caenorhabditis elegans, muta
tIons of CCA ~ CTA in the anticodons of five 
tRNATrp genes resulted in suppressor tRNAs for 
the "amber" stop codon UAG [237]. 

All animals possess hundreds, if not thou
s~nds, of tRr:~A genes (Table 2.4) that are orga
n~sed very dIfferently between the various spe
CIes: they may occur as clusters of the same or dif
ferent tRNA genes, e.g. in the clawed frog Xeno
pus, the salamander Taricha, Drosophila, Trypa
nos~ma and Tetrahymena; or are mainly disper
sed III the genome as single genes, e.g. in man, 
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Fig. 2.17. A model of a tRNA molecule. The amino acid is 
attached to the 3' hydroxyl group by an ester bond 

the nematode Caenorhabditis elegans and the 
silkworm Bombyx mori. In Xenopus there are at 
least 43 different tRNA genes, each with 200 
copies that are mainly arranged in long tandem 
clusters; in Drosophila there 12 copies each of 
about 60 different genes that are dispersed in 
many short clusters [58, 122,312, 417,437]. With 
few exceptions, the tRNA genes of animals, in 
contrast to those of yeast, contain no introns 
[163]. The tRNA genes are transcribed by poly
merase III, and the formation of mature tRNA 
from the primary transcripts requires several 
steps: the removal of superfluous nucleotides 
from in front of the 5' end and after the 3' end 
the addition of the sequence CCA to the 3' termi: 
nus, and the modification of individual nucleoti
~es [368]. The sequences of all the genes for a par
tlcular tRNA are kept constant by "horizontal 
evolution", which at the same time hinders adapt
ive evolution. In place of the latter, there appears 
to ~e. a~aptat~on through post-transcriptional 
modIfIcatIons lIke methylation, acetylation and 
pseudo-uridylation; however, in all eukaryotes 
these are limited to about 20 specific positions. 
As a result, the tRNAs of the eukaryotes contain 
more unusual nucleotides than all other RNAs' 
over 50 modified nucleotides have already bee~ 
discovered [242]. 
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2.8.6 The Small Nuclear RNAs 
and Their Genes 

A very important part of the spliceosome, the 
complicated molecular complex in the cell nucleus 
that converts the primary transcripts of protein
coding genes into mature, functional mRNAs in 
all organisms from the ciliate Tetrahymena to man, 
is the group of different types of small ribonucle
oproteins (snRNPs). An snRNP is made up of one 
molecule of an snRNA, 56-217 nt long, together 
with about ten different proteins; some of these 
proteins occur in all snRNPs and others are 
limited to particular types. Thirteen different 
snRNAs are known so far and are designated VI 
to VB; however, results with yeast and plant cells 
suggest that all eukaryotic cells probably contain 
20-30 different snRNAs. VI to V6 are present in 
about 105 copies per cell. The quantities of the 
other snRNAs are much smaller, and as a conse
quence they were found only more recently. With 
the exception of snRNA V6, the gene for which is 
transcribed by Pol III, all other V-snRNAs are 
products of Pol II. The functions of the individual 
snRNAs in the spliceosome are only partly 
known. The Vl-, V2-, V41U6- and V5-snRNPs 
are essential components of the spliceosomes; V7 
is required for the formation of the 3' end of his
tone mRNA [171,273]. The snRNA sequences are 
apparently very conservative in terms of evolu
tion. The partially sequenced snRNAs VI to V6 
of the silkworm Bombyx mori are 66-81 % ident
ical with the corresponding snRNAs of the verteb
rates, and V6 of Trypanosoma brucei is 62 % 
identical with that of the rat. In the nematodes, 
which possess trans-splicing as well as normal spli
ceosomes, there are no overall peculiarities in the 
snRNAs [4,438,441]. There are about 2000 genes 
present for each snRNA in the higher vertebrates, 
although the majority are actually pseudogenes. 
In man, the rat and the chicken, and also in Dro
sophila, the snRNA genes are dispersed in the 
genome, whereas in the sea urchin Lytechinus 
they are arranged tandemly. Variants of particular 
snRNAs occur in man and other mammals, and 
also during sea urchin development [171, 274, 
378]. 

2.9 Mitochondrial DNA 

The mitochondria of the eukaryotes possess their 
own system of protein synthesis, for which the 
rRNAs and tRNAs are encoded in the mito-

chondrial genome, and the required enzymes and 
protein components come from the cytoplasm 
[232]. The genetic code involved here deviates 
markedly from that of the chromosomal
cytoplasmic system. The discovery of a unique 
genetic apparatus in the mitochondria and plas
tids led to the idea that these organelles have 
their origin in symbiotic prokaryotes that entered 
primitive eukaryotic cells lacking mitochondria at 
a very early stage of evolution [162, 169]. 
Although many characters of the mitochondrial 
DNA (mtDNA) genome are identical in all euka
ryotes, and they can be considered as homolo
gues, there is a large variation in the molecular 
structure. In the Eumetazoa, and apparently in 
some Protozoa, the mtDNA has the form of a cir
cular DNA double helix with a length of 15-20 kb 
(in extreme cases, up to 42 kb); in the mito
chondria of the Ciliophora, however, one finds 
larger, linear molecules, and in the trypanosomes 
and relatives a complicated network of linked cir
cles exists. During evolution there has apparently 
been a transfer of DNA between the mitochond
ria and the nucleus. At any rate, mtDNA-like 
sequences have been detected in the nuclei of 
many different kinds of eukaryotes (yeast, the 
migratory locust, sea urchin, mammals and man) 
and were probably integrated into the chromoso
mal DNA by illegitimate recombination [91]. 

As a rule, each mitochondrium contains about 
five to ten mtDNA molecules associated with the 
inner membrane; in the unfertilized eggs of Dro
sophila the number of mtDNA circles increases to 
50 per organelle and declines again after fertiliza
tion [417]. Complete or nearly complete mtDNA 
sequences are now known for more than a dozen 
species of vertebrates, invertebrates and proto
zoans. Sequencing and restriction endonuclease 
analysis clearly indicate a higher rate of evolution 
of mtDNA than of chromosomal DNA. This may 
be related to the fact that the mitochondria lack a 
DNA repair system. As a result, mtDNA is a par
ticularly useful system for molecular studies of 
relationships between species and the study of 
molecular evolution. 

2.9.1 The mtDNA of Vertebrates 

Human mtDNA will be used both as an example 
of vertebrate mtDNA and to illustrate mtDNA 
characteristics in general. It has a total length of 
16569 nt and codes for 2 rRNAs, 22 tRNAs and 
13 mitochondrial proteins (Fig. 2.18). Five of 
these proteins were identified some time ago as 



the subunits I-III of cytochrome oxidase, subunit 
6 of ATPase, and cytochrome b; later, a further 
one was identified as subunit 8 of ATPase. As the 
products of the remaining seven protein-coding 
sequences were unknown, they were referred to 
as VRFs (unassigned reading frames). In 1986 it 
became known that all seven VRFs encode poly
peptides for complex I of the respiration chain; 
they have since been designated "ND" (for 
NADH dehydrogenase) [154]. All other mito
chondrial proteins originate in the cytoplasm and 
are transported into the mitochondria by an as yet 
incompletely understood mechanism. 

The 12S rRNA for the smaller subunit and the 
16S rRNA for the larger subunit of the mito
chondrial ribosomes are significantly smaller than 
the cytoplasmic rRNAs; 5S and 5.8S rRNAs are 
not present. The number of tRNAs is notably 
very small and not compatible with the classical 
idea of the relationship between the number of 
mRNA co dons and tRNA anticodons. According 
to the wobble theory, 31 tRNAs with different 
anticodons are required for the 61 amino acid 
codons. Thus, in the mitochondria a variant of 
the wobble mechanism must apply, whereby an 
unmodified V in the first position of the antico-

Fig. 2.18. The mitochondrial DNAs (mtDNAs) of man 
[80] and the fly Drosophila yakuba [481]. The starting 
points for replication of the heavy and light strands of the 
human mtDNA are indicated by OH and OL, respectively; 
o marks the start of replication in the Drosophila mtDNA. 
The arrows show the orientation of the genes. The tRNA 
genes are identified by the letter code of their respective 
amino acids. 12S rRNA and SS rRNA indicate the RNAs of 
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don can be paired with any of the four bases in 
the third position of synonymous (coding for the 
same amino acid) codons, whereas a modified V 
can pair only with A or G. However, in this way 
the number of required tRNAs would only be 
reduced to 23. A further tRNA is spared because 
in vertebrate mitochondria the normal co dons for 
arginine (AGA and AGG) function as stop 
codons, along with VAA and VAG; the standard 
stop codon VGA here codes for the amino acid 
tryptophan. As many mitochondrial genes end 
with -V or -VA, the stop codon VAA often only 
appears after polyadenylation of the mRNA. The 
translation start can be signified by each of the 
four AVN codons, all of which then apparently 
code for methionine; during elongation, AVV 
specifies isoleucine, as in the universal code 
[80, 139,351]. 

The two strands of the mtDNA double helix 
are distinguished, according to density, as the H
strand (heavy) and L-strand (light). Most 
mtDNA molecules have a small section with a 
three-stranded structure in which a third strand, 
complementary to the L-strand (the D-Ioop, dis
placement loop), lies between the strands of the 
double helix (Fig. 2.18). Replication of mtDNA 

.... I 

I 

o 

Drosophila 
yakuba 

the small ribosomal subunits, and 16S rRNA and LSrRNA 
those of the larger subunits. For the protein-coding genes, 
COl-COllI and ATPase 6 signify the subunits of cyto
chrome oxidase and ATPase, respectively. Of the human 
URFs (unassigned reading frames), recent results show 
that URFA6L encodes the ATPase 8 subunits, and the 
other seven URFs encode subunits of NADH dehydro
genase [72] 
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begins in the D-loop region with the formation of 
a new H-strand, during which the old H-strand is 
displaced; the synthesis of the L-strand begins 
only when the tRNA cluster on the old H-strand, 
between ORF-COl and ND2 (URF2), becomes 
exposed. The transcription of the two strands 
progresses from the D-loop region and leads to 
the formation of two large transcripts, the pro
cessing of which has not yet been fully described. 

The mtDNA molecule shows the greatest 
economy of space in that there are no introns and 
practically no non-coding sequences between the 
genes. The total number of nucleotides lying 
between genes is 87 in man, 64 in the mouse, and 
57 in the cow. The tRNA genes lying between the 
individual rRNA and structural genes serve as sig
nals to separate the transcripts. The sequence 
-CAA is attached post-transcriptionally to the 
3' end of the pre-tRNAs [80]. A peculiarity of 
human mtDNA is a 200-nt-long sequence lying in 
front of the D-loop on the L-strand; this codes for 
a 7S RNA of unknown function, but sequences 
homologous to this have not been found in other 
mtDNAs [80]. Complete sequences are also 
known for the mtDNAs of the cow, mouse, 
chicken and clawed frog, Xenopus laevis. These 
data, together with partial sequences and restric
tion patterns from the mtDNAs of amphibians 
and fish, show that the organization of the genes 
in the mtDNA of all vertebrates corresponds to 
that of man. The single known exception is in the 
chicken, where the genes for ND6 and cytochro
me b have exchanged positions. Vertebrate 
mtDNAs are also very similar in sequence: the 
mtDNA of the cod fish, Gadus morrhua, and that 
of the clawed frog, Xenopus laevis, agree in their 
coding sequences by between 46 (ND4L) and 
93 % (CO I) [106, 145,214,365]. In many verteb
rates one finds variant mtDNAs up to 500 bp lon
ger, and sometimes these are in combination with 
the normal form. Cells containing more than one 
type of mtDNA are referred to as heteroplastic. 
In several species of the lizard genus Cnemido
phorus, the mtDNA of certain populations or 
single individuals contains duplications with a 
length of 0.8-8 kb, resulting in increases in the 
total length of up to 25 kb. In the teleost Alosa 
sapidissima, the mtDNA can be increased in size 
by two to three repeats of 1.5 kb in the D-Ioop 
region. Similar length polymorphisms are known 
from other fish, amphibians and reptiles [16, 29, 
306]. 

2.9.2 The mtDNA of Invertebrates 

Complete sequences are known for the dipterans 
Drosophila yakuba and Anopheles quadrimacula
tus, the nematodes Ascaris suum and Caenorhab
ditis elegans, and the sea urchins Paracentrous 
lividus and Strongylocentrous purpuratus [61, 78, 
82, 209]. Partial sequences, or at least the order 
of the genes, are available for the migratory 
locust Locusta migratoria, three species of broad
nosed weevil (Curculionidae), the brine shrimp 
Artemia salina, the liver-fluke Fasciola hepatica, 
and the starfish Pisaster ochraceus [24, 42, 
148, 405,482]. 

The mtDNA of Drosophila yakuba, the first 
determined invertebrate mtDNA sequence, has a 
length of 16019 bp. It contains the same genes as 
vertebrate mtDNA, although in a rather different 
order (Fig. 2.18). A peculiarity of the insects is the 
(A+T)-rich region that has a length of 1 kb in D. 
yakuba, D. teissieri, D. erecta and D. orena but 
about 5 kb in D. melanogaster, D. simulans and 
D. mauritiana; the total length of mtDNA in 
Drosophila varies correspondingly between 16.0 
and 19.5 kb [410]. The basic structure of Droso
phila mtDNA is valid for all other insects, the 
encoded protein sequences of Anopheles and 
Drosophila agreeing by 72-98 % [24,42, 82]. In 
the crustacean Artemia, only the tRNA genes are 
organized differently from those in the insects 
[24]. The mtDNA of the pig roundworm Ascaris 
suum has a length of 14284 bp and contains the 
genes for the two rRNAs and all the proteins that 
are encoded in the mtDNAs of the vertebrates 
and the arthropods, except for the ATPase sub
unit 8. Distributed between the rRNA and the 
protein genes are genes for an aberrant type of 
tRNA. These lack the T'\jJC loop and the variable 
loop that are found both in the mitochondrial and 
cytoplasmic tRNAs of vertebrates and insects 
(Fig. 2.17); instead there is a single loop of 4-
12 nt. A similar situation is seen in the mtDNA of 
Caenorhabditis elegans and is thus typical for the 
nematodes [482]. The mtDNAs of the two sea
urchin species both have a gene order that is dis
tinct from all other mtDNAs: between the genes 
for the SS-rRNA and the LS-rRNA lies a cluster 
of 15 of the 22 tRNAs and the genes for NDl and 
ND2. The mtDNA of the starfish Pisaster ochra
ceus, in contrast, contains an inversion of the seg
ment: -tRNA cluster-ND1-ND2-16S rRNA
[61,209]. During the evolution of sea-urchin 
mtDNA, the coding sequence for the tRNA Leu! 

CUN fused with the gene for the NADH dehydro
genase subunit 5 and this now encodes a 24-



amino-acid, N-terminal extension of this protein. 
In parallel, duplication and diversification has 
produced a new tRNA Leu/CUN from the gene for 
tRNALeu/UUR [60]. All in all, it is clear that multi
ple rearrangements have taken place in the evolu
tion of the mtDNA so that the order of genes dif
fers quite markedly between the individual ani
mal groups. The tRNA genes are primarily 
affected. 

The mtDNA genetic codes of the invertebrates 
have the same unique features as those of the ver
tebrates. In addition, AGA and AGG here code 
for serine instead of arginine, as in the standard 
code, or for STOP in the case of vertebrate 
mtDNA. In the mtDNAs of the starfish Pisaster 
ochraceus, the sea urchin Strongylocentrous pur
puratus and the liver-fluke Fasciola hepatica, 
AAA appears to code for asparagine instead of 
lysine [24, 331]. The pilgrim scallop, Placopecten 
magellanicus, possesses the largest mtDNAs that 
have so far been recorded. The insertion of two to 
eight copies of a 1442-bp repeat lengthens the 
mtDNA to an average of 35 kb and, in extreme 
cases, to 42 kb. In various broad-nosed weevils 
(Curculionidae), the mtDNA has a total length of 
30-36 kb due to increases in an (A + T)-rich 
region of 9-13 kb; individual beetles are hetero
plastic, with two to five mtDNA size classes [42]. 
Size variants and heteroplasty, owing to differ
ences in the number of repeats, are also found in 
GryUus, various Drosophila species and nemato
des [42, 252, 410]. 

2.9.3 The mtDNA of Ciliates 

The mitochondrial DNA of Paramecium aurelia is 
a linear double helix with a length of 40469 bp 
and deviates markedly from the circular mtDNA 
of the Eumetazoa in both gene content and order. 
The CO I and II genes of cytochrome oxidase are 
present but CO III is not; there are genes for 
cytochrome band Nl to N5, but ND4L and ND6 
are missing. Instead, there are two other genes 
that apparently code for subunits of NADH 
dehydrogenase and correspond to parts of the 
chloroplast genome. The genes for the ATPase 
subunits 6 and 8 are not found, but a gene for 
ATPase 9 is present; this has otherwise been 
reported only in the mtDNA of yeast and higher 
plants. Paramecium mtDNA includes genes for 
ribosomal proteins (L2, L14, S12 and S14) that 
are usually to be found only in the DNA of plant 
mitochondria and chloroplasts and in the mtDNA 
of the ciliate Tetrahymena. At least 31 mono- and 

2.9.4 Kinetoplast DNA 55 

polycistronic transcripts are produced from the 
mtDNA of Paramecium but their maturation has 
not yet been described. The only partially 
sequenced mtDNA of Tetrahymena thermophila 
carries genes for CO I, CO II and L14 in the 
same order as in Paramecium, but codes for at 
least eight tRNAs as against the three tRNAs of 
Paramecium. However, there do appear to be dif
ferences in the order of the genes between indi
vidual Tetrahymena species. The start of replica
tion in Paramecium lies at one end of the 
mtDNA, and in Tetrahymena it is in the middle. 
The genetic code in the mtDNAs of the ciliates is 
in general closer to the standard code than is that 
of many other mtDNAs; the translation start 
codons here are AUN, GUG and perhaps GUA 
[305,351]. 

2.9.4 Kinetoplast DNA 

In stained preparations of trypanosomes and 
other flagellates of the group Kinetoplastida, a 
body may be seen at the base of the flagellum; it 
varies in size from 4-6 !-lm in the genus Trypano
soma to 25-20 !-lm in Crithidia. It is actually a 
modified mitochondrium but was at first mistak
enly considered to be involved in flagellum move
ment and was thus termed the kinetoplast. This 
cell organelle contains up to 25 % of the total 
DNA of these unicellular organisms. The kineto
plast DNA (kDNA) consists of several thousand 
smaller, circular DNA molecules (mini-circles) 
and up to 50 larger maxi-circles; these mesh with 
each other in a 3-D network like the links of a 
chain (catemers) [124]. Some strains of Trypano
soma equiperdum are known to lack kinotoplasts. 
They have neither a network nor mini-circles, but 
contain single circular DNA structures that appar
ently correspond to the maxi-circles of other 
strains [173]. 

Maxi-circles have a size of 20-40 kb, according 
to the species. The length variation stems from 
species-specific differences in a non-transcribed 
region made up of tandem repeats of various 
types. The transcribed region, which corresponds 
to the mtDNA of other eukaryotes, has a similar 
size of 15-17 kb in all species. The maxi-circles of 
Leishmania tarentolae and Trypanosoma brucei 
have been completely sequenced. They contain 
two rRNA genes, the structural gene for cyto
chrome b, CO I-III, NDl, ND4, ND5 and sev
eral UFRs; ATPase and tRNA genes have not 
been found [28, 174]. UUG, CUG and UUA, 
which in the standard code all signify leucine, 



56 2 Nucleic Acids and Nuclear Proteins 

function here as methionine start codons, in addi
tion to AUG [402]. The rRNAs in the kineto
plasts of L. tarentolae, T. brucei and Crithidia fas
ciculata are 9S (610-612 nt) and 12S 
(1141-1150 nt) and are the smallest known. In 
spite of their minimum size and unusual composi
tion (83 % A + U), their secondary structure 
includes the highly conserved central regions 
found in all organisms. The sequences of the 
rRNAs of the three species agree at 77-84 % of 
positions [97, 401]. 

The transcripts of the maxi-circles are later 
altered by insertion and deletion of uridine resi
dues before they become functional ("RNA edit
ing"). This unique process was discovered 
through the uridine residues found in the tran
scripts that are not encoded by the maxi-circle 
DNA. These alterations are often restricted to a 
small region of the mRNA and cause, for exam
ple, the creation of an initiation codon AUG (in 
CO III and URF2 of C. fasciculata) or a shift in a 
reading frame (in the CO II gene of C. fascicu
lata). In contrast, there are 39 extra uridine resi
dues in the cytochrome b mRNA of C. fasciculata 
and L. tarentolae. Finally, the CO III transcript in 
T. brucei, encoded in a maxi-circle of 450 nt, is 
extended to an mRNA of almost 1000 nt by the 
insertion of several hundred uridine residues, 
such that the final mRNA sequence bears little 
resemblance to the corresponding gene [28, 132, 
414]. There are two competing ideas about the 
mechanism of RNA editing: one proposes that 
the edited mRNA is synthesized as a whole [458], 
and the other envisages a cyclic process from the 
3' to the 5' end involving a family of small tran
scripts of the maxi- and mini-circles and known as 
gRNAs (guide RNAs). Mismatch repair between 
the mRNA-gRNA pairs continues until the 
mRNA perfectly matches the gRNA and is 
released. In L. tarentolae, four maxi-circle-coded 
gRNAs are known for maxi-circle genes; the 
gRNA for the less exactly edited CO III gene is 
encoded by mini-circles [425, 449]. 

The mini-circles make up about 95 % of the 
kDNA. They are uniform in size within an indi
vidual network, but may vary species-specifically 
between 900 and 2500 bp. The sequences of the 
mini-circles show contrasting levels of hetero
geneity in different species. In T. brucei there are 
several hundred different classes of mini-circle; in 
T. equiperdum, on the other hand, little hetero
geneity is found. The sequences of mini-circles 
vary dramatically, even between closely related 
species like Crithidia luciliae and C. fasciculata, 
or between the different strains of T. brucei. The 

species-specific vanatlons in length and 
sequence, together with the sequence hetero
geneity, speak for an extremely rapid rate of 
evolution of the mini-circles. Their function is, 
however, unknown. The open reading frames 
(ORPs) of the mini-circles would be sufficient for 
proteins of 20-70 amino acids and, in fact, mini
circles from C. fasciculata expressed in E. coli 
yielded immunoreactive products [124, 396]. The 
mini-circles are replicated as free molecules after 
release from the network, and the daughter mole
cules are reincorporated. Thus, the kinetoplast 
grows to about double its original size up to the 
moment of cell division, when it itself divides. 
The two daughter molecules produced during 
replication are rather different: one contains the 
discontinuously growing H-strand with fragments 
of 20-110 nt in length, and the other contains the 
continuously growing L-strand. The H-strand is 
afterwards partly repaired, whilst the L-strand 
becomes nicked; hence, during the reincorpora
tion phase both daughter molecules possess nicks 
that are closed on incorporation into the network. 
A specific topoisomerase is responsible for the 
release of mini-circles (decatenation) from the 
network and for the reincorporation of the 
daughter molecules (catenation) [372]. 
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3 The Structural Variety and Metabolism of Proteins 
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3.1 Structural Variety 

Individual eukaryote cells contain in the order of 
104 different proteins, and each animal species 
contains an even greater number due to differ
ences between the tissues of an individual and 
between the individuals themselves; further
more, the protein spectrum changes during the 
course of development. The number of different 
proteins to be found in extant organisms may be 
as high as 1012• The description of this variety, its 
origin and biological significance is the most 
extensive theme in comparative biochemistry. 
This chapter will concern itself with the possibil
ities for structural variation and the general meta
bolism of proteins; further chapters will deal with 
comparative studies of individual proteins. 

3.1.1 Protein Constituents 

The primary products of protein biosynthesis are 
linear polymers of the 20 standard amino acids. 
There has been much speculation about why the 
a-amino acids, out of the many possible amino
carbonic acids, should be used in the construction 
of proteins; why only those particular 20; and 
why only in the L-configuration. Undoubtedly, 
this has to do with the changing relationships 
between the evolution of amino acid metabolism 
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and that of the genetic code, about which there is 
as yet no general agreement [245]. The analysis of 
amino acid composition is part of the routine 
work of the protein chemist, and innumerable 
tables of data are now available. Despite the con
siderable differences between individual proteins, 
the spectrum of the protein-bound amino acids 
varies much less than that of the free amino acids 
(Table 3.1). The number of codons in the genetic 
code for individual amino acids varies between 
one and six. If each of the 61 amino acid codons 
occurred at the same frequency, then each amino 
acid would be present in the total protein in pro
portion to the number of its codons. In actual 
fact, lysine, aspartic acid and glutamic acid in par
ticular occur more frequently than would be 
expected; arginine, on the other hand, is mark
edly under-represented. This may be because 
arginine appeared as a protein constituent quite 
late in evolution (the "intruder hypothesis" of 
Jukes), or because a previously larger arginine 
fraction has, for some reason, been selected 
against in the course of evolution (the "selection 
hypothesis" of Wallis), e.g. because the peptide 
bonds involving arginine are preferred sites for 
protease attack, or the extremely basic property 
of arginine, in contrast to lysine, cannot be later 
modified by substitution. Although the basic 
amino acids arginine and lysine together have 
eight co dons and the acidic amino acids aspartic 
acid and glutamic acid have only four, they are 
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Table 3.1. The spectrum of protein-bound amino acids (the fractions of individual amino acids in mol %) 

1 2 3 4 5a 5b 5c 5d 

Ala 6.6 7.4 8.7 4.5 8.5 . 8.1 16.4 11.5 
Arg 9.8 4.2 3.9 3.0 6.3 4.2 26.9 15.0 
Asn 3.3 4.4 4.9 4.0 } 10.8 } 12.3 1.2 2.1 
Asp 3.3 5.9 5.9 3.5 0.6 1.7 
Cys 3.3 3.3 2.5 0 1.9 0.7 0.1 0.2 
Gln 3.3 3.7 4.3 7.0 } 14.6 } 13.5 

7.6 4.8 
Glu 3.3 5.8 5.7 12.5 5.3 5.2 
Gly 6.6 7.4 7.7 4.5 8.9 10.6 33.1 16.6 
His 3.3 2.9 2.1 2.5 1.9 2.3 0.6 1.6 
He 4.9 3.8 5.6 5.5 4.5 3.8 0.5 2.2 
Leu 9.8 7.6 7.4 8.5 8.2 7.7 1.0 5.8 
Lys 3.3 7.2 6.9 7.0 7.9 5.1 0.8 8.7 
Met 1.6 1.8 1.6 2.5 2.4 1.6 0.3 2.0 
Phe 3.3 4.0 3.8 4.0 3.4 3.4 0.3 3.1 
Pro 6.6 5.0 3.8 8.5 3.5 5.2 1.1 2.8 
Ser 9.8 8.1 6.9 8.0 5.9 6.6 1.8 5.6 
Thr 6.6 6.2 5.9 2.5 4.9 6.0 0.9 3.8 
Trp 1.6 1.3 1.3 1.0 Tr Tr 
Tyr 3.3 3.3 4.3 5.0 2.8 2.8 0.5 2.8 
Val 6.6 6.8 6.9 5.5 5.2 5.6 0.9 4.7 

1, According to the genetic code; 2, in the "average protein" according to King and Jukes; 3, the mean of 189 proteins 
from 81 protein families [110]; 4, in the bovine a-casein, which is frequently used as a standard protein in nutrition exper-
iments; 5, in the crayfish Astacus leptodactylus [168]: a, protein-bound amino acids in abdominal muscle; b, protein-
bound amino acids in the mid-gut gland; c, free amino acids in abdominal muscle; d, free amino acids in the mid-gut 
gland. Tr, trace 

found in about the same proportions in the total 
protein [110]. Abnormal amino acid compositions 
of individual proteins always have adaptive value, 
in that they determine, for example, the surface 
charge, solubility or sensitivity to protease attack. 

Most proteins contain other constituents in 
addition to the amino acids; however, the distinc
tion from the early days of protein research 
between "proteid" and "protein", based upon the 
presence or absence of non-amino acid compon
ents, is now obsolete. Thus, membrane proteins 
and secreted proteins usually carry oligosaccha
ride chains, i.e. they are glycoproteins; many pro
teins are more or less tightly associated with 
metal ions, coenzymes, prosthetic groups, nucleic 
acids, lipids or pigments. Even amongst the 
amino acid components, the variety extends 
beyond the 20 standard residues. Although the 
aminoacyl-tRNAs are specific for the 20 standard 
amino acids, chemical modification of the amino 
acids is, in principle, possible at all times, but 
occurs mostly in the post-translational stages. In 
this way, more than 100 further amino acid com
ponents can arise through substitution or con
jugation. The modified amino acids are released 
during degradation of proteins and can not be 
reincorporated. As most such amino acids are 
limited to particular protein types, they are ter-

med "rare" amino acids, although they may be 
quite ubiquitous [248]. 

Post-translational changes can affect the termi
nal amino acids or the side-chains of internal regi
ons. Modification of the terminal carboxyl group 
by amidation is relatively rare; it occurs, for 
example in some proteotoxins and peptide hor
mones. Methylation of the carboxyl group with 
adenosylmethionine as the donor is widely found, 
at least in the vertebrates. This increases the exo
cytosis of secreted proteins, marks the D-aspartic 
acid residues in ageing proteins, and reduces the 
enzyme-activating properties of calmodulin; it is 
still not clear how far these processes are import
ant for the regulation of metabolism in living cells 
[287]. In many cytoplasmic proteins, the terminal 
amino-group is blocked with an acyl residue and 
is thus protected from aminopeptidase attack. 
Acetyl residues are widely found, especially on 
terminal serine and alanine residues, less fre
quently on threonine or glycine, and never on 
valine, cysteine or proline. Other acyl residues 
are found at the N-terminus: e.g. N-myristyl
glycine is found in the cAMP-stimulated protein 
kinases, and N-formylglycine is found in the 
melittin of the bee toxin [85, 177]. Pyroglutamyl 
residues arise by "internal acylation" (Fig. 3.1), 
e.g. in several peptide hormones. N-terminal 



72 3 The Structural Variety and Metabolism of Proteins 

a) b) c) 
... HN,/CO .. · ... HN,/CO'" 

CH 0<:; CH 
I I 

CH2 (CH2 )3 
I I 

~~ 
CO .. · NH 

I 
~N-CH3 C=NH 

I 

e) g) 
HN-CH3 

d) 
"'HN,/CO ... N H 

~O'" 
"'HN,vCO '" 

CH CH 
I I 

CH 2 
I 

CH 2 
I 

CH 2 f) HOOC-C-H 
Fig.3.la-g. Post-translationally modified, 
protein-bound amino acids. 

I N H HO-C-H 
I ~O'" H2 CNH 2 

methylation has seldom been detected so far and 
is, in any case, undetectable with routine 
methods: N-trimethylalanine in histone H2B of 
the ciliate Tetrahymena and in the myosin chain 
Ai of rabbit skeletal muscle; N-dimethylproline 
in histone H2A of the starfish Asterias rubens and 
in cytochrome c-557 of the flagellate Crithidia 
oncopelti [169, 293]. 

Side-chain modifications are known for all 
protein-bound amino acids and include, for ex
ample, methylation, acylation, phosphorylation, 
oxidation, hydroxylation, halogenation, glyco
sylation or ADP-ribosylation, as well as covalent 
binding to non-amino acid components. There is 
almost no comparative biochemical information 
on the enzymes involved [75]; the single excep
tion concerns the protein kinases and protein 
phosphatases, to which a separate section will be 
devoted. Methylation of amino acids is almost 
as widely found as phosphorylation (Fig. 3.1). 
A classical example of a multiply methylated 
protein is rabbit myosin, where two NT_ 

methylhistidines, two E-N-monomethyllysines 
and four E-N-trimethyllysines are found. An E-N
trimethyllysine occurs at position 115 of most cal
modulins, and three such residues are found in 
the elongation factor EF-l of the brine shrimp 
Artemia salina [104]. Hydroxylated amino acids, 
such as o-hydroxylysine or 4- and 3-hydroxy
proline (Fig. 3.1), are typical of collagens, but 
also occur in other proteins. A curiosity that can 
be introduced here is that amongst the 22 amino 
acids of a small toxic peptide in the sea-snail 
Conus geographus, there are no fewer than three 
hydroxyproline residues (see Fig. 9.4b, p.326). 
The prolylhydroxylases require molecular oxygen 
and ascorbic acid; the prolyl-4-hydroxylases of 

I 
COOH a NT-methylhistidine; b pyroglutamic acid; 

c NOl-methylarginine; d <>-hydroxylysine; 
e 4-hydroxyproline; f 3-hydroxyproline; 
g y-carboxylglutamic acid 

man, the chicken and the mussel Mytilis edulis are 
heterotetramers of two a-chains of 60-64 kDa 
and two ~-chains of 57-60 kDa. Surprisingly, the 
~-subunit is identical to the enzyme protein
disulphide isomerase and a cellular thyroxine
binding protein [103, 171]. 

Tyrosine residues are particularly reactive. 
Thus, a whole series of halogenated tyrosines are 
found in the scleroproteins of marine invertebra
tes, e.g. 3-chloro-, 3,5-dichloro-, 3-bromo-, 3,5-
dibromo-, 5-bromo-3-chloro-, 3-iodo-, and 3,5-
diiodotyrosine; the two iodo-amino acids are also 
intermediates in the biosynthesis of the thyroid 
hormone. Tyrosine-O-sulphoproteins are detec
ted in all cells, and have a cell-specific electro
phoretic pattern [107]. The compounds methio
nine sulphoxide, ornithine and citrulline, which 
were previously only known from the pool of free 
amino acids, 'are now known for certain to be con
stituents of native proteins [293]; thus, the shell 
ligament protein (abductine) of several marine 
mussels contains 20-25 % methionine sulphoxide 
[141]. The late alterations of protein-bound amino 
acids also include the conversion of the aspartic 
acid residues of long-lived proteins into the 
D-isomer at the rate of about 0.1 % per year. 
A methyltransferase specific for protein-bound 
D-aspartic acid is ubiquitous in the eukaryotes; 
the isomeric alteration of aspartate, giving a non
functional protein, possibly represents a signal for 
the proteolytic destruction of such proteins [19:"). 

The biological significance of the post
translational modification of protein-bound 
amino acids is in most cases not known. Some 
derivatives serve as cross-bridges to stabilize the 
3-D structure: Examples include the disulphide 
bridges arising by the oxidation of cysteine resi-



dues; the phosphodiester bonds; the thioether 
bonds of lanthionines or lysinolanines in u
keratin; the cross-bridges in collagen and elastin, 
formed by the oxidative deamination of lysine or 
hydroxylysine (see Fig. 11.3, p. 379); and the bis
and tertyrosines of resilins and other scleroprote
ins, which arise by the phenolic coupling of tyro
sine residues (see Fig. 11.4, p.380). Most phos
phorylations, acetylations and methylations prob
ably have a regulatory function; glycosylation 
serves not only for cell recognition but also for the 
marking of proteins and the regulation of protein 
degradation. Other modified protein amino acids 
have special functions, e.g. y-carboxylglutamic 
acid (Fig. 3.1) for Ca2+ binding, or iodotyrosine in 
the synthesis of the thyroid hormone [293]. The 
variable post-translational glycosylation observed 
in some homologous proteins of related species 
raises the possibility that some modifications are 
only the coincidental result of the activities of 
available enzymes, and in particular cases have 
no special functional significance. 

3.1.2 Phosphorylation 
and Dephosphorylation 

The phosphorylation of the serine, threonine and 
tyrosine residues of cellular proteins by specific 
protein kinases plays a central role in the regula
tion of metabolism and differentiation. Several 
protein kinases may often be found to act 
sequentially in the form of a cascade; the effect of 
regulatory signals is amplified and dispersed 
through a network of protein phosphorylation 
and dephosphorylation reactions, the complexity 
of which is by no means fully understood [63]. 
The first protein kinases to be isolated and cha
racterized were phosphorylase kinase in 1959 and 
a cAMP-regulated protein kinase in 1968. In the 
last 10 years, the number of known protein kina
ses has grown at an ever-increasing rate, particu
larly since it was discovered that the products of 
many cellular oncogenes belong to the protein 
tyrosine kinases. By 1987, there were already 50 
protein serine/threonine kinases and 29 protein 
tyrosine kinases known in mammals, a total of 18 
protein kinases known in Drosophila, and 14 in 
baker's yeast. It is possible that the mammalian 
genome codes for up to 1000 different protein 
kinases [37, 115]. 

All known protein kinases, including the onco
gene products, show significant sequence similar
ity in their catalytic regions, and thus belong to 
the same protein super-family [96]. Particular 
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sequence motifs are always found and these can 
be used for the identification of new protein kina
ses: at the N-terminus one finds the sequence 
GXGXXG-, followed 15-20 amino acids further 
on by a lysine residue; these amino acids belong 
to the ATP binding site. At a distance 80-180 
amino acids closer to the C-terminus, there is a 
conservative region with the typical sequences 
RDL, DFG and APE, and this facilitates a more 
detailed classification of the protein kinases. 
Between the motifs DFG and APE there is 
always an autophosphorylatable amino acid; in 
this region a tyrosine surrounded by acidic amino 
acids distinguishes the protein as a protein tyro
sine kinase [115]. Various types of protein kinase 
occur both as particle-bound and free in the cyto
plasm [40, 217]. The phosphorylation of cell pro
teins can be reversed by the action of protein 
phosphatases. Although particular protein phos
phatases are regulated, the majority are, in fact, 
always active. Therefore, the degree of phospho
rylation of individual proteins, and thus their 
functional status, is mainly determined by the 
regulated activity of the protein kinases. 

Many protein kinases are regulated by second
ary messengers and are hence closely involved in 
signal transduction through the cell membrane. 
The regulators of protein serine/threonine kina
ses are, on the hand, the cyclic nucleoside-3' ,5'
monophosphates cAMP and cGMP and, on the 
other hand, calcium ions in association with the 
protein calmodulin, with phospholipids and dia
cylglycerins (protein kinase C), or also as free 
ions. Recently, AMP-dependent protein kinases 
have been discovered that apparently play an 
important role in the regulation of lipid metabol
ism [25]. There are, however, a large number of 
protein serine/threonine kinases for which no spe
cific regulators are known. Protein tyrosine kina
ses function as membrane receptors for insulin 
and various growth factors, and arise as products 
of various retroviruses; they may also be found 
not bound to membrane receptors in normal cells 
[72, 115, 148]. In only a few instances are the 
physiological substrates of the different protein 
kinases identifiable. The majority of the protein 
kinases show broad, overlapping substrate speci
ficity in vitro, and it is often found that different 
protein kinases phosphorylate the same protein 
but at different positions. Many protein kinases 
can phosphorylate themselves (autophosphoryla
tion) and thus influence their own substrate affin
ity [252]. 

The protein kinases that are activated by cyclic 
nucleoside monophosphates normally prefer one 
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of the two secondary messengers, but are mostly 
not absolutely specific; there are in fact enzymes 
in the insects that show equal affinity for cAMP 
and cGMP. cAMP-specific protein kinases are 
widely distributed from the mammals to yeast, but 
appear to be missing from prokaryotes and higher 
plants [274]. Their molecules consist of two each 
of the regulatory (R) and catalytic (C) subunits. 
On activation, which apparently requires four 
cAMPs per enzyme molecule, the subunits dis
sociate according to the following equation 

RzCz + 4 cAMP = Rz( cAMP)4 + 2 C. 

Two types of cAMP-specific protein kinases 
(I and II) are known in the mammals and differ 
mainly in the R subunits. The ratio of the two 
types is species and tissue specific: I and II occur 
in the ratio 4: 1 in rabbit skeletal muscle and in 
the heart muscle of the mouse and rat, but occur 
in the ratio 1: 1 in the heart muscle of the rabbit; 
only II is found in guinea-pig or bovine heart 
muscle. The C subunits show a lower rate of 
evolution; the mouse (351 aa) and bovine 
(349 aa) heart C-polypeptides agree in 98 % of 
their amino acids. The N-terminus of the C
polypeptide is blocked by myristic acid; the C
chains are very similar in protein kinases I and II 
but are not identical. In spite of their structural 
and functional differences, the subunits Rr and 
Rrr show significant sequence agreement. Their 
polypeptide chains are organized in four 
domains, the first of which is involved in RR 
dimerization, the second in reactions with the C
polypeptide, and the last two in cAMP binding. 
cAMP reduces the R-C affinity by about 10 000-
fold; this involves both cAMP-binding sites. All 
subunits carry phosphate residues, the signifi
cance of which is unknown [63]. 

Like those of the mammals, the cAMP
dependent protein kinases of the invertebrates 
are tetramers of two catalytic and two regulatory 
subunits which dissociate on activation. Also like 
the mammals, the insects Drosophila melanogas
ter and Manduca sexta and the nematode Caeno
rhabditis elegans contain two types of enzyme, 
which in the case of the flies are coded by differ
ent genes, and in the nematodes arise by altern
ate splicing of the transcript of one gene. The C
polypeptide of Drosophila (352 aa) shows 78 % 
agreement with the mammalian enzyme, whereas 
that of Caenorhabditis (374 aa) shows 82 %; the 
R-polypeptide of the nematode is 69 % similar in 
the C-terminal region (positions 145-375) but 
much less so at the N-terminus [40, 74, 89, 161]. 
In the Protozoa, cAMP-regulated protein kinases 

have been detected in the malarial agents Plas
modium berghei and P. chabaudi and, after initial 
failures, also in the flagellate Trypanosoma cruzi 
[281]. 

cGMP-regulated protein serine/threonine 
kinases in mammals are found especially in 
smooth muscle, lung, intestine and heart. They 
are homodimers of about 155 kDa; unlike the 
cAMP-dependent kinases, activation by cGMP 
does not result in dissociation. The sequence of 
670 amino acids in bovine subunits can be subdi
vided into six segments (A-F) or four domains 
(A, B/C, DIE and F): A controls dimerization; 
B/C are duplicated sequences, each with one 
cGMP-binding site; and DIE contain the ATP
binding site in D and the active centre in E. The 
N-terminal regulatory half shows similarity to 
various small cGMP-binding proteins, whereas 
the C-terminal half is homologous to the catalytic 
subunit of the cAMP-dependent kinases, the 
phosphorylase-b kinase, and the oncogene tyro
sine kinases; the whole molecule appears to be a 
chimera produced by gene fusion [63, 292]. 
cGMP-regulated protein serine/threonine kinases 
also occur in arthropods; in fact, they were disco
vered in this group before they were recorded in 
mammals. Here, the catalytic and regulatory 
domains also lie on the same polypeptide. In 
Drosophila, four cGMP protein kinase mRNAs 
are produced from two genes; the encoded poly
peptides agree in 55-64 % of their amino acids 
with the enzyme from bovine lung; however, in 
one case, the domains responsible for dimeriza
tion and inhibition are lacking. The enzyme is 
also always found as a monomer in the ciliate 
Paramecium, but in the roundworm Ascaris suum 
it is a dimer [131, 180, 275]. The enzymes from 
the Mediterranean fruit-fly, Ceratatis capitata, 
and from the eggs of the silkworm, Bombyx mori, 
are strictly cGMP specific, whereas a protein 
kinase from the skin of the locust Melanoplus 
sanguinipes shows as high an affinity for cAMP as 
for cGMP [269]. Amongst the protozoans, 
cAMP-regulated protein kinases have been found 
in the malarial agents Plasmodium berghei and 
P. chabaudi. In contrast, the trypanosomes have 
an adenylate cyclase but no cAMP-stimulated 
protein kinase [48]. 

Three classes may be distinguished amongst 
the Ca2+ -regulated protein kinases; the first inclu
des the Ca2+ -calmodulin-dependent enzymes, of 
which phosphorylase-b kinase and myosin-LC 
kinase are the best characterized. A second class 
is made up of the enzymes regulated by Caz+, 

phospholipid and diacylglycerol (DAG) and these 



are called protein kinase C. To date, the sole 
representatives of the third class are two protein 
kinases from the ciliate Paramecium tetraurelia 
and these are stimulated by Ca2+ ions indepen
dently of calmodulin or lipids [92]. Calmodulin is 
a 17-kDa protein with four Caz+ -binding sites. It is 
ubiquitous in the eukaryotes and extremely con
served in evolution; it belongs to the same family 
as troponin C. The phosphorylase-b kinase is a 
complex of 1.3 MDa, composed of 16 polypepti
des according to the formula (a,~,y,o)4' The regu
latory subunits a (118-145 kDa) and ~ (108-
128 kDA) can be phosphorylated at several posi
tions by various protein kinases; in this way the 
enzyme becomes activated. The catalytic y
subunit (44.7 kDa) is homologous to the catalytic 
subunit of other protein kinases; the o-subunit is 
identical to calmodulin. In vitro, the enzyme 
phosphorylates other proteins in addition to 
phosphorylase-b. A multi-functional protein 
kinase, activated by Caz+ -calmodulin, is appar
ently commonly found. This phosphorylates a 
range of very different substrates and thus partici
pates as a regulator in many processes: glycogen 
synthase and tyrosine hydroxylase (metabolism), 
phospholamban (relaxation of heart muscle), 
MAP-2 (dissociation of microtubules) and synap
sin (release of transmitter at the synapse) [244]. 
Caz+ -calmodulin also indirectly affects the phos
phorylation and dephosphorylation of proteins by 
activation of adenylate and guanylate cyclase and 
of protein phosphatase 2B. 

The enzymes known as protein kinase C 
require Caz+ and the phospholipid phosphatidyl
serine (PS) for their activity, and are stimulated 
by DAG. They were first discovered in 1979, 
although they are found in some mammalian tis
sues at levels far greater than other protein kina
ses. They playa central role in a system of signal 
transduction through the cell membrane that acts 
upon the membrane lipid phosphatidylinositol-
4,5-biphosphate (PIPz). There are various hormo
nes, neurotransmitters and other extracellular 
signals which cause the hydrolysis of PIPz to 
inositol-l,4,5-trisphosphate (IP3) and DAG. The 
IP3 releases Caz+ from intracellular stores and 
thus influences many cellular processes through 
the activation of particular protein kinases, pro
tein phosphatases and proteases; this is caused by 
the increase in the intracellular calcium concen
tration. The protein kinase C stimulated by Caz+ 
and DAG actually consists of a whole family of 
multiple enzymes; to date, seven enzymes of this 
type, encoded by different genes, have been isol
ated from rat brain [140]. An inhibitor of protein 
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kinase C has been isolated from bovine brain, and 
is a zinc-binding polypeptide of 125 amino acids 
without homology to any known protein [207]. 

Caz+-PS-DAG-dependent protein kinases are 
apparently ubiquitous, having been detected in 
lower vertebrates, echinoderms, annelids, crusta
ceans and insects, as well as in mammals 
[217, 249]. Several protein kinase C genes known 
in Drosophila show specific similarities to par
ticular mammalian genes; this multi-gene family 
is therefore apparently very old [242]. A protein 
kinase C is also responsible for the phosphoryla
tion of nuclear proteins and increased DNA syn
thesis that is induced by the aggregation factor 
(AF) in the sponge Geodia gigas [115, 231]. There 
are many protein kinases that are not stimulated 
by either cAMP, cGMP or Caz+. To these belong, 
for example, the casein kinases I and II that are 
widespread in both animals and higher plants. 
Type I from mammalian kidney, spleen and liver 
is a monomer of 37 kDa; Type II, which is found 
in mammalian spleen and testis and also occurs in 
Drosophila and Caenorhabditis, is a tetramer 
az~z, the a-chain of which is homologous to the 
catalytic chains of other protein kinases. In 
bovine testis there are also tetramers of a'~z, 
where the a I chain is encoded by its own gene 
[63, 114, 160]. Other protein kinases that are not 
regulated by secondary messengers include the 
haem-controlled repressor (HCR) involved in 
globin synthesis (p. 81); the pyruvate dehydroge
nase kinase (p. 689) and the closely related kinase 
for the dehydrogenase complex of the branched 
keto-acids ketoleucine, keto isoleucine and keto
valine; the rhodopsin kinase (p. 736); the glyco
gen synthase kinase (p. 488); the kinase for the 
ribosomal protein S 6 (p. 50); and the myosin HC 
kinase from Acanthamoeba (p. 339) [63]. 

It appears that just a few protein phosphatases 
suffice for the complicated regulation system of 
protein phosphorylation and dephosphorylation 
in the tissues of mammals. Four types of protein 
serine/threonine phosphatases are known, of 
which 1, 2A and 2B show significant mutual 
homology, whereas 2 C belongs to another family. 
The third family of protein phosphatases is that of 
the protein tyrosine phosphatases [31]. The four 
protein serine/threonine phosphatases may be 
divided into two classes according to their cata
lytic and regulatory properties. Protein phospha
tase 1 is specific for the ~-subunit in the reaction 
with phosphorylase-b kinase and is inhibited by 
two specific protein inhibitors 1 and 2. The three 
enzymes belonging to the second class (2A, 2 B 
and 2 C) are all specific for the phosphorylase-b 
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kinase a-subunit and are insensitive to the two 
inhibitors; however, they are very different in 
molecular size, substrate specificity and depend
ence on divalent cations. The different protein 
phosphatases, together with their inhibitors and 
several protein kinases, make up an interlocking 
regulatory network: protein phosphatase 1 is 
only inhibited by inhibitor 1 when the latter is 
phosphorylated by a cAMP-dependent protein 
kinase; the dephosphorylation of inhibitor 1, 
which in muscle is mainly carried out by protein 
phosphatase 2B, leads to the inactivation of the 
inhibitor and hence to the activation of phospha
tase 1. Some protein phosphatase 1 is present in 
muscle as an inactive complex with inhibitor 2. 
This complex dissociates, and phosphatase 1 
thereby becomes activated, when inhibitor 2 is 
phosphorylated by the glycogen synthase kinase. 
Thus, the glycogen synthase kinase not only is 
responsible for the phosphorylation of glycogen 
synthase but also promotes its dephosphorylation 
via protein phosphatase 1. Protein phosphata
se 2B, the only one that is activated by Ca2+

calmodulin, is found mainly in the brain and in 
skeletal muscle and is identical to the Ca2+
binding protein calcineurin in the brain; it posses
ses a high-affinity Ca2+ -binding site [36, 118]. 
Proteins isolated and characterized from the head 
of Drosophila are very similar to the protein 
phosphatases 1, 2A and 2B and the inhibitors l' 
and 2. Here also the phosphatase 1 forms an 
inactive complex with the corresponding inhibi
tor 2. The inhibition of protein serine/threonine 
phosphatases by inhibitors 1 and 2 is also a com
mon feature of organisms like baker's yeast, and 
the regulation of the protein phosphatases thus 
appears to be similar in all eukaryotes [36, 
57,201]. 

3.1.3 Analysis and Comparison 
of Protein Sequences 

Whilst Sanger had to work for 10 years to deter
mine the order of the 51 amino acids of insulin, 
and required several grams of the substance, the 
sequence analysis of far bigger proteins has 
become a routine affair since the 1960s, and can 
be carried out on milligram amounts. By the 
beginning of 1977, 1250 protein sequences were 
known, not including the anomalous human hae
moglobins and other alleloproteins [51, 126]; the 
number has since increased by several-fold. 
Nowadays, the nucleotide sequence of structural 
genes or of mRNA-complementary DNA 

(cDNA) is far easier to determine than the amino 
acid sequence, the more so as the amount of sub
stance for analysis can be amplified by cloning. 
Thus, amino acid sequences are now mostly 
determined indirectly from the gene or cDNA 
sequences. Whilst direct analysis of amino acid 
sequences is mostly carried out on proteins of 
known function, the analysis of DNA sequences 
often leads to the question of the biological func
tion of the encoded polypeptide. Comparison 
with consensus sequences of particular functional 
regions or motifs in proteins of known function 
can often be helpful in such cases [3, 19]. 

The coincidence or similarity of protein 
sequences can be assessed with relatively little 
effort and without previous isolation using immu
nological and electrophoretic methods, although 
the room for error is here quite large. Since it was 
discovered in 1897 that the antigen-antibody reac
tion can take place as a "cross-reaction" with 
other (heterologous) antigens as well as with the 
protein used for immunization (the homologous 
antigen), there have been innumerable investiga
tions of the serological relationships between pro
teins. Protein comparisons were almost always 
carried out like this until the invention in 1937 of 
paper electrophoresis. It is important to realize 
that reactions of proteins of different origin with a 
given antibody do not provide evidence of the 
identicalness of either the proteins or reactive 
sites on the molecules, but only the recognition of 
similar structural features (epitopes) by the anti
body. If antibodies are to be used for protein 
identification, the highest possible specificity for 
a particular protein, or for a particular immu
nological determinant, is essential. This can be 
achieved by the production of monoclonal antibo
dies. Immunodiffusion and immunoelectrophore
sis can be used to examine possible reactions 
between proteins of interest and antibodies, and 
this can be quantified, e.g. using microcomple
ment fixation, enzyme inhibition by antibodies, 
and both radio- and enzyme-immunoassays. 
Immunological methods are used mainly in the 
biochemical analysis of relationships and will be 
thoroughly discussed in the relevant sections. 

Depending upon the system used, electropho
retic methods, concern charge differences (gel 
electrophoresis, isoelectric focusing) or molecular 
size differences (SDS gel electrophoresis). 1\vo
dimensional electrophoresis makes use of two dif
ferent separation criteria to achieve quite amaz
ing separation, after which the protein spots can 
be detected by highly sensitive silver staining or 
by autoradiography. Using these methods, it 



should soon be possible to record the total spect
rum of cellular proteins. It is already possible to 
separate in 2-D electrophoregrams more than 
1000 proteins from cell extracts and to compare 
them by computer analysis [14, 61]. The cleavage 
peptides obtained from the enzymic hydrolysis of 
proteins can also be separated two-dimensionally 
to give a "peptide map" or a "fingerprint". Com
parisons with the peptide map of a protein of 
known sequence can be used to detect and local
ize single amino acid differences. This method is 
mostly used for the comparison of closely related 
proteins. 

3.1.4 Folding of the Polypeptide Chain 

During the biosynthesis of proteins, the 1-D nuc
leotide sequence of the mRNA is translated into a 
1-D amino acid sequence; however, the biological 
function of the protein depends finally on a par
ticular 3-D structure (chain conformation) that 
arises by a complicated folding process during the 
synthesis of the polypeptide chain. Destruction of 
the chain conformation (denaturation) leads to 
loss of biological activity [205]. The ageing of 
enzyme proteins, which can lead to reductions in 
specific activity of 40-60 %, also seems to be the 
result of slight alterations in chain conformation. 

All the information required for the spatial 
structure of a protein is contained in the amino 
acid sequence. Evidence for this was already 
obtained in the 1930s with the observation that 
pancreas RNase denatured by urea spontaneously 
renatures in urea-free solution. It was initially 
thought that during the folding process many dif
ferent conformations were tested until, at last, 
the most thermodynamically stable one was 
achieved. It was then realized that this would 
require too much time; even a small protein like 
the RNase would, on average, require a century 
to assume its specific conformation, whereas, in 
reality, the j3-galactosidase of E. coli, for exam
ple, is synthesized and correctly folded within 4 
minutes, despite its large size of 500 kDa. Selec
tion apparently favours those sequences that 
allow the rapid assumption of a unique, func
tional conformation. Folding is kinetically deter
mined and begins on the partially completed 
chain; spontaneous renaturation is actually 
observed only for a very few proteins. Initially, 
very small regions are apparently folded within 
microseconds into specific secondary structures, 
like a-helices or j3-sheets; interactions between 
such regions bring about larger, stable areas 
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(domains) in which the a and 13 structures take up 
particular positions. The final chain conformation 
comes about by interactions between certain 
binding sites on the surface of domains, or by the 
formation of disulphide bridges [43, 119, 142]. 

With multimeric proteins, there follows the 
association of the polypeptide chains to form one 
of the possible quaternary structures of the pro
tein [83,205]. About 40 % of the proteins of 
mammals and bacteria are monomers; most of 
the rest are even-numbered oligomers, mainly di
or tetramers. Less than 5 % are trimers, for 
example, ornithine transcarbamylase, arginase 
and carboxylesterase of mammalian liver, the 
complement components C4 and P, and the 
haemerythrin of the sipunculans, or pentamers 
like the C-reactive protein and the serum amyloid 
protein of vertebrates. Modification of the qua
ternary structure is an important mechanism for 
the regulation of enzyme activity. This can involve 
dissociation and reaggregation of the enzyme sub
units, and also reversible binding to other enzy
mes or structural proteins [253]. 

The basic unit of protein structure is the 
domain, an autonomous subregion of the poly
peptide chain that possesses all the characteristics 
of a globular protein and can often be isolated 
proteolytically without loss of its properties 
[98, 245]. It seems reasonable to relate protein 
domains to the exon as the structural unit of the 
gene. The recombination of exons (exon shuffl
ing) can then only be imagined as an effective 
mechanism for the creation of new proteins when 
structurally and functionally autonomous protein 
parts are linked together in this way. In many 
cases, exon and domain boundaries do actually 
coincide, e.g. in the immunoglobulins, j3-globin, 
lysozyme, pyruvate kinase and many membrane 
proteins. There are, however, numerous exam
ples where this is not the case, e.g. carboxypepti
dase, prothrombin and other serine proteases, a
amylase and carboanhydrase [5]. In such cases, 
the exon boundaries may in fact correspond to 
points on the surface of the globular molecule, so 
that shifts, caused by mutations in splicing sig
nals, in the exon-intron boundaries can lead to 
the introduction or removal of single amino acids 
or short peptides without alteration of the spatial 
structure of the protein. [42]. 

The most important secondary structures are 
the right-handed a-helix and the j3-sheet; occa
sionally, other helical structures occur such as the 
left-handed helix or the polyproline conforma
tion. These structures can be deformed within 
certain limits: an a-helix of more than 15 amino 
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acids can be bent by up to 30 0 ; j3-sheets can show 
twisting, coiling, bending or bUlging. Because the 
different secondary structures of a protein mol
ecule are always tightly packed to a high density, 
there is a limited number of possible basic con
formations. According to the presence and 
arrangement of a-helices and j3-sheets, at least 
four classes of proteins or protein domains can be 
distinguished: the a-type, the j3-type, the a/j3-
type in which a and 13 structures alternate, and 
the a+j3-type in which both a and 13 structures 
are present but mostly separated [33]. 

In many proteins, the spatial structure has an 
internal periodicity, most clearly seen in the fibril
lar proteins, the mechanical properties of which 
are based on such a regular structure [245]. The 
properties of the globular proteins are also deter
mined by their spatial structure and the resulting 
spatial arrangement of the amino acid side
chains. Because all the information for the chain 
formation of a protein is in the amino acid 
sequence, it should be possible to predict the spa
tial structure from the sequence. However, of the 
many analytical procedures developed for this, 
none is entirely reliable [68]. Such predictions are 
particularly difficult for integrated membrane 
proteins; so, for example, the transmembrane 
domains are not always clearly delineated from 
the parts of the polypeptide chain lying outside of 
the membrane [123]. However, on the basis ofthe 
known connections between amino acid sequence 
and spatial structure, it is possible to presume 
with some certainty similarities of spatial struc
ture from sequence comparisons of related prote
ins. ,This is important for comparative bioche
mistry because the direct determination of spatial 
structure, e.g. by X-ray analysis, is more difficult 
and required much more effort than amino acid 
sequence analysis, and has so far been achieved 
with only about 400 proteins. It should also be 
pointed out that such direct analyses provide only 
the mean position of the atoms in the protein 
crystal, whereas in native proteins the gross 
movement of single atoms, side-chains and 
domains occurs, as do folding and unfolding 
movements; this dynamic situation is of great 
importance for allosteric effects, membrane 
transport, enzymatic catalysis, electron transport, 
and the binding of large and small molecules 
[175]. 

If extensive similarities between both physico
chemical and biological properties are found in 
the comparison of proteins of different origin, 
then similarities of spatial structure can be pre
sumed. Such conclusions are in any case justified 

if enzymatically active hybrid molecules are cre
ated by combining enzyme subunits from differ
ent sources. Functional enzyme chimeras result 
between, for example, rabbit aldolase and the 
enzyme from Drosophila or Ascaris, the 
glyceraldehyde-3-phosphate dehydrogenase of 
rabbit and that of Ascaris yeast, and the triose
phosphate isomerases of chicken and bacteria. In 
all these cases, the amino acid sequences are so 
different that the starting enzymes show no 
immunological cross-reactivity. If the spatial 
structure is sufficiently similar, even enzymes 
with different substrate specificities may be 
hybridized, for example, the creatinase of rabbit 
with the arginine kinase of a holothurian. 

3.1.5 Multiple Forms of Proteins 

In the 1950s, an increasing number of results indi
cated that different enzyme species could be pre
sent in the same organism, and even in the same 
cell, and have the same reaction and substrate 
specificity. Markert and M!<111er in 1959 suggested 
the name "isozyme" for such multiple enzyme 
forms, although linguistically "isoenzyme" is to 
be preferred. Multiple forms of non-enzymatic 
proteins are termed isoforms. The separation and 
identification of multiple proteins can be carried 
out by electrophoresis, and also by chromatogra
phy, fractionated heat inactivation, etc. The great 
biological and medicinal significance of this phe
nomenon has prompted many extensive reviews 
of the subject [182, 195]. 

The use of the term isoenzyme was at first 
independent of the nature of the molecular differ
ences. However, in 1976 the nomenclature com
mission of the International Union of Bioche
mistry (IUB) recommended that this term be 
applied only when genetic differences are appar
ent, i.e. for groups 1-3 in their list of multiple 
enzyme forms (Table 3.2). It is regrettable that 
the same term is now applied both for the prod
ucts of different loci (groups 1 and 2) and for 
products of different alleles of the same locus 
(group 3). For allelic variants, Prakash, Lewontin 
and Hubby suggested in 1959 the term "allo
zyme", which would also be better as "alleloen
zyme". The allelic polymorphism of the nucleic 
acids and the proteins is of great importance for 
the theory of molecular evolution and will be 
extensively discussed in this connection. 

Isoenzymes of group 1 are distinguished only 
arbitrarily from other enzymes of similar or over
lapping specificity that count as separate enzyme 



Table 3.2. Multiple forms of enzymes, grouped according 
to the recommendations of the IUPAC-IUB Commission 
on Biochemical Nomenclature (1976) 

Groups 1-3: 
genetically different enzyme forms (isoenzymes) 

1. Enzyme proteins coded by different genes 
2. Different heteropolymers of at least two non

covalently linked polypeptide chains 
3. Enzyme proteins coded by different alleles of a gene 

(alleloenzymes) 

Groups 4-6: 
post-translationally modified enzyme forms 

4. a) Enzyme forms arising by conjugation or substitution 
of components 

4. b) Enzyme forms arising from the same polypeptide 
chain by hydrolytic processes 

5. Different multimers of the same subunits 
6. Different conformations of the same protein 

species and are given their own number in the 
enzyme list of the IUB commission. The alkaline 
and acidic phosphatases, for example, are clearly 
different enzyme species; more questionable, on 
the other hand, are the lines drawn between, for 
example, "real" cholinesterase (EC 3.1.1.7) and 
"pseudocholinesterase" (EC 3.1.1.8), or between 
glucokinase (EC 2.7.1.2) and hexokinase 
(EC 2.7.1.1). Structural and functional differ
ences between different enzyme forms are by no 
means always proportional. For example, the por
cine cytoplasmic and mitochondrial aspartate 
transaminases have very similar catalytic proper
ties but only 47 % sequence identity; isoenzy
me A2 (earlier EE) of equine alcohol dehydroge
nase is specific for acetaldehyde and isoenzy
me B2 (earlier SS) for steroids, whereas they dif
fer in only 6 out of 374 amino acids. The prob
lems of differentiating between enzyme species 
and isoenzymes are especially relevant in compar
ative biochemistry because the characteristics of 
enzymes of differing origin may be superimposed 
in a complicated manner. Phylogenetic relation
ships between enzyme proteins, which form the 
primary interest of comparative biochemistry, can 
in any case only be derived by the comparison of 
nucleotide or amino acid sequences and not by 
enzymatic properties. 

The maximum number of different enzyme 
forms in the isoenzymes of group 2 is equal to the 
number of possible combinations: e.g. five homo
and heterotetramers, A4 , A3B, A2B2, AB3 and B4 , 

can be created from two different subunits A and 
B, as in the case of the much cited lactate dehyd
rogenase. Where, for example, due to allelic vari
ability, more than two subunits are involved in 
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tetramer formation, very complicated spectra of 
isoenzymes are the result. Not all possible com
binations are so stable that they will be recorded. 
In numerous cases, the quaternary structure of a 
protein has been concluded simply from the pat
tern of iso- and alleloenzymes. The sequence dif
ference between alleloenzymes usually only 
involves one or a few amino acids; in contrast, 
sequence differences between isoenzymes of 
group 1 can be as high as 50 %, for example 
between the cytoplasmic and mitochondrial 
aspartate transaminases of pig heart. 

The term "epizyme" has been suggested for 
the enzyme forms of group 4 that result from 
post-translational modification, but this was not 
widely accepted. The differences between the 
multiple enzymes of group 4 can arise by any of 
the previously mentioned post-translational reac
tions. Thus, for example, the 18 different forms of 
alkaline phosphatase in the human placenta differ 
in their content of N-acetylneuramic acid (sialic 
acid); the differences disappear upon treatment 
with neuraminidase. The isoforms of phenylala
nine hydroxylase in rat kidney have different 
phosphate contents, etc. [182]. Hydrolytic modi
fications of enzyme proteins, such as the de a
mination of asparagine to aspartic acid, can 
occur; an example is the multiple aldolases in 
rabbit muscle, and other proteins in group 4 b. 
Partial proteolysis, which does not affect enzyme 
activity, is known, for example, for pyruvate 
kinase of human liver and glutaminase in rat kid
neys [34, 182]. Because the enzymes responsible 
for the post-translational modification of proteins 
are under genetic control, there are also heritable 
differences in the spectrum of enzyme forms of 
group 4. So, for example, the ability of mouse 
liver to increase the electrophoretic mobility of 
mouse albumin is dependent on a dominant 
allele; the mobility of esterase 6 of Drosophila 
melanogaster is influenced by a gene located at 
another position on the same chromosome [35]. 

Aggregation to polymers of various molecular 
masses has been described for many enzymes 
(group 5), e.g. for the alkaline phosphatase of 
human placenta, the mitochondrial creatinase of 
bovine heart and various cholinesterases [182]. 
There are also innumerable cases of conformation 
changes due to allosteric effects; the existence of 
stable conformation isomers of enzyme proteins 
(group 6), on the other hand, is controversial. 
Indisputable evidence for this would be the 
demonstration that the relevant enzyme forms 
are interconvertible and that, at the same time, 
they assume characteristic properties. Up to now, 
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this has best been shown for enolases 2 and 3 of 
the roundworm Ascaris suum [81]. The apparent 
presence of multiple protein forms can be due to 
different artefacts. Particularly in the case of 
post-translationally modified proteins, forms with 
altered electrophoretic mobilities can occur dur
ing extraction as the result of both enzymatic and 
non-enzymatic processes. Because of overlapping 
substrate specificities, assumed enzyme-specific 
staining of the electrophoregram can detect other 
proteins, for example in the case of alcohol 
dehydrogenase and lactate dehydrogenase in 
Drosophila melanogaster; each of these can react 
with the substrate of the other. 

In most cases, there are functional differences 
between multiple enzyme forms, e.g. in specific 
activity, substrate specificity and affinity, pH opti
mum, regulatory characteristics, temperature 
dependence and stability. These differences are 
generally much greater between the products of 
different genes, and between some post
translationally modified enzymes, than between 
alleloenzymes. The immunological similarities 
between the latter are also generally maintained, 
so that, for example, enzymatically inactive null 
variants can be detected immunologically. The 
existence of isoenzymes was considered from the 
outset to represent a fine adaptation to different 
functional conditions. The idea of an adaptive 
role is supported by the variable distribution of 
isoenzymes between different tissues and cell 
compartments, as well as by the fact that they 
appear in a strict order during ontogeny. On the 
other hand, it should be noted that gene duplica
tion and subsequent diversification, according to 
our present knowledge, are important mecha
nisms in the evolution of enzymes; thus, some 
isoenzymes may only be intermediate steps in the 
evolutionary transformation of proteins and may 
themselves have no adaptive value. 

There is an abundance of plausible examples of 
the adaptive significance of isoenzymes, although 
in many cases these are not without a rider. For 
example, the activity of aldolase A of mammalian 
muscle is five times higher with fructose-1,6-
bisphosphate than with fructose-1-phosphate, 
whereas both substrates are used with equal effi
ciency by aldolase B in the liver; in this way, the 
muscle enzyme is adapted to glycogen degrada
tion, and the liver enzyme to the utilization of 
fructose and glycogen synthesis. However, this 
does not explain why, in the brain, there is an 
aldolase C with intermediate specificity. The typ
icallactate dehydrogenase (LDH) isoenzyme of 
mammalian muscle ~ is much less inhibited by 

pyruvate than is the typical heart isoenzyme B4; if 
one assumes that isoenzyme ~ is adapted to 
anaerobic lactate production in muscle, and 
isoenzyme B4 to aerobic lactate oxidation in the 
heart, it is then difficult to understand why the 
usually aerobically active liver cells in many mam
malian species contain so much a4 [182]. The 
existence of different isoenzymes, e.g. of malate 
dehydrogenase, aspartate transaminase, malate 
enzyme and NADH-specific isocitrate dehydro
genase, in mitochondria and the cytoplasm is 
plausible in view of the different concentrations 
of metabolites and the opposite directions of the 
reactions in these different compartments. But 
one should also consider the fact that the mito
chondrial enzymes are made on cytoplasmic ribo
somes and must then be transported into the 
mitochondria; this requires special protein struc
tures. It is also clear that the enzymes of the lyso
somes and membrane-bound enzymes must be 
different from those of the cytoplasm; this has 
been shown, for example, for various glycosida
ses and phosphatases [182]. 

3.2 Protein Synthesis 

Since the first successful attempts at the begin
ning of the 1950s, cell-free protein synthesis sys
tems have been established from several very dif
ferent eukaryotic cells. Significantly higher yields 
of transcription and translation products are to be 
obtained, however, following injection of DNA or 
mRNA into whole, living cells. The developing 
oocytes of the clawed frog, Xenopus laevis, are 
very often used for this purpose; because of their 
large size (a diameter of 1.2 mm) they can yield 
up to 100 times more product than other cells. 
Such in vitro or in vivo systems can also correctly 
translate foreign genetic material; the cyto
plasmic components of protein biosynthesis are 
apparently very similar in all eukaryote cells. 
Extremely conservative evolution of the protein
synthesizing machinery is to be expected because 
each large change would have catastrophic conse
quences for the cell. Only in the prokaryotes and 
in eukaryote mitochondria, which are assumed to 
have arisen from endosymbiotic prokaryotes, are 
significantly different translation mechanisms to 
be found. In spite of the universality of protein 
synthesis, the translation of heterologous mRNA 
is often markedly reduced in contrast to that of 
homologous mRNA; the variable inhibitor sensi
tivity of the translation of different mRNAs also 



points to species- and cell-specific differences in 
the translation apparatus. 

Of particular interest is the in vitro synthesis of 
the silk fibroin which, at 350-415 kDa, is one of 
the largest known polypeptides. In the rabbit reti
culocyte system, the synthesis of the complete 
chain takes 85 min. The appearance of discrete 
classes of shorter chains indicates that translation 
is interrupted at particular sites on the mRNA. In 
intact silk-gland cells, the synthesis of the silk fib
roin molecule is completed in less than 60 min, 
but here too the process is discontinuous. The 
320-kDA large fibroin molecule used for web 
construction by the spider Nephila claviceps is 
also produced discontinuously. The biological 
sense of this mode of synthesis is not clear [24]. 

3.2.1 Aminoacyl-tRNA Synthetases 

To become involved in protein biosynthesis, the 
amino acids must first be attached to tRNA. For 
each amino acid there are normally available sev
eral isoacceptor tRNAs, but only one specific 
aminoacyl-tRNA synthetase. The synthetases 
bind covalently to the uridine in position 8 that is 
found in all cytoplasmic tRNAs. In prokaryotes, 
the enzyme has subunits of 50-300 kDA and 
these are arranged as mono-, di- or tetramers. In 
contrast, in mammals, the synthetases for at least 
nine of the standard amino acids form 18S multi
enzyme complexes of about 1 MDa. The synthe
tases of the other amino acids are found in vitro 
as di- or tetramers, but in living cells are probably 
also associated with complexes. All mammalian 
synthetases have subunits of 50-160 kDa 
[47, 82). In Drosophila, synthetase complexes of 
more than 1 MDa have also been described. The 
functional significance of these complexes 
remains a mystery. 

The synthetases for glycine, alanine and serine 
are particularly active in fibroin synthesis and 
have been isolated from the silk glands of Bom
byx mori. The glycine- and serine-specific enzy
mes are dimers of 160 and 124 kDa, and the 
alanine-specific enzyme is a monomer of 115 kDa 
that is so similar to the tetrameric enzyme of 
E. coli, which shows the same specificity, that it 
shows immunological cross-reactivity [28, 222, 
285]. Using immunological methods, it can be 
shown that the mitochondrial and cytoplasmic 
phenylalanine tRNA synthetases are very closely 
related, even in organisms as far apart as the 
chicken and yeast; the two isoenzymes are pre
sumably encoded by duplicated chromosomal 
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genes [76]. Although there are as yet no complete 
sequences for animal synthetases, it is already 
clear that more than one protein super-family is 
involved. The aminoacyl-tRNA synthetases also 
catalyse the condensation of 2 ATP to Ap,A, 
which plays an as yet unknown role in DNA syn
thesis, cell growth and heat-shock reactions [47]. 

3.2.2 Initiation, Elongation and Termination 

The course of translation consists of three subpro
cesses, each of which requires specific protein fac
tors; these processes are initiation, elongation 
and termination. Many basic studies of protein 
biosynthesis have made use ofthe cell-free, rabbit 
reticulocyte system. Amongst the invertebrates, 
the brine shrimp Artemia salina and the fly Dro
sophila melanogaster have been especially thor
oughly investigated. Translation begins at the first 
AUG codon of the mRNA; one exception to this 
is the aldolase gene of the malarial agent Plasmo
dium Jalciparum, which uses the normal stop 
codon UAG as a start signal [79]. During initi
ation in eukaryotes, a 43 S complex first forms 
from the small ribosomal subunit and the initiator 
tRNA; binding ofthe mRNA then leads to a tran
sient 48 S complex that combines with the large 
subunit to produce an active translation complex 
of 80 S. The series of protein factors involved in 
translation are described below using the recently 
agreed terminology of the IUB. The eukaryotic 
initiation factors (elF) include polypeptides of 
15-220 kDa and are found as monomers (elF-I, 
eIF-3A, eIF-5, eIF-5A) , homodimers (eIF-4B), 
or complicated molecules with three (eIF-2, elF-
4, eIF-4F), five (eIF-2B) or eight (eIF-3) differ
ent subunits. The phosphorylation of serine or 
threonine residues in certain subunits is appar
ently an important regulation mechanism of 
translation [105]. 

e1F-2 forms a complex with GTP and tRNAret 

that then enables interaction between the mRNA 
AUG codon and the small subunit. After forma
tion of the 80 S initiation complex by association 
of the large subunit, the GTP is hydrolysed and 
the e1F-2 bound to GDP is released. After 
exchange of GDP for GTP, e1F-2 once again 
takes part in the formation of an initiation com
plex. Haem deficiency in the rabbit reticulocyte 
system causes the subunit elF-2a to be phospho
rylated by a specific protein kinase, the haem
controlled suppressor (HeR), and so to lose the 
ability for GDP/GTP exchange. In this way, the 
formation of the initiation complex, and thus the 
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Fig.3.2. Hypusin [NE_( 4-amino-2-hydroxybutyl)lysine] is 
found in the initiation factor eIF-4D and arises by the 
donation of a butylamine residue from spermidine to a 
lysine residue, and subsequent hydroxylation 

whole of protein synthesis, is inhibited. The elF-
2a subunit of Artemia is phosphorylated at the 
same site by HCR but remains active, the HCR is 
completely inactive on elF-2a from Drosophila 
[172, 178]. The initiation factor eIF-5A (previ
ously e1F-4 D carries the unusual amino acid 
hypusin (Fig. 3.2) at position 50. This is produced 
post-translationally from a lysine residue by trans
fer of a butylamino group from spermidine, fol
lowed by hydroxylation. A protein of about 
18 kDa with such an hypusin residue is found in 
all mammalian tissues and also in Drosophila 
melanogaster and baker's yeast, but is not present 
in E. coli or in the archaebacterium Metnaococ
cus voltae. Thus, this hypusin-containing peptide 
is ubiquitous in eukaryotes [84, 206]. 

Elongation, the extension of the growing poly
peptide chain by one amino acid, involves three 
steps: the binding of the aminoacyl-tRNA at the 
A site of the ribosome; transfer of the peptide 
from the P site of the ribosome to this aminoacyl
tRNA with the formation of a peptide bond; and 
sliding of the ribosome to the next codon on the 
mRNA (translocation). In eukaryotes, three 
elongation factors (eEF) are involved in this proc
ess: eEF-la, eEF-l~y and eEF-2. eEF-la-GTP 
binds the aminoacyl-tRNA and transports it to 
the ribosome. After delivery of the aminoacyl
tRNA and hydrolysis of the GTP, the eEF-la
GDP leaves the ribosome. With the help of the 
eEF-l~y, GDP is exchanged for GTP, thus regen
erating active eEF-a-GTP [46]. eEF-2 is responsi
ble for translocation. In unfertilized Xenopus lae
vis eggs, eEF-la is bound to a particular type of 
ribonucleic acid particle. These "thesaurisomes" 
often occur in large numbers in the oocytes of 
teleosts and anurans. In X. laevis, there are small 
7 S particles, which contain a molecule each of 5 S 
rRNA and the transcription factor TFIIIA, and 
larger tetrameric 42 S particles, whose subunits 
each contain one 5 S rRNA, three tRNAs and 
two protein molecules of 50 and 43 kDa, namely 
thesaurin a (42Sp50) and thesaurin b (42Sp43). 
Sequence analysis shows that the 42 Sp 50 is a 
type of eEF-la that is only expressed in oocytes 
[56]. The eEF-l a units of the mouse and man dif
fer in only 9 of 461 positions; even the eEF-l a 

sequences of Drosophila melanogaster and the 
honey bee, Apis melli/era, whose developmental 
lines diverged 250 million years ago, differ in 
only 49 amino acids. The eEF-2 of Drosophila 
agrees in more than 80 % of its 844-amino-acid 
sequence with that of the hamster [88,289]. 
These data illustrate the conservative evolution of 
the protein synthesis apparatus. Peptide chain 
termination is directed by one of the stop codons 
(UAA, UAG, or UGA), but additional informa
tion may lie in the sequence immediately follow
ing the stop codons [27]. The three termination 
codons are recognized in bacteria by two termina
tion factors of differing specificity; in mammals 
and insects there is only one termination factor, 
RF, a homodimer of 55-kDa subunits. The riboso
mal subunits set free on termination are pre
vented from spontaneous reassociation by an 
anti-association factor, so that sufficient free 40S 
subunits are available for initiation [23, 27]. 

The regulation of translation appears mostly to 
be concerned with initiation; the initiation fre
quency, i.e. the number of initiation complexes 
per mRNA formed within a given time, depends 
upon the physiological status of the cell and the 
type of mRNA. In plasma-rich, unfertilized eggs 
of, for example, sea urchins, fish and amphibians, 
there is a large pool of untranslated mRNA; on 
fertilization the rate of protein synthesis increases 
dramatically. The inhibition of protein synthesis 
in the oocytes is not due to the absence of ne
cessary components, because injected ~-globin 
mRNA, for example, is translated. Of the pos
sible explanations for the inhibition of translation 
prior to fertilization, the "masking" of mRNA by 
specific proteins is currently receiving most atten
tion. The inhibitors present in the unfertilized 
eggs of the sea urchin Strongylocentrotus purpu
ratus inhibit translation not only in cell-free sys
tems of the eggs themselves but also in the rabbit 
reticulocyte system. The 48 S complex of the 
small ribosomal subunit, the initiator tRNA and 
the mRNA is formed, but the binding of the large 
subunit does not take place [97]. Five translation
inhibiting proteins of 50-94 kDa have been isol
ated from the cytoplasmic ribonucleic acid partic
les of Xenopus laevis oocytes; globin mRNA 
associated with ribonucleoprotein (RNP) partic
les is not translated in the presence of these prote
ins. The regulation of translation in the brine 
shrimp Artemia is still something of a mystery. If 
dormant Artemia embryos are rehydrated, deve
lopment and protein synthesis rapidly begin. 
There are, however, no changes in the concentra
tions of the initiation factors eIF-2, co-eIF-2A 
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and co-eIF-2B; the phosphorylation of the elF-
2a subunit seen at the beginning of development 
appears to have no influence on the formation of 
the initiation complex [295]. 

3.2.3 'fiansport of Newly Synthesized 
Proteins to Their Correct Destinations 
in the Cell 

After their synthesis on free polysomes or on the 
ribosomes bound to the rough endoplasmic reti
culum, the polypeptides must be transported to 
their particular destinations in the cell: secretory 
proteins are transported out of the cell by exocy
tosis; integral membrane proteins are built into 
the plasma membrane; and the proteins of the 
nucleus, mitochondria, microbodies (peroxiso
mes, glyoxysomes, glycosomes) and lysosomes 
are introduced into their respective organelles. 
During their translocation, proteins must nor
mally pass at least one cellular membrane. The 
signals for the distribution to different cell com
partments are contained in the amino acid 
sequence of the primary translation products 
[21, 90, 262]. Identification of these signals is 
made possible by genetic defects that disturb the 
translocation of secretory, lysosomal or mem
brane proteins. Proteins without an address 
remain in the cytoplasm; proteins linked experi
mentally with a translocation signal are trans
ported into the relevant compartment [20]. Dur
ing or after translocation, the polypeptides may 
be changed by partial proteolysis, substitution or 
conjugation, linked to non-protein components 
or built into supra-molecular structures. Proteo
lytic processes can bring about the removal of the 
N-terminal methionine or of the terminal trans
location signals, or the maturation (processing) of 
pro-enzymes, blood-clotting factors, complement 
components or hormone precursors. Substitu
tions and conjugations create the numerous 
altered protein components described previously. 
All these processes will be dealt with in the sec
tions on the relevant proteins. Unfortunately, 
there are very few data on the comparative bio
chemistry of translocation and post-translational 
modifications. 

The signals and mechanisms of translocation 
appear, in principle, to be the same in all orga
nisms. Hence, polypeptides encoded by foreign 
genetic material are correctly distributed in Xeno
pus laevis oocytes, and even in E. coli. After 
injection of the corresponding mRNA into oocy
tes, typical secretory proteins, like ovalbumin and 

other egg-white proteins, immunoglobulins or 
insect vitellin, are released into the medium; rab
bit haemoglobin is retained in the cytoplasm; and 
cytochrome P-450 is introduced into membranes 
[147]. Firefly luciferase, synthesized in the cells of 
various insects and mammals, and even of higher 
plants and yeast, is translocated correctly to the 
peroxisomes [86]. The signals are so conserved in 
evolution that the normally cytoplasmic a-globin 
chain is taken up by the endoplasmic reticulum if 
it is coupled to the signal of the bacterial ~
lactamase [20]. The fact that human genes are not 
only transcribed and translated in bacteria but, in 
many cases, also correctly processed is made use 
of in industry. Post-translational modification is 
also uniform within very wide limits. Thus, after 
injection of the mRNA for phaseolin into Xeno
pus oocytes, this plant storage protein is not only 
correctly translated but also glycosylated [173]. 
There are, however, species- and cell-specific 
mechanisms for the further processing of newly 
synthesized polypeptides; after the introduction 
of the rat prepro-insulin gene into E. coli, pro
insulin, and not insulin, is released into the 
medium [147]. Likewise, injection of the mRNA 
for the bee toxin prepro-melittin into Xenopus 
oocytes does not result in the release of melittin, 
but pro-melittin is stored for many weeks in cellu
lar vesicles; here, in contrast to the situation in 
the poison glands, the C-terminal glycine is not 
removed and the export of the protein is blocked 
[149]. 

Secretory proteins find their way out of the 
cytoplasm via the lumen of the endoplasmic reti
culum (ER) and the Golgi apparatus into specific 
transport vesicles, in which they are then trans
ported to the cell surface. Because the vesicles of 
the Golgi apparatus and those of the ER arise by 
budding the proteins must only cross one mem
brane, that of the ER. According to the signal 
hypothesis, an N-terminal, non-polar signal 
sequence is responsible and this is recognized by a 
signal recognition particle (SRP) [21, 90]. Poly
peptide synthesis begins on free, cytoplasmic 
polysomes. Through binding of an SRP to the 
translation complex, the elongation of the poly
peptide is stopped at a length of about 70 amino 
acids (Fig. 3.3). The complex of SRP, ribosome 
and incomplete polypeptide chain binds to an 
SRP receptor on the ER membrane (a "docking" 
protein), and the SRP is split off. Now the signal 
sequence can interact with the signal sequence 
receptor and elongation is restarted. The SRP has 
three different tasks to accomplish (signal 
recognition, translation inhibition, and interac-
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Fig. 3.3. The translocation of secreted proteins through 
the membrane of the endoplasmic reticulum (ER), and 
subsequent glycosylation. Involved in the process are: in 
the cytoplasm, a ribosome with the mRNA and a signal
recognition particle (SRP); and in the ER membrane, a 
binding complex consisting of a ribosome receptor, SRP 
receptor (docking protein) and the signal peptidase, and an 
oligosaccharide bound to a lipid (dolichol) and the glyco
syltransferase. Translation begins on the cytoplasmic ribo-

tion with the SRP receptor) and is therefore 
rather complex in structure. It consists of a 7 SL
RNA and six polypeptides of 9-72 kDa. The 
7 SL-RNA has already been described (p. 23); the 
structures and functions of the polypeptides are 
only partially known. The SRP receptor is a 
heterodimer of 72- and 30-kDa subunits, and the 
signal sequence receptor is a glycoprotein of 
35 kDa [215, 228]. 

The non-polar signal sequences of the secreted 
and membrane proteins are mostly 18-24 amino 
acids long; the shortest known signal sequence of 
only 13 amino acids is found in the ~-crystallin of 
the mouse (Fig 3.4). Three regions can be dis
tinguished in the signal sequence: the N-terminal 
region normally contains a positively charged, 
basic amino acid; the central region includes at 
least nine non-polar residues such as Phe, Ile, 

some with the synthesis of the signal sequence, and is inter
rupted after approximately 70 amino acids by binding of 
the SRP; the translation inhibition is only removed after 
the ribosome becomes attached to the binding complex in 
the ER membrane, and the polypeptide chain extends into 
the ER lumen. There, the signal sequence is cleaved off 
and the carbohydrate chain transferred from dolichol to an 
asparagine residue 

Leu, Met, Valor Trp; and polar, charged amino 
acids predominate in the C-terminal region. In 
the last and third from last positions (-1 and -3) 
one finds small, uncharged residues like Ala or 
Gly and also Ser, Cys or Thr, whereas in the sec
ond from last position (-2) there appears to be no 
such specificity. The "-1/-3 rule" perhaps fulfils 
special requirements of the signal peptidase [102]. 
Of the egg-white proteins secreted in the hen ovi
duct, ovotransferrin (conalbumin), ovomucoid 
and lysozyme are synthesized as pre-proteins with 
normal signal sequences; the signal sequence of 
ovalbumin, in contrast, lies within the chain and 
is not removed proteolytically. The interleukins 
IL-1 a and IL-1~, released by activated human 
monocytes, also have no N-terminal signal 
sequence and are apparently secreted without 
involvement of the ER or Golgi [232]. 
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Insulin (Myxine) 
(Lophius) 

-1 +1 
MALSPFLAAVIPLVLLLSRAPPSADT RTTGH .. . 

MAALWLQSFSLLVLLVVSWPGSQA VAPAQ .. . 

Fig. 3.4. Signal sequences of 
several secretory proteins 
[102]. The cleavage site lies 
between -1 and + 1 

(human) 
Ovomucoid (chicken) 
Ovotransferrin (chicken) 
Lysozyme (chicken) 
Serumalbumin (human) 

MALWMRLLPLLALLALWGPDPAAA FVNQH .. . 
MAMAGVFVLFSFVLCGFLPDAAFG AEVDC .. . 

MKLILCTVLSLGIAAVCFA APPKS .. . 
MRSLLILVLCFLPLAALG KVFGR .. . 
MWKVTFISLLFLFSSAYS RGVFR .. . 

Ig H-chain (mouse) 
Amylase (mouse) 
~-Casein (cow) 

The signal sequence of the polypeptide that 
extends out into the ER lumen is split off by a 
specific signal peptidase that is present in the ER 
membrane as an integral metalloprotein. Secret
ory proteins are already glycosylated during 
transport through the ER membrane (Fig. 3.3); 
however modification of the attached oligosac
charides (trimming) occurs in the Golgi cisternae. 
This process will be extensively described in 
Chapter 13. The completed glycoproteins are 
transported in vesicles to the cell membrane and 
released to the outside (exocytosis). Usually, exo
cytosis only occurs following an external stimu
lus. Transduction of the signal from the receptors 
on the cell membrane to the secretory vesicles 
may involve the activity of parfusin, a phospho
protein of 63 kDa that is dephosphorylated on 
the stimulation of exocytosis. Parafusin was dis
covered in the ciliate Paramecium tetraurelia but 
now appears to be ubiquitous [239]. 

Membrane proteins have a similar fate, 
although, in contrast to the secretory proteins, 
they are not released into the ER lumen but 
instead remain bound to the ER membrane via 
the C-terminal region. If this orientation persists 
in the Golgi cisternae and the transport vesicles 
up to the time when the membrane of the trans
port vesicle fuses with the plasma membrane, 
then the N-terminus that was previously directed 
into the ER lumen will now point outward from 
the plasma membrane surface; in fact, most 
membrane proteins have this orientation. 

Of the many hundreds of mitochondrial prote
ins, only a very few are produced in the mito
chondria itself; the overwhelming majority stem 
from the cytoplasm. Their translocation is par
ticularly problematic as they must be correctly 
distributed to four possible locations: matrix, 
inner membrane, intermembrane space, and 
outer membrane [99,210]. Most of the cyto
plasmic precursors carry an N-terminal mito
chondrial target signal of 12-70 amino acids 
which, in contrast to the non-polar signal of the 
secretory and membrane proteins, is hydrophilic 

MKVLSLLYLLTAIPGIMS DVQLQ .. . 
MKFFLLLSLIGFCWA QYDPH .. . 
MKVLILACLVALALA REQEE .. . 

and has positively charged amino acids. The tar
get signal is split off in the mitochondrial matrix 
by a soluble, heterodimeric metalloprotease of 
55 + 52 kDa [204]. There are also mitochondrial 
proteins without a cleavable N-terminal target 
signal, e.g. the ADP/ATP transporter whose 
sequence contains at least three internal signals. 
Several cytoplasmic factors, including the heat
shock protein hsp70, are involved in the uptake 
of the precursor into the mitochondrium 
[132, 200]. Uptake requires energy, and insertion 
into the outer mitochondrial membrane occurs 
with the use of ATP by means of the general inser
tion protein (GIP); transport through the inner 
membrane into the matrix is dependent on the 
electrical potential of the latter. After cleavage of 
the target signal by the signal peptidase of the 
matrix, the matrix protein is pound to the heat
shock protein hsp60. In other proteins, following 
on from the N-terminal hydrophilic target signal 
is a less polar sequence that acts as a sorting sig
nal and leads the protein out of the matrix back 
into the inner membrane or the intermembrane 
space [99, 165, 210]. 

The proteins of the different types of microbo
dies (peroxisomes, glyoxysomes, glycosomes) 
apparently have no cleavable signal sequence. 
The best examined of this type are certain glyco
lysis enzymes of Trypanosoma brucei and other 
Kinetoplastida; instead of being cytoplasmic 
these are completely or partly restricted to 
microbody-like cell organelles, the glycosomes 
(p. 515). Sequence comparisons between the gly
cosomal enzymes and cytoplasmic enzymes from 
the same or other animals should show which 
sequence characters lead to translocation into the 
glycosomes. T. brucei possesses one gene each for 
a cytoplasmic and a glycosomal isoenzyme of 
phosphoglycerate kinase; these agree by 95 % in 
nucleotide sequence and by 93 % in the amino 
acid sequence, but are only 44-46 % similar to 
the homologous enzymes of yeast and man. The 
glycosomal isoenzyme differs from that in the 
cytoplasm by a 20-amino-acid C-terminal exten-
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sion and an additional 13 positive charges [20]. 
The glycosomal phosphoglycerate kinase of Cri
thidia Jasciculata also has a C-terminal topo
graphical signal [264]. Compared with the homo
logous cytoplasmic enzyme of other eukaryotes, 
the glyceraldehyde-3-phosphate dehydrogenase 
in the glycosomes of T. brucei is five amino acids 
longer, but this does not apply to the aldolase or 
the triosephosphate isomerase; all three enzy
mes, however, have a particularly large number 
of positive charges, which apparently represent 
the translocation signal [20]. The alanine:glyoxyl
ate aminotransferase AGTI is located in the per
oxisomes of the primates and hare-like species 
(lagomorphs), in the mitochondria of the carnivo
res, and in both organelles of the rodents. The 
mitochondrial target signal of the primates has 
been lost during evolution by mutation of the 
initiation codon ATG to ATA; the corresponding 
reverse mutation in humans leads to the lethal 
heritable condition of primary hyperoxaluria, 
because the location of the AGTI in the mito
chondria reduces its efficiency [268]. 

The enzyme proteins of the Iysosomes either 
originate directly from the ER, from whence the 
lysosomes themselves come, or they are later 
taken up via "coated vesicles" from the cyto
plasm. The markers for inclusion in lysosomes are 
apparently oligosaccharides with a terminal 
mannose-6-phosphate that is created by attach
ment of I-phospho-N-acetylglucosamine to a ter
minal mannose residue, followed by cleavage of 
the N-acetylglucosamine. There are two types of 
mannose-6-phosphate receptors in the Golgi 
membrane, of which the larger (CI-MPR) is 
cation independent and the smaller (CD-MPR) 
requires divalent cations. The CI-MPR begins 
with an extracytoplasmic domain of 2269 amino 
acids made up of 15 repeats of a 147-amino-acid 
sequence and carrying 19 glycosylation sites. This 
is followed by a transmembrane segment of 23 
amino acids and the C-terminal cytoplasmic 
domain of 163 amino acids. In the subunits of the 
homodimeric CD-MPR, the extracytoplasmic 
domain includes only 159 amino acids with five 
glycosylation sites, but shows significant 
sequence agreement (14-28 %) with the repeats 
of the CI-MPR. Its transmembrane segment has 
25 amino acids, and the cytoplasmic domain 67 
amino acids. Surprisingly, it has been found that 
the CI-MPR serves at the same time as a receptor 
for the insulin-like growth factor IGF-II [45, 144, 
146, 163]. The proteins of the ceO nucleus must 
possess internal non-cleavable signals as the nuc
lear membrane is dispersed during cell division. 

The signals consistently have one proline and sev
erallysine residues; for example, in the antigen to 
the SV40 virus one finds the sequence -Pro-Lys
Lys-Lys-Arg-Lys-Val [2, 191, 251, 288]. 

3.3 Proteolysis 

Proteolytic enzymes (proteases) have a variety of 
biological functions. In the digestion of food and 
the autolysis of dead cells, the amino acid con
stituents of all the proteins involved are similarly 
and completely released and thus become avail
able again for cell metabolism. The complete 
cleavage of a polypeptide into its individual com
ponents requires the successive action of several 
proteases with varying specificities (Table 3.3). 
Initially, endopeptidases (proteinases) break the 
chain into smaller and smaller fragments by cleav
age of internal bonds; several proteinases with 
different bond specificities are often involved. 
The resulting cleavage peptides are further step-

Table 3.3. Classification of the proteases [11, 189]. Only a 
few examples are given in each case; enzymes not of ani
mal origin are shown within brackets. The characteristic 
amino acids of the active centres are given in parentheses: 
the position numbers refer to the first named enzyme 

Exopeptidases: cleave bonds at the end of the peptide 
chain 
Aminopeptidases: release the N -terminal amino acid 
Carboxypeptidases: release the C-terminal amino acid 

Carboxypeptidase A (Zn2+, 255-Ile) 
Carboxypeptidase B (Zn2+, 255-Asp) 

Dipeptidyl aminopeptidases: release the N-terminal 
dipeptide 
Dipeptidases: cleave dipeptides 

Eodopeptidases or proteinases: cleave internal bonds of 
peptide chains 
Serine proteinases I (102-Asp, 195-Ser, 57-Ser) 

Chymotrypsin, trypsin, elastase, cathepsin G, 
acrosin, enteropeptidase, plasmin, kallikrein 
Thrombin and other blood-clotting factors 
Complement components 

Serine proteinases II (32-Asp, 221-Ser, 64-His) 
[Subtilisin] 

Cysteine proteinases (25-Cys, 159-His, 158-Asp) 
[Papain] 
Calpains (calcium-dependent, papain-like 
proteinases) 

Aspartate proteinases (33-Asp, 213-Asp) 
[Penicillopepsin] 
Pepsin, chymosin, cathepsins D and E, renin 

Metalloproteinases I (ZN2+) 
Collagenases 

Metalloproteinases II (Zn2+, 243-Glu, 231-His) 
[Thermolysin] 



wise degraded at both ends by amino- or carboxy
peptidases, and the smallest peptides are finally 
cleaved by dipeptidases. As expected, a complex 
spectrum of digestive proteases is to be found in 
almost every animal species [32, 113, 128]. The 
proteases involved in general proteolytic proc
esses show only limited specificity with regard to 
their target proteins and the amino acids that 
form the peptide bonds. For example, pig pepsin 
can cleave 1020 bonds from a total of 6910 bonds 
in 177 natural peptides (i.e. 14.8 %); trypsin, elas
tase and papain also have high cleavage potential. 

The more specialized the biological function of 
a protease, the stronger are its substrate and bond 
specificities. So, for example, chymosin in the 
stomach of young mammals has not only general 
proteolytic activity but also the special property 
of cleaving specific bonds in casein, thereby preci
pitating milk proteins and allowing their diges
tion. Similarly, plasmin has particular tasks 
related to the solubilization of fibrin clots (fibri
nolysis) and the inflammation process, and thus 
has a much narrower specificity than the closely 
related trypsin. Many biological processes include 
partial proteolysis in which only one or a few spe
cific bonds in a certain protein are cleaved 
(Table 3.4). During evolution such highly specific 
proteases have arisen from enzymes with non
specific proteolytic properties [189]. 

Intracellular proteolytic processes serve vari
ous biological functions: the release of amino 
acids from phagocytosed food particles by intra-

Table 3.4. Examples of biological processes which include 
partial proteolysis [189, 245] 

Protein secretion 
Cleavage of the signal sequence of pre-proteins 

Activation of enzyme precursors 
Zymogen ~ active proteases 
Prophenoloxidase ~ active phenoloxidase 

Sequential activation of components of enzyme cascades 
Blood clotting 
Complement system 

Hormone synthesis 
Proinsulin ~ insulin (removal of the central C
peptide) 
Proglucagon ~ glucagon (cleavage of the C-terminal 
octapeptide) 
Angiotensinogen ~ angiotensin I ~ angiotensin II 
(see Fig. 8.Sa, p. 302) 
Kininogen ~ kallidin or bradykinin (see Fig. 8.Sb, 
p.302) 
Multiple cleavage of macromolecular precursors of 
peptide hormones 

Formation of macromolecular structures 
Collagen synthesis 
Formation of fibrin clots 
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cellular digestion, or from cellular proteins to 
supply energy during periods of hunger or intra
cellular osmoregulation; histolysis in connection 
with development, e.g. during metamorphosis in 
insects and amphibians; the destruction of super
fluous, defective or abnormal proteins; general 
protein turnover; and partial proteolysis related 
to intracellular translocation of proteins, the 
maturation of enzyme and hormone precursors 
(Table 3.4), and restructuring of the cytoskeleton 
[18, 174, 212]. It is clear that living organisms 
must be protected from the uncontrolled effects 
of their own proteases, and there are several pos
sible ways of achieving this: 

1. Intracellular proteases can be restricted to spe
cial cell organelles like lysosomes, and thus are 
separated from the cytoplasm by membranes. 

2. Proteases can be stored as inactive precursors 
(zymogens) that are activated only when 
required. 

3. Proteases can be inactivated by binding to the 
animal's own protease inhibitors. 

4. Individual proteins can be protected from pro
teases or, conversely, marked for degradation 
by post-translational modification. 

Several different systems are available for intra
cellular proteolysis; however, little is known 
about these from a comparative biochemistry 
point of view. The cathepsins of the Iysosomes 
are, as a rule, small glycoproteins of 20-40 kDa 
with rather acidic pH optima. The cathepsins B, 
L, H, M, N, Sand T are cysteine proteinases, 
whereas D and E are aspartate proteinases. The 
lysosomal systems is not only responsible for the 
autolysis of the whole cell and degradation of the 
organelles, but also significantly involved in the 
turnover of cell proteins and the processing of 
proteins during translocation. The required speci
ficity of proteolysis is achieved by selective 
uptake into the lysosomes, modulated by glyco
sylation of the proteins [18, 174]. Amongst the 
extralysosomal proteases are several that are 
ATP-dependent, e.g. cytosomal cysteine protei
nases, which are stimulated by ATP without its 
hydrolysis, and mitochondrial serine proteinases, 
which require ATP hydrolysis for their activity 
[18]. Ca2+-dependent calpain (p.95) and the sig
nal peptidases of the ER membrane and mito
chondrial matrix are intracellular proteinases 
which are not involved in general proteolysis but 
have strict substrate or bond specificities [18]. 

Recognition signals for intracellular proteoly
sis may be contained in the amino acid sequence. 
In this way, for example, the signal peptidases of 
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the ER membrane and the proteases responsible 
for processing of hormone precursors and pro
enzymes recognize the pre- and pro-sequences of 
their substrates. In proteins with short half-lives 
«2 h), one or more sequences, which do not 
appear in more persistent proteins, may be found 
that are rich in proline, glutamic acid, serine and 
threonine. The assumption that these are specific 
proteolysis signals goes under the name of the 
"PEST hypothesis", after the one letter symbols 
of these four amino acids (see Appendix) [230]. 
Oxidation by mixed-function oxygenases, de a
midation, phosphorylation and the oxidation of 
SH- groups also act as signals for proteolysis. Fin
ally, the quaternary structure of cell proteins 
plays a role in their susceptibility, e.g. the free 
globin chains in reticulocytes are more easily 
cleaved than is the complete tetrameric haemo
globin; certain complement factors are only acti
vated by proteolysis when in the complexed form 
[212,258]. 

The best-known recognition signal for extraly
sosomal proteolysis is conjugation with ubiquitin. 
This small polypeptide, with a length of 76 amino 
acids, was discovered in chromatin in 1977 as a 
constituent of a variant histone H2A (p. 33). As 
the name suggests, ubiquitin has been detected in 
all investigated eukaryotes and bacteria. Free 
ubiquitin is an a/~ protein with an a-helix of 3.5 
turns and a ~-sheet structure of four strands. Ubi
quitin is an extremely conserved protein; the 
sequence in mammals, fish and insects is identical 
(Fig. 3.5), and only differs in yeast at three posi
tions. The most deviant ubiquitin sequence 
known is found in the ciliate Tetrahymena pyrifor
mis: the three ubiquitins encoded in the gene 
pTUI0 deviate from the usual animal sequence at 
eight or nine positions [190]. Ubiquitin is bound 
in an ATP-requiring reaction to the protein N
terminus or to a lysine-E-amino group of the pro
tein to be degraded; such protein conjugates may 
contain several ubiquitin molecules. The ubiqui
tin itself is recovered during proteolysis. From the 
general distribution and conservative evolution 
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QRLIFAGKQL EDGRTLSDYN IQKESTLHLV LRLRGG 

Fig.3.5. Ubiquitin sequences. The illustrated sequence is 
that generally found in animals. Above A variant found in 
Drosophila differs in one position; and below the ubiquitin 
found in yeast differs in three positions [7] 

of ubiquitin, it may be concluded that ATP
ubiquitin-dependent proteolysis is a widely occur
ring mechanism. However, it is only really known 
in rabbit reticulocytes, where the system consists 
of a complex of ubiquitin and five to seven other 
polypeptides. The role of ubiquitin here is pos
sibly not only the marking of proteins for 
degradation but also the repression of intracellu
lar proteinase inhibitors [18, 174,212). In the reti
culocytes, and in many other cells of vertebrates 
and insects, there are also ATP-dependent sys
tems of proteolysis that are independent of ubi
quitin [18]. Outside of its involvement in intracel
lular proteolysis, ubiquitin appears to have other 
functions; it is, for example, a heat-shock protein 
(p.44) and comprises a part of the receptor that 
effects the uptake of lymphocytes into lymph 
nodes [221). 

Ubiquitin is the most conserved of all known 
proteins; in contrast, the ubiquitin genes vary in 
number and organization. Almost all eukaryotes 
possess several ubiquitin loci. These consist either 
of the coding sequence for a single ubiquitin with 
a C-terminal extension of 52-80 amino acids, or 
of several intronless, ubiquitin-coding sequences 
of 228 bp that are tandemly arranged without 
spacers. Examples of the number of ubiquitin 
sequences at the individual loci are in man 1, 3 
and 9, in the chicken 3 and 4, and in Drosophila 1 
and 18. Between 1 and 10 ubiquitin loci have been 
found in various breeding lines of the flagellates 
Trypanosoma cruzi and Leishmania donovani, 
which contain between 2 and more than 40 ubi
quitin sequences [124, 143, 154,227]. Repeated 
ubiquitin loci carry only one termination codon; 
thus, the primary translation product is a polyubi
quitin that is then post-translationally reduced to 
single ubiquitin molecules by cleavage of the 76-
Glyl1-Met bonds. In addition to the responsible 
proteinase, there is also a further ubiquitin
specific enzyme that cleaves ubiquitin from its 
conjugates [127]. In most polyubiquitins another 
amino acid follows behind the 76-Gly of the last 
ubiquitin sequence that inhibits conjugation of 
the precursor to other proteins; this terminal 
amino acid is missing in the polyubiquitin of the 
clawed frog Xenopus laevis [221]. 

The sequences of individual repeats become 
similar to each other by a special evolutionary 
process known as horizontal or concerted evolu
tion (p.123). Nevertheless, there are sequence 
differences between the repeats of a species which 
are all of the non-amino acid exchanging (syn
onymous) type; the number of repeats can also 
apparently vary between individuals of a species. 



Comparisons of the repeat sequences within and 
between species allow conclusions to be drawn 
about the frequency with which sequence equal
ization through horizontal evolution has 
occurred; in the case of ubiquitin, it is on average 
38 million years since the last such event in mam
mals, and only 11 million years in Drosophila 
[248]. 

1\vo large, proteolytic complexes are responsi
ble for the degradation of ubiquitin-marked pro
teins. The 26S complex is about 1500 kDa and in 
vitro originates from three smaller subunits 
CI-C3. The well-known 650-kDa complex, ter
med "multicatalytic protease" because of its wide 
specificity, or "macropain" or "proteasome", is 
identical to the C3 component. This consists of 
subunits of 20-35 kDa, organized in a four
ringed cylinder, with each ring having up to eight 
subunits. The human proteasome in erythrocytes 
contains 13 different types of subunit, varying in 
both structure and specificity, although these 
apparently belong to the same multi-gene family 
[155, 202, 255]. The freshly isolated complex is 
stimulated by ATP, but this effect diminishes with 
storage. Multi-catalytic proteases are apparently 
ubiquitous; particles similar to mammalian pro
teasomes are found in archaebacteria, and they 
have been closely studied in lower vertebrates, 
insects and crustaceans [44, 59,67, 73, 93, 185]. 

In the classification of the proteases, one can 
distinguish between exopeptidases, which cleave 
N- or C-terminal bonds, and endopeptidases, 
which attack internal bonds; finer characteriza
tion is based upon the structure of the active 
centre (Table 3.3). In the absence of information 
on amino acid sequences, several characteristic 
properties can be used to study the relationship 
between the proteases of the lower vertebrates 
and invertebrates and those of the mammals; 
these include, in particular, inhibition by synthe
tic and natural inhibitors, the specificity for cer
tain low molecular weight, synthetic substrates, 
and cleavage of the insulin-B chain (Table 3.5). 
However, even proteases with very similar active 
centre structures are not necessarily closely 
related by evolution. Bacterial subtilisin is so dif
ferent from the other animal and bacterial serine 
proteinases in both sequence and spatial structure 
that a common origin would appear to be 
excluded; this is clearly a case of convergent 
molecular evolution. Likewise, the bacterial ther
molysin is not related to pancreatic carboxypepti
dase, although in both cases the active centre 
contains an essential zinc atom [189]. Just how far 
the exopeptidases, as a group of proteins with 
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Table 3.5. Typical properties of various classes and types of 
proteinases. The binding specificities refer to the amino 
acids which contribute the carboxyl group to the peptide 
bond 

Serine proteinases: pH optimum alkaline; typical 
inhibitors: diisopropylfluorphosphate (D FP) and 
phenylmethanesulphonylfluoride (PMSF) 

Chymotrypsins: specific for Tyr and Phe; typical 
inhibitors: tosylphenylalanine-chlormethylketone 
(TPCK), chymostatin and natural chymotrypsin 
inhibitors 

Trypsins: specific for Arg and Lys; typical inhibitors: 
tosyllysine-chlormethylketone (TLCK), leupeptin and 
natural trypsin inhibitors 

Elastases: specific for Ala, Leu, Gly, Val and He 

Cysteine proteinases: pH optimum weakly acidic; typical 
inhibitor: p-chloromercurbenzoate (PCMB) 

Cathepsin B: active against Z-Arg-Arg-NMec 
Cathepsin H: active against Arg-NMec 
Cathepsin L: active against azocasein and Z-Phe-Arg

NMec 

Aspartate proteinases: pH optimum acidic; typical 
inhibitor: pepstatin 

Pepsins: specific for Phe, Leu and Trp 

Metalloproteinases: pH optimum alkaline; typical 
inhibitor: ethylenediametetraacetic acid (EDT A) ; 
EDTA inhibition relieved by Zn2+ or other divalent 
metal ions 

Z-, benzoyloxycarbonyl-; -NMec, -N-methylcoumarin 

similar catalytic properties, also represent a 
family of homologous proteins can not yet be 
determined in all cases due to the lack of 
sequence information. 

3.3.1 Exopeptidases 

Only the exopeptidases of the mammals have 
been described in any great detail [176]. The ami
nopeptidases N and A are Zn2+ - and Ca2+ -specific 
metalloenzymes, respectively; they are located in 
the microvillous membranes of the gut epithelium 
and kidney tubuli as symmetrical dimers with two 
non-polar domains [199]. The aminopeptidases 
involved in digestion have also been investigated 
in insects and several other invertebrates; like the 
corresponding vertebrate enzymes, they are 
found to be either cytoplasmic or membrane
bound in the microvillous layer of the gut cells, 
have a pH optimum of around 8 and are typical 
metalloenzymes [32, 113, 193]. The dipeptidyl 
aminopeptidases of the mammalian gut and 
kidney are also bound to the microvillous layer. 
These are serine enzymes that cleave dipeptides 
from the amino-terminus of natural and artificial 
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substrates. They have also been recorded in birds, 
amphibians, fish, insects and molluscs, but have 
been little investigated [95, 194]. Associated with 
this group of enzymes are the angiotensin
converting enzymes that release the octapeptide 
angiotensin II (causing an increase in blood pres
sure) from angiotensin I, and inactivate the non
apeptide bradykinin (which lowers the blood 
pressure). One form of 160-170 kDa is found in 
the lungs and various other tissues, and one form 
of 100-110 kDa, which is identical at the C
terminus with the lung enzyme, is found in the 
testis [64]. Various mammalian organs contain tri
peptidyl hydrolases; for example, there is an 
enzyme in the hypophysis and ovary that 
sequentially cleaves tripeptides from growth hor
mone [139]. 

The carboxypeptidases of mammals are zinc 
enzymes of 34 kDa and are secreted from the 
pancreas as inactive precursors (procarboxypepti
dases), although they also occur in the kidney and 
other organs. The activation reactions of the pro
carboxypeptidases have been recently described. 
Trypsin cleaves off a C-terminal activation pep
tide of 94 amino acids, from which a C-terminal 
arginine residue is then cleaved by the now active 
carboxypeptidase [284]. Two types of carboxy
peptidase (CP), A and B, are distinguished and 
these differ in sequence by 53 % and have differ
ent specificities: CP-A cleaves off aromatic amino 
acids, whereas CP-B shows a preference for basic 
amino acids. The rat and other mammals possess 
two isoenzymes of type A (AI and A2). Se
quence comparisons show that the sole bovine 
carboxypeptidase A corresponds to type AI, and 
A2 is missing. In addition to types A and B, there 
are other carboxypeptidases that have special 
functions relating to the release of active hormo
nes from their precursor forms; these enzymes 
are all homologous but show only 15-49 % 
sequence agreement [77, 271]. Carboxypeptidase 
are also widely found amongst the invertebrates 
as digestive enzymes and, like the vertebrate 
enzymes, are typical metalloenzymes [32, 113, 
203]. The enzyme from the mid-gut gland of the 
crayfish Astacus fluviatilis is the only one of this 
type to have been sequenced so far. It has a 
length of 303 amino acids and a mass (without the 
zinc atom) of 33899 Da; the sequence shows 
44-45 % agreement with the bovine carboxypep
tidases A and B. Like the bovine carboxypepti
dase B, there is an aspartate residue at the pri
mary substrate-binding site, whilst the rat and 
bovine carboxypeptidase A molecules have an 
isoleucine residue [277]. 

3.3.2 Serine Proteinases 

Apart from in the serine proteinases, blood
clotting factors and complement components, 
serine is also found in the active centres of the 
alkaline phosphatases, esterases, lipases and hap
toglobins. Just within the serine proteinases, one 
finds TCN (e.g. in trypsinogen) or AGY (e.g. in 
prothrombin) as the codon for the active serine. 
This leads to the hypothesis that the co dons for 
the active serines have emerged by convergent 
evolution from various amino acid codons of 
evolutionary ancestors: e.g. from the threonine 
codon ACN, or from the cysteine codon TGY 
[22]. 

The mammalian pancreas secretes the zymo
gens of several serine proteinases with differing 
specificities, the chymotrypsins, trypsins and elas
tases (Table 3.5). Although the amino acid 
sequences of these enzymes differ by up to 60 % , 
their spatial structures agree to within 0.1 nm. The 
genes of these proteinases have, without doubt, 
all arisen from the same ancestral gene. The dif
ferences in specificity are due to only one or two 
amino acid exchanges in the region of the binding 
site: 189-Serl Asp in chymotrypsinltrypsin; and 
216-GlyNal and 226-GlylThr in chymotrypsinl 
elastase. Similar enzymes are apparently present 
in all classes of vertebrates. Thus, the chymotryp
sin, trypsin and elastase of the carp are all very 
similar to the mammalian enzymes in terms of 
amino acid composition, the partially known 
sequences and the number of disulphide bridges. 
The differences between the three types are not
ably greater than the differences found between 
fish and humans for just one type, suggesting that 
these enzyme types are already very old. 

About 60 functionally different types of serine 
proteinases have so far been described in mam
mals and in several cases show very narrow sub
strate and binding specificities [11]: e.g. entero
peptidase (previously enterokinase), which con
verts trypsinogen into active trypsin by cleavage 
of a Lys/Ile bond; kallikrein (previously kininoge
nase), which produces the hormonally active bra
dykinin from kininogen by cleavage of -Lys/Arg
and -Arg/Ser- bonds (see Fig.8.5b, p. 302); 
thrombin, which produces the fibrinopeptides A 
and B by cleavage of -Arg/Gly- bonds in the A(a) 
and B(B) chains of fibrinogen, and other compo
nents of the blood-clotting cascade; plasmin, which 
solubilizes fibrin by cleavage of -LyslX- and -Arg/ 
X- bonds and has a specificity, though it is some
what narrower, for other proteins similar to tryp
sin; and, finally, many components of the comple-



ment system. New serine proteinases with novel 
functional characteristics are still being found, 
e.g. tonin from the submaxillary gland of the rat, 
or clipsin in the rat brain [152, 187]. A new serine 
proteinase has even been found in human panc
reatric secretions and makes up 4-6 % of the total 
protein. It has a completely different specificity to 
the other pancreatic enzymes; in accord with its 
most prominent characteristic, it has become 
known as cholesterol-binding pancreas protease 
(CBPP) [265] . 

Sequence comparisons clearly indicate that the 
serine proteinases are all members of the same 
protein super-family [229]. In the case of pro
thrombin and other blood-clotting factors, the 
homology with the pancreatic enzymes is 
restricted to the C-terminal, catalytic region; the 
N-terminal extensions show large differences in 
sequence (Fig. 3.6). Haptoglobin and the u- and 
y-subunits of the nerve growth factor (NGF) from 
the submandibular gland of the mouse (p.304) 
are also serine proteinase homologues. The pre
sently known structures of more than a dozen 
genes of this super-family vividly illustrate the 
importance of gene shuffling as a mechanism of 
molecular evolution (p. 122). 

Signal Ca2+ 
binding 
..--------, 

EGF- like 
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The super-family of the serine proteinases is 
clearly very old. The trypsin-, chymotrypsin- and 
elastase-like proteinases of many invertebrates 
(Table 3.6) are homologous not only to the ver
tebrate enzymes but also to certain serine protei
nases of lower fungi and bacteria. Four protein a
ses are known from Streptomyces: one trypsin, 
which agrees in 34 % of its amino acids with the 
bovine enzyme; two proteinases A and B, which 
are only homologous to the mammalian enzyme 
in the central region but have a similar quaternary 
structure; and a fourth proteinase, which resemb
les subtilisin but belongs to another protein 
family. Because of their similar spatial structures, 
several bacterial serine proteinases are consid
ered to be homologous to the vertebrate enzymes 
despite sequence differences of up to 80 % [120]. 

Typical of animal serine proteinases is the 
existence of enzymatically inactive zymogens, 
which become activated by the cleavage of an N
terminal peptide. As the bacterial enzymes have 
no zymogens, it is assumed that the evolution of 
the animal enzymes involved N-terminal exten
sion, apparently on several independent occa
sions. Activation of trypsinogen by enterokinase 
involves the cleavage of an N-terminal hexapep-

Protease 
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~-_",......:::K:....,r,in?;:..;t:::,e.>--..., 

, 0 CJ 1 ,'--____ --' 

Finger 
t PA Ilii1I 0 • 1 CJ I _ 1 [ill] 2 [!J 1 [[IT] 2 [D}- 1 ----==:J 2 CJ I 0 I C=:J 0 c:::J 

u PA Iii! 0 _ I __ 1 ITIIJ 2 [IJ---- I -----=:::J 2 CJ I CJ 1 C=:J 0 c:::J 

KAL m 
TRY 1m1!!1r---------------- I -c=J 2 ''--_---''1 c::::::::J 0 c::::::::J 

CHY 11:-------------- I ---I] 0 0 20 0 CJ 1 CJ 0 c:::J 

ELA 1iI1--- -----------1 --I] 0 0 2 D 2 CJ I CJ 0 CJ 00 

CFB 

HAP 12 ~ I __ I. 1 _1. ____ --- -- 1 _.-,--------, 

Fig.3.6. The genes of various serine proteinases [229]. The 
C-terminal catalytic domains are significantly homologous; 
in contrast, there are large differences in both sequence 
and length in the N-terminal regions of different protein
ases. This can be explained by the combination of exons of 
different origins (exon shuffling) during the evolution of 
the serine proteinases. Exons are shaded according to their 
homologues. Signal indicates the exon for the signal pep
tide; cll+ binding, EG F-Uke (epidermal growth factor), 
kringle and finger represent the exons for domains with 

characteristic structures. The lengths of the introns are not 
shown to scale, but the position of each intron in the read
ing frame is shown, i.e. whether it follows the first (1), sec
ond (2) or third (0) nucleotide of a codon. FIX, human 
clotting factor IX; THR, human thrombin (the gene struc
ture in the region indicated by the dashed line is not 
shown); (PA, human tissue plasminogen activator; uPA, 
pig urokinase; KAL, mouse kallikrein; TRY, rat trypsin; 
CHY, rat chymotrypsin; ELA, rat elastase; CFB, human 
complement factor B; and HAp, human haptoglobin 
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Thble 3.6. Percentage sequence agreement between different proteases or their zymogens 

Serine proteinases 
Chymotrypsinogen Nchymotrypsinogen B (bovine) 
Chymotrypsinogen Ntrypsinogen (bovine) 
Trypsinogen I (rat)/trypsinogen II (rat) 
Trypsinogen I (rat)/trypsinogen (pig) 
Trypsinogen (bovine)/(Squalus acanthias) 
Elastase (pig)/chymotrypsinogen A (bovine) 
Tonin (rat )/trypsin (bovine) 
Prothrombin (bovine )/chymotrypsinogen A (bovine) 
Clotting factor IX/trypsin (bovine) 
Clotting factor X/trypsin (bovine) 
Kallikrein/chymotrypsinogen A (bovine) 
Kallikrein mGK-l/y-NGF (mouse) 
Plasminogen (human)/chymotrypsinogen A (bovine) 
Trypsin I (Astacus [luviatilis)/trypsin (bovine) 
VCP II (Vespa crabro)lIchymotrypsin A (bovine) 
VCP II (V crabro)NOP II (v. orientalis) 
Trypsin (Drosophila melanogaster)lItrypsin (bovine) 
Trypsin (Do melanogaster)/chymotrypsin (bovine) 
Trypsin (Do melanogaster)NCP II (V crabro) 
Trypsin (Do melanogaster)/collagen protease (Uca pugilator) 
Trypsin (Streptomyces griseus)/trypsin (bovine) 
Protease A (So griseus)/trypsin (bovine) 

Cysteine proteinases 
Cathepsin B/cathepsin H (rat) 
Papain/cathepsin H (rat) 
Papain/cathepsin B (rat) 

Aspartate proteinases 
Pepsinogen (bovine )/pepsinogen (pig) 
Pepsinogen (chicken )/pepsinogen (pig) 
Prochymosin (bovine )/pepsinogen (bovine) 
Progastricin/pepsinogen (Macaca fuscata) 
Cathepsin D/pepsinogen (human) 
Renin/pepsinogen (human) 
Penicillopepsin/pepsinogen (bovine) 

Carboxypeptidases 
CP-NCP-B (bovine) 
CP-A (rat)/CP-A (bovine) 
CP-B (Astacus [luviatilis)/CP-A (bovine) 

tide. The human enterokinase is a glycoprotein of 
300 kDa composed of three polypeptides of 
around 140, 102 and 54 kDa; the porcine and 
bovine enzymes consist of only two polypeptides 
and, with molecular masses of 200 and 150 kDa, 
are significantly smaller [158]. The activation pep
tides of the trypsinogens from different species 
are themselves homologous but differ from those 
of the chymotrypsinogens and proelastases 
(Fig. 3.7); in the components of the blood
clotting cascade, the activation peptides are actu
ally longer than the active enzyme itself. 

In mammals, there are not only numerous 
functionally different types of serine proteinases, 
but also non-allelic isoenzymes of individual 

Agreement 
(%) 

78 
43 
89 
78 
64 
40 
40 
34 
44 
41 
32 
81 
37 
44 
37 
96 
42 
38 
35 
31 
33 
21 

32 
40 
30 

81 
62 
60 
49 
58 
53 
30 

47 
79 
45 

Reference 

[51] 
[51] 

[164] 
[164] 
[51] 
[51] 

[152] 
[51] 

[189] 
[189] 

[51] 
[116] 
[51] 

[276] 
[122] 
[122] 
[50] 
[50] 
[50] 
[50] 

[120] 
[120] 

[270] 
[270] 
[270] 

[51] 
[13] 
[51] 

[130] 
[69] 
[69] 
[51] 

[277] 
[277] 
[277] 

types whose origins lie in gene duplication. The 
human pancreas contains two main trypsinogens, 
I and II, as well as a subsidiary component III, 
which show about 85 % sequence agreement 
[272]; in the cow and pig one finds in each case 
two chymotrypsinogens (A and B) with about 
20 % sequence difference [11, 156]; in the rat 
there are two trypsinogens with 11-12 % differ
ence and two elastases with 42 % difference; and 
in the mouse there are three trypsinogens 
[164, 189]. The heterogeneity of these enzymes is 
increased by post-translational modification. 
Thus, a- and then oo-trypsin are produced auto
proteolytically from the initial ~-trypsin. In addi
tion to separation of the activation sequence, the 



3.3.2 Serine Proteinases 93 

Trypsinogens: 

FPLEDDDK 
FPVDDDDK 
FPTDDDDK 
FPIDDDDK 
TPTDDDDK 
VPIDDDDK 
SSTDDDDK 

APDDDDK 
VDDDDK 

DK 

Rat I 
Rat II, sheep, pig 
Wild boar 
Dog 2 and 3 
Dog 1 
Dromedary 
Horse 
Shark (Squalus acanthias) 
Cow, goat, turkey 
Man (cationic trypsin) 

Chymotrypsinogens: 

Fig. 3.7. The activation peptides of several 
trypsinogens and chymotrypsinogens 

CGVPAIQPVLSGLSR 
CGVPAIQPVLSGLAR 

Cow A 
Cow B 

[51, 164] 

activation of chymotrypsinogen and other zymo
gens also involves cleavage of the polypeptide 
chain into two fragments which are held together 
by a disulphide bridge; various chymotrypsino
gens may be formed, depending on the site of 
cleavage [11]. 

Although the animal serine proteinases may all 
have a common origin, they nevertheless possess 
very different physicochemical and catalytic 
properties. In fish, as in many invertebrates, 
there are trypsins and chymotrypsins which, in 
contrast to most mammalian enzymes, have 
acidic isoelectric points, and accordingly are 
anionic at physiological pH values and very 
unstable at pH 3 [300]. The digestive enzymes 
of invertebrates are normally classified as 
chymotrypsin- or trypsin-like, according to 
whether their activity with synthetic, low molecu
lar weight substrates or their inhibitor sensitivity 
corresponds to one or the other of the two mam
malian enzyme types (Table 3.5). This classifica
tion system, however, does not suit all cases. Sev
eral proteinases (group II) from the mid-gut of 
the silkworm are clearly trypsin-like, whereas 
others (group III) are inhibited by chymostatin 
but not by tosylphenylalanine-chlormethylketone 
(TPCK), and are inactive with all tested synthetic 
trypsin and chymotrypsin substrates [237]. In the 
polychaete Sabellaria alveolata there are, in addi
tion to the typical chymotrypsin- and trypsin-like 
proteinases, also enzymes that combine the speci
ficity and sensitivity properties of both mamma
lian enzymes [208]. 

Many trypsin- and chymotrypsin-like proteina
ses of invertebrates have been characterized; 
understandably, these are very frequently from 
insects [50, 102, 122, 153, 233], but also from 
crustaceans [53, 87, 145, 276, 279], annelids, 
sipunculids and molluscs, etc. [159, 234]. Com-

plete amino acid sequences are actually available 
for the enzymes from the wasp ~spa orienta lis , 
the hornet V. crabro, the fruit-fly Drosophila 
melanogaster, the warble fly Hypoderma linea
tum, the fiddler crab Uca pugilator, and the cray
fish Astacus fluviatilis [50,87, 122, 153, 276]. 
These invertebrate enzymes agree with the mam
malian enzymes in only about 40 % of positions, 
but between themselves they show great similar
ity (Table 3.6). Contrary to previous assump
tions, there are several cases of invertebrate 
zymogens, e.g. for the trypsin-like enzymes of the 
starfish Derurasterias imbricata and the clothes 
moth Tineola bisselliella, and for the cocoonase of 
the silkworm. 

Many serine proteinases of invertebrates have 
acidic isoelectric points and are thus anionic at 
physiological pH values and unstable at low pH 
[87, 183,233,247]. Most serine proteinases have 
slightly alkaline pH optima; however, the protei
nases of some dipteran and lepidopteran larvae 
have strongly alkaline pH optima (pH above 10), 
corresponding to the extreme pH values of the 
gut lumen [237, 247]. In contrast, proteinases 
which have been found in the digestive juices of 
the crab Eriocheir japonica are clearly trypsin
like in their inhibitor reactions but have weakly 
acidic pH optima [183]. Many invertebrate tryp
sins have the same pH dependence as the mam
malian trypsin. This is true, for example, for the 
proteinases, known as hypodermin A and B, 
excreted by the warble fly Hypoderma lineatum; 
these aid penetration of the host's connective tis
sues. They have a pH optimum of 8-9 and are 
reversibly inhibited at pH 4.5, although they are 
not destroyed, as is the case for other invert
ebrate trypsins [153]. 

Several serine proteinases of invertebrates 
have the ability to cleave collagen; examples 
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include those of the warble fly, the fiddler crab 
Uca pugilator, the starfish Pyenopdia helianthoi
des and the turbellarian Bipallium kewense 
[87, 153]. The only vertebrate enzyme that may 
be referred to in this connection is a collagenase 
from canine pancreas [11]; the other typical ver
tebrate collagenases all belong to the metallopro
teinases (Table 3.3) and have no digestive func
tions, although they are involved in developmen
tal processes like, for example, degeneration of 
the tail in the tadpole. The collagen serine protei
nases cleave the collagen triple helix about three
quarters of the way along the molecule in the 
same region as is cleaved by the metalloproteina
ses, although other peptide bonds are attacked. 
This collagen region apparently has a lower stabil
ity. Further degradation of the collagen that has 
been destabilized by cleavage is carried out by 
other proteinases. 

Proteinases that create a way through the egg 
membrane for spermatozoa are found in Hydro
zoa, various gastropods, the mussel Mytilus, sea 
urchins, ascidians, anurans of the Bufo genus, 
and various mammals [297]. Despite their similar 
biological roles, these enzymes have different 
binding specificities and therefore apparently 
arose independently during evolution. The acro
sin of mammals, which is present as a zymogen 
(proacrosin) in the small body at the tip of the 
spermatozoon (acrosome), is initially activated by 
acrolysin and later activated autocatalytically; it 
allows the spermatozoon to find a way through 
the zona pellucida of the egg. The enzyme 
resembles trypsin in its amino acid sequence and 
specificity for -ArglX- and -LyslX-bonds. In the 
activation of pro-acrosin, a C-terminal peptide of 
14 amino acids is cleaved initially. The cleavage of 
the peptide bond at 23-Arg then creates two 
different-sized subunits which are linked by a dis
ulphide bridge. For the formation of the active 
enzyme, an 18-amino-acid peptide is first cleaved 
from the C-terminus and this is followed by a 43-
amino-acid peptide that contains an unusual 
sequence of 23 consecutive proline residues [8]. 
The proteinase from the sperm of the sea urchin 
Hemicentrotus pulcherrimus corresponds rather 
more closely to chymotrypsin in its activity with 
synthetic substrates and its inhibitor sensitivity, 
whereas that of Strongylocentrotus purpuratus 
resembles acrosin and trypsin. In the digestion of 
the gelationous egg membrane, this proteinase is 
aided by an arylsulphatase [297]. In the sperma
tozoa of the ascidian Halocynthia roretzi there 
are, in fact, two very different trypsin-like prote
inases; one strongly resembles the acrosin of the 

mammals and is so named, whilst the other (sper
mosin) has a much narrower specificity [241]. In 
the snails Haliotis corrugata and H. rufescens, the 
acrosome of the spermatozoa contains an ampho
philic protein known as "lysin"; this produces a 
hole of 3 !-tm diameter in the egg membrane, 
although it possesses no enzyme activity. The 
lysins of the two species differ in 21 % of their 
136-137 amino acids [283]. 

The egg membrane also presents a problem for 
the hatching embryo, and in the insects, echino
derms, teleosts and amphibians enzymes are 
involved in the process [157]. The hatching 
enzyme of Xenopus laevis, which would normally 
be classified as a serine proteinase on the strength 
of its inhibition by diisopropylfluorphosphate 
(DFP) and phenylmethanesulphonylfluoride 
(PMSF) (Table 3.5), is not inhibited by trypsin 
inhibitors, however, but by zinc ions and ethy
lenediaminetetraacetic acid (EDTA); its classi
fication is thus unclear. A similar enzyme is found 
in Rana chensinensis; in contrast, the hatching 
enzymes of the teleosts are cysteine proteinases 
[282]. The best-known hatching enzyme is the 
cocoonase of the silkworms (Saturniidae), and 
this has been examined in detail in species of the 
genera Bombyx and Antheraea. The enzyme solu
bilizes only the sericin of the cocoon and not the 
fibroin, and it attacks other proteins with a 
trypsin-like specificity. This enzyme is produced 
as an inactive prococoonase of 28 kDa in special 
cells of the maxilla (galea) and is stored as a solid. 
The zymogen is dissolved and activated by an 
aqueous secretion prior to hatching. In some spe
cies, the cocoonase contains carbohydrates. The 
hatching enzyme of the sea urchin Paracentrotus 
lividus is a Ca2+ -activated protease [157]. 

3.3.3 Cysteine Proteinases 

The best-known cysteine proteinases of vertebra
tes are the lysosomal cathepsins, which play an 
important role in intracellular protein degrada
tion. Cathepsins B, Hand L have been investig
ated most thoroughly, and cathepsins M, N, Sand 
Tto a lesser extent (Table 3.3). The cathepsins B, 
Hand L belong to the same super-family as the 
plant proteinase papain and agree in up to 48 % 
of their sequences [226]. Cathepsin B is also 
apparently widely distributed in the invertebra
tes. Enzymes of this type are detectable, for 
example, in the lysosomes of protozoans, and 
allow the endozooic amoeba Entamoeba histoly-



tica to penetrate the gut wall of its host [162, 188], 
function as digestive enzymes in blood-sucking 
fleas, beetles and crustaceans [151, 184], and are 
involved in embryo development in various sea 
urchins and the brine shrimp Artemia as well as in 
insect metamorphosis [197,290]. A proteinase, in 
several forms of 27-31 kDa, has been isolated 
from the trematode Schistosoma mansoni, and 
this corresponds to the vertebrate cathepsin B in 
its activity with synthetic low molecular weight 
substrates; it is responsible for the digestion of 
haemoglobin from the host's blood. S. mansoni 
possesses multiple genes for this enzyme [30, 49]. 
Cysteine proteinases with particular properties 
are found in the paragonimid Paragonimus ohi
rai; they are inhibited not only by the usual thi
olprotease inhibitors, such as antipain and p
hydroxymercuriphenylsulfonate (p-HMPS), but 
also by urantitrypsin and soybean trypsin inhibitor 
[298]. The recently discovered Ca2+ -dependent 
neutral proteases (CANPs) also belong to the 
family of cysteine proteinases. Because of their 
homology to the plant proteinase papain, these 
enzymes have been given the name calpains by 
the IUB enzyme commission. Calpains have been 
detected not only in the muscles and other organs 
of vertebrates but also in molluscs, crustaceans 
and insects [211]. The vertebrate enzymes are 
heterodimers of an 80-kDa catalytic subunit and 
a 28-kDa chain which is cleaved off during acti
vation. On the basis of their calcium affinities, 
one can distinguish !-l-calpain (type I), which 
requires only 1-70 !-lmol Ca2+/l for half-maximum 
activity, and m-calpain, which requires 
0.4-0.6 mmol Ca2+/l. The breast muscle of the 
chicken contains a third "high m-calpain" type 
which needs 3.8 mmol Ca2+/l [294]. The catalytic 
chain of m-calpain from chicken muscle has been 
sequenced via its cDNA. Four domains can be 
recognized in the sequence of 705 amino acids. 
The catalytic domain II (positions 81-320) has 
30 % sequence agreement with other cysteine 
proteinases, and the regulatory domain IV 
resembles Ca2+ -binding proteins like calmodulin 
and troponin C; the functions of domains I and 
III are not yet known. The sequence agreement 
with proteins of other super-families suggests that 
calpains arose by gene fusion. The calpains appar
ently have no general proteolytic function but 
specific proteolytic activities that have not yet 
been described in detail. A sudden increase 
in intracellular Ca2+ concentration, as effected 
by the secondary messenger inositol-l,4,5,
trisphosphate, leads to the activation of this 
enzyme [18, 212]. 
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3.3.4 Aspartate Proteinases 

Characteristic of the aspartate proteinases is a pH 
optimum below 6 (acidic proteinases), the pres
ence of two especially reactive aspartate residues, 
and inhibition by the pepstatin of Streptomyces 
(Table 3.5). Two classes of acidic proteinases are 
found in the mammalian stomach: the pepsins 
and gastricsins, which serve to digest proteins in 
the adults; and the chymosins, which precipitate 
casein in the stomachs of young breast-feeding 
animals. The chymosins show such low general 
proteolytic activity that undigested milk immu
noglobulins can be harvested from young ani
mals. The gene and protein sequences have been 
determined for pepsinogens and prochymosins in 
various mammals, the chicken and tuna fish 
[101, 117, 129, 130, 216,273]. The various stom
ach proteinases agree in about 40 % of amino acid 
positions and are clearly homologous. Compari
son of the three enzyme types shows that pepsino
gen C (progastricsin) arose during evolution 
before the separation of prochymosin and pepsi
nogen A (Table 3.6). Not only do cathepsins D 
and E, renin and other intracellular aspartate 
proteinases of other species belong to the same 
super-family, but it also includes the fungal 
enzyme penicillopepsin, which has 24 % similar
ity to the stomach proteinases. The region around 
the active aspartate residue is particularly con
served. 

The aspartate proteinases often show a high 
degree of heterogeneity. This may be due to the 
existence of several genes but also involves post
translational modifications such as phosphoryla
tion, glycosylation or partial autolysis. Thus, in 
the pig stomach, for example, there are four dif
ferent pepsins and pepsinogens. The predominant 
pepsin A is mainly secreted in the region of the 
fundus and has a pH optimum of 2; pepsins Band 
C are released primarily into the antro-pyloric 
part of the stomach, have a somewhat narrower 
specificity than pepsin A, and have a pH opti
mum of 3; pepsin D is the phosphate-free form of 
pepsin A. The so-called gastricsin of primates cor
responds to pepsin C of the pig [267]. Multiple 
pepsins are known in other mammals including 
man and the chicken, but the homologies of the 
individual types in different species are uncertain. 
Multiple chymosins are also found; in calves 
there are two chymosins (A and B) with different 
sequences, and form C arises by autolysis. In 
pups of the seal Pagophilus groenlandicus there 
are four chymosins which, surprisingly, also 
appear in the adults [246]. In man, there are 
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marked individual differences in the relative pro
portions of the isoforms of pepsinogen A, and 
these are the result of differences in the number 
of genes [266]. 

The polypeptide chains in molecules of the 
pepsin-like proteinases form two lobes that are 
bound together by two antiparallel ~-strands; the 
active aspartate residues sit opposite each other 
in the groove between the two lobes [121, 129]. 
Similar to the three-dimensional structures, the 
internal symmetries of the nucleotide and amino 
acid sequences also support the conclusion that 
gene duplication and fusion occurred during the 
evolution of these proteinases [108]. An N
terminal pro-sequence is cleaved off during the 
activation of the zymogens that form in the stom
ach. The pro-sequence of the pepsinogen in mam
mals is 48 amino acids long and in the chicken has 
44 amino acids; it is normally sequentially 
removed in several short fragments, except in 
Macaca fuscata, where it is removed as a whole by 
one cleavage reaction [129]. 1\vo activation pepti
des are removed from the progastricsin of M. fus
cata,' one is 25 and the other 18 amino acids long 
[130]. 

The further away from the mammals in the ver
tebrate hierarchy, the less comparable are the 
stomach proteinases with those of the mammals. 
The chicken pepsinogen is still quite similar to pig 
pepsin A, with 62 % identical amino acids. This is 
a glycoprotein that is electrophoretically hetero
geneous due to a variable number of sulphate 
residues in the carbohydrate fraction [13]. In the 
frog Rana catesbeiana, the same four pepsinogens 
are produced in the oesophagal glands and in the 
stomach wall. Their molecular masses of 
31-34 kDa are significantly lower than that of the 
pig pepsinogen A (43 kDa), although this omis
sion of about 100 amino acids does not reduce 
either the catalytic activity or the immunological 
cross-reactivity to the human pepsinogen [250]. 
The two "gastricsinogenS" of the marine pike 
Merluccius have a similar reduced size. The stom
ach proteinases of the cartilaginous and bony fish 
also differ from those of the mammals in other 
properties, e.g. in the presence of a chymosin-like 
activity, in the reduced activity with certain syn
thetic substrates, and in the greater resistance to 
alkali [80, 91]. 

Renin is an aspartate proteinase of extremely 
narrow specificity whose pH optimum, in contrast 
to all other enzymes of this class, extends over the 
neutral range (pH 5-8). The enzyme is produced 
in juxtaglomerular cells in the kidney and 
released into the blood plasma in response to cer-

tain signals. There it cleaves off angiotensin I 
from the dodecapeptide angiotensinogen; by the 
action of a "converting enzyme", the former is 
then converted to angiotensin II, the most effec
tive of all blood-pressure increasing substances 
(see Fig. 8.5, p. 302). Whilst the renin activity of 
the kidneys is actually quite low, high activities 
are found in the submaxillary glands of males of 
several mouse strains. However, the glycosylated 
enzyme of the kidney and the carbohydrate-free 
enzyme of the salivary gland are encoded by dif
ferent genes; the sequences of the two enzymes 
differ by only 3 %, with the glycosylation site, as 
expected, being amongst the 21 exchanged amino 
acids. In man there is only one renin gene, the 
product of which shows 69 % agreement with the 
kidney enzyme of the mouse. Thus, it would 
appear that the gene duplication which led to the 
formation of distinct kidney and salivary gland 
renins in the mouse occurred about 12 million 
years ago, assuming that the evolutionary lines of 
man and mouse separated about 80 million years 
ago [214]. 

The catbepsins D and E are closely related to 
the other aspartate proteinases (Table 3.6), but 
are the only members of this family to be found in 
the lysosomes [18]. They are involved, for exam
ple, in tail shortening during the metamorphosis 
of the tadpole to the frog [186]. Similar intracellu
lar enzymes have been detected in a range of very 
different invertebrates, from the Protozoa 
upwards [138, 196, 236]. In insects, they are 
apparently involved in the lysis of the larval tis
sues during metamorphosis [138]. In the shelled 
molluscs they are particularly active in mantle tis
sues and may therefore have something to do 
with shell formation [196]. In the Hemiptera, on 
the other hand, cathepsin D appears to function 
extracellularly as a digestive enzyme, helped in 
the case of the blood-sucking forms by cathepsin 
C, which is otherwise normally intracellular and 
belongs to the cysteine proteinases [112]. 

3.3.5 Metalloproteinases 

The best-known metalloproteinases are the ver
tebrate collagenases, which are inhibited by 
EDTA and reactivated by Zn2+ [71]. There are 
several types of such enzymes in the intercellular 
matrix and they have varying specificities for dif
ferent matrix components. The collagenases sec
reted by fibroblasts and white blood cells cleave a 
particular bond in the triple helix of collagens 
type I, II, III and VII at a position about three-



quarters of the way along the molecule' the 
resulting cleavage products may then be fdrther 
degraded by other proteases. The collagenases 
from human fibroblasts and neutrophils show 
abou~ 57 % sequence agreement [100, 166]. The 
gelatmases are not active against the fibrillar col
lagens but are active against collagens type IV, V 
and VII as well as fibronectin; stromelysin predo
minantly degrades proteoglycans. All these enzy
mes, however, are homologues and show up to 
50 % sequence agreement [39, 240]. 

The .elastases of the serine enzyme group are 
found m all vertebrates above the Agnatha; in 
contrast, there is an enzyme, first discovered in 
1984, that is restricted to the teleosts, cleaves typ
ical elastase substrates, but belongs to the zinc
containing metalloenzymes [301]. In several ver
tebrates there are collagenolytic serine proteina
ses [153]; however, one of the two collagenases of 
the starfish Pyenopodia helianthoides is a metal 
proteinase that is, in fact, better activated by Ca2+ 

than by Zn2+ [4]. Four proteinases have been isol
ated from the digestive fluids of the spider Argi
ope, these have an alkaline pH optimum and are 
all inhibited by EDTA. The inhibition can be 
relieved by Zn2+, and they are, therefore, appar
ently metalloproteinases. They have a particu
larly low molecular mass of 17 kDa. Two of the 
four enzymes cleave the fibroin of the web, and 
all the enzymes have elastase activity [137]. 

An enzyme discovered in 1967 in the hepato
pancreas of the crayfish Astacus fluviatilis is uni
que amongst the zinc proteinases. The molecular 
mass of this enzyme is 22.6 kDa and there is one 
zinc atom per mole; the previously described 
molecules of only 11 kDa were artefacts caused 
by ~apid autolysis below pH 4. The polypeptide 
cham of 200 amino acids shows no similarity to 
other protein sequences; only one short stretch 
(amino acids 90-99) is similar to the metal
binding site of thermolysin. The pH optimum is 
about 8, and the artificial heptapeptide dansyl
Pro-Lys-Arg-Ala-Pro-Trp-Val, which is cleaved at 
the Arg/Ala bond, is processed much better than 
~atural protein substrates. Other proteins with 
Immunological similarities to the Astacus enzyme 
have been detected in other crustaceans. Astacus 
f!.uviatilis ~lso ~oss~sses trypsins and carboxypep
tIdases WhICh, m thIS case, are very similar to the 
mammalian enzymes [260, 278]. 
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3.4 Proteinase Inhibitors 

Natural inhibitors are known for many different 
!yp~s. of enzyme [286], but only the proteinase 
mh~bIt?rs ~ppear to be ubiquitous. Although 
theIr bIOlogIcal role can, in general, be defined as 
the prevention of undesirable proteolysis, the 
detaIls are often not understood. Proteinase inhi
bitors are usually discovered by observation of 
the inhibition of common proteinases like trypsin 
or p~pain, but the actual target enzyme may 
remam obscure. In only a minority of cases is the 
biological function apparent: the trypsin inhibi
tors prevent the premature activation of trypsino
gens and other zymogens in the pancreas; the 
proteinase inhibitors of the blood plasma inhibit 
the proteolytic cascade of blood clotting and com
plement activation, and the release of active hor
mones from precursors. The plant proteinase 
i~hibitors serve in the defence against the diges
tIve sy~tem of herbivorous animals. With a single 
exceptIon, the proteinase inhibitors are specific 
for one class of proteinases. Only the U2-
~acroglobulinsl (u2M) inhibit all classes of prote
mases and they also differ from all other protei
~as~ .inhibitors. in their mode of action. Many 
mhibitors of ammal serine and cysteine proteina
ses have already been sequenced but only one 
aspartate proteinase inhibitor has been se
quenced; this is a pepsin inhibitor from the 
roundworm Ascaris suum. In this latter case, the 
sequence of 149 amino acids has no homology to 
other known proteins [170]. 

3.4.1 Serine-Proteinase Inhibitors 

The presently known inhibitors of serine protei
nas~s. belong to several different protein super
families (Table 3.7) on the basis of their sequen
ces and spatial structures, but all have the same 
mode of action; they thus serve as a good exam
ple .of convergent protein evolution. The organ
IzatIOn of the disulphide bridges suffices to distin
guish the individual families, but the absolute 
?ef~n~tion ?f ~~e phylogenetic relationships of 
mdlVldual mhibitors requires knowledge of the 
complete amino acid sequences. In addition to 
the examples given in Table 3.7, more than 100 
other, less well-known serine-proteinase inhibi
tors have been described and there may possibly 

1 The Greek letters and numbers refer to the localization 
?f the inhibitors in electrophoregrams of plasma prote
ms. 
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Table 3.7. Protein super-families of the serine-proteinase inhibitors [10, 16, 41, 55, 62, 78, 106, 109, 111, 133, 134, 179, 
213, 243,280, 296] 

1. Serpins 
urtrypsin inhibitor (uIAT): 394aa, inhibits elastase, 

PI = Met 
urantichymotrypsin (uIAChy): 430aa, PI = Leu 
Antithrombin III (AT-III): 423aa, inhibits thrombin, PI = Arg 
uz-antiplasmin (uzAP): 452aa, inhibits plasmin with PI = 364-Arg, 
and chymotrypsin with PI = 365-Met 
Nexin from glial cells: 378aa, PI = Arg 
Contrapsin: only known from mouse, 215aa, PI = Lys 
Ovalbumin: 385aa, PI = Ala 
Angiotensinogen: about 450aa, no inhibitor activity, PI = Gly 
Manduca secta haemolymph: 392aa (including the signal sequence), inhibits elastase; two similar inhibitors for 

chymotrypsin and trypsin 

2. Bovine pancreas trypsin inhibitors (BPTI, Kunitz type; Fig. 3.8) 
BPTI: apparently only in the Bovidae, in all bovine organs, 58aa 
Colostrum trypsin inhibitor: 67aa, in cattle and pigs 
Inter-u-trypsin inhibitor: in the blood plasma of mammals, heterodimeric or -trimeric glycoproteins of 240 kDa 
Lipoprotein-associated coagulation inhibitor: 276aa, three inhibitory domains, inactivates the blood-clotting factor X. 
Proteinase inhibitors in snake toxins: 57-65aa, toxic but in some cases without inhibitory acitvity 
Chelonianin from the egg albumin of an unidentified Red Sea turtle species: 110aa, with two domains; the first domain 

(58aa) with PI = Lys inhibits trypsin, the second domain (52aa) inhibits subtilisin and belongs to a new inhibitor 
family 

Nerve growth factors from mammals and snake toxins 
Helix pomatia slime: inhibitor K with 58aa, and further inhibitors with PI = Lys or Arg 
Bombyx mori haemolymph: silkworm chymotrypsin inhibitor (SCI)-III with 63aa, and further chymotrypsin inhibitors 

3. Secretory pancreas trypsin inhibitors (PSTI, Kazal type) 
PTSI: 56aa, apparently present in all vertebrates in the zymogen granulae of the pancreas; inhibits trypsin but not 

enterokinase 
"Acrosin inhibitors" from spermatozoa and seminal plasma of mammals: 57-63aa, target enzyme(s) unknown 
"Many-headed" submandibular gland inhibitor in the dog: 115aa, two domains: the first (PI = Arg) inhibits trypsin, 

the second (PI = Met) inhibits chymotrypsin, subtilisin and elastase 
Ovomucoid in avian egg albumin: 186aa, three domains with species-specific specificity 
Ovoinhibitor in avian egg albumin and blood plasma: in the quail Coturnix japonica there are six domains, the first 

three of which inhibit trypsin (PI = Arg in all cases), and the other three inhibit chymotrypsin, subtilisin and 
elastase (PI = Tyr, Met, Met) 

Testudin from turtle eggs: two domains 
Bdellins from the leech Hirudo medicinalis: small (5-7 kDA) and large (about 20 kDa) 
Elastase inhibitor from Anemone sulcata: 48aa 

4. Hirudins 
Hirudins from H. medicinalis: 65-66aa, inhibit thrombin 

5. Ascaris trypsin inhibitors 
A trypsin inhibitor (66aa) and several chymotrypsin inhibitors in A.lumbricoides 

6. Eglins from H. medicinalis 

7. Antistatins and ghilantens from the leeches Haementeria officinales and H. ghilianii 

form further protein families. It is clear that the 
nomenclature of the serine-proteinase inhibitors 
is problematic; the families are named after the 
first-discovered inhibitor and its discoverer. Indi
vidual inhibitors are named according to both the 
organ in which they were first detected, even 
when they also occur elsewhere, and the protei
nase used for the assay, even though the natural 
target proteinase is in most cases still unknown. 
Thus, for example, the ovoinhibitor of the 
chicken is not restricted to the egg but also 

appears in blood plasma; the so-called trypsin or 
chymotrypsin inhibitors undoubtedly also have 
other target enzymes. 

The action of the serine-proteinase inhibitors 
involves reversible binding of the active site of 
the inhibitor to the active centre of the protei
nase. Compared to the reaction of the proteinase 
with a real substrate, the affinity for the inhibitor 
is extremely high (low Km) and the cleavage reac
tion very slow (low kcat). Furthermore, the chains 
are held together after cleavage by a disulphide 
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Fig.3.8. The N-terminal sequences of several proteinase 
inhibitors from the family of bovine pancreas trypsin inhibi
tors (Kunitz type) with the reactive bond PI-P"~ [136, 238]. 
PT!, bovine pancreas trypsin inhibitor; CT!, bovine colos-

bridge between the reactive sites. Because both 
the intact and cleaved inhibitor can bind to the 
proteinase, the latter is permanently inhibited. 
Interestingly, an inhibitor of one proteinase can 
be a good substrate for another: thus, for exam
ple, the bovine pancreatic trypsin inhibitor 
(BPTI) is rapidly cleaved at the reactive 15-Lys/ 
16-Arg bond by a trypsin-like enzyme of the star
fish Dermasterias imbricata [66]. The amino acids 
making up the reactive site are referred to as P 1 

and p l l (Fig. 3.8); the PI amino acid determines 
the specificity of the inhibitor for trypsin 
(PI = Lys, Arg), chymotrypsin (PI = Phe, Leu, 
Met), elastase (PI = Ala, Ser, Met, Val) or throm
bin (PI = Arg) [26]. Many of the inhibitors are 
made up of several domains, each with one reac
tive site; the number of domains may vary 
between two and six (many-headed inhibitors) 
(Table 3.7). The reactive sites of the proteinase 
inhibitors exhibit a particularly high variability in 
their evolution; active centres are otherwise usu
ally highly conserved. Substitution of PI does not 
result in a loss of inhibitory activity but only a 
change in specificity; in general, substitution of 
p l l has no effect on either activity or specificity 
(only proline is not functional) [106, 150]. 

Proteinase inhibitors comprise about 10 % of 
the total protein in human blood plasma (Tab
le 3.8). Plasma shows inhibitory activity against 
proteinases of all classes: in addition to the uni
versal inhibitor uzM and various serine
proteinase inhibitors, there are also inhibitors of 
cysteine proteinases and collagenolytic metallo
proteinases, although these have relatively low 
activities. Almost all the blood plasma inhibitors 
have such a broad specificity that their biological 
roles are not really recognizable. Although there 
are some species-specific differences, all mam
mals have a spectrum of inhibitors similar to that 
of man; the rich inhibitor spectrum of birds, how
ever, is not at all comparable with that of the 
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RPDFCLEPPYTGPCK 
FQTPPDLCQLPQARGPCK 

AR II RY FYNAKA ••• 
AALLRYFYNSTS ••• 
GYMKLYSYNQET ••• 
ASFRQYYYNSKS ••• 
GHLRR IYYNLES ••• 
AYMPRFYYNPAS ••• 
ARIRSFHYNRAA ••• 
GRIPRYFYNPAS ••• 

DEPTTDLPICEQAFGDAGLCF 
ZGRPSFCNLPAETGPCK 
HDRPTFCNLAPESGRCR 
RDRPKFCYLPADPGRCL 

RPRFCELPAETGLCK 
ZGDKRDICRLPPEQGPCK 

trum trypsin inhibitor; SCI-III, Bombyx mori chymotrypsin 
inhibitor III; HpT!, Helix pomatia trypsin inhibitor; Vi; 
Vipera russeli toxin inhibitor II; Va, Vipera ammodytes toxin 
inhibitor; Nn, Naja nivea toxin inhibitor; Chel, chelonianin 

mammals, and comparisons with the lower ver
tebrates are even more difficult to make. 

The protein super-family of the serpins con
tains not only various proteinase inhibitors but 
also the angiotensinogens and ovalbumins, which 
have no proteinase inhibitory activity. All these 
proteins are significantly homologous. Human Ur 
antitrypsin (uIAT) shows 42 % agreement with 
human ul-antichymotrypsin (ulAChy), 28 % with 
AT-III, and 24 % with chicken ovalbumin. The 
exonlintron organization of the various serpin 
genes is very different; one finds eight introns 
(plasminogen activator inhibitor, PAl-I), seven 
introns (ovalbumin, PAI-2), five introns (anti
thrombin, AT-III) or four introns (uIAT, ulAChy, 
angiotensin) in various positions [218]. 

The ulAT (or UI proteinase inhibitor) from 
human blood plasma consists of one polypeptide 
chain of 394 amino acids which is glycosylated at 
three positions. There are more than 50 human 
alleles [125]. ulAT acts on all serine proteinases 
with variable effectiveness but its physiological 
substrate is the elastase released by neutrophil 
leukocytes. The P/P' I active centre has the 
sequence 358-Met/359-Ser. The rat ulAT is 70 % 
similar to the human protein and 80 % similar to 
that of the mouse [29]. In the house mouse, Mus 
musculus, as in other mammals, ulAT is synthe-

Table 3.8. The most important proteinase inhibitors in 
human blood plasma [189] 

u,-trypsin inhibitor (u,AT) 
u,-antichymotrypsin (u,AChy) 
Inter-u-trypsin inhibitor (luI) 
u2-antiplasmin (u2AP) 
Antithrombin III (AT-III) 
C1 inactivator 
uz-macroglobulin (u2M) 

Concentration Size 
(mgll) (kDa) 

2900 
500 
500 

70 
240 
240 

2600 

52 
69 

160 
70 
65 
70 

720 
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sized exclusively in the liver; in contrast, in the 
related species M. cairoli the concentration of 
<lIAT mRNA is almost as high in the kidney as in 
the liver. Both genes are expressed in the liver of 
hybrids, but only the M. cairoli gene is expressed 
in the kidney; thus, a cis-active element appears 
to be responsible for the tissue specificity. The 
inhibitor synthesized in the liver is released into 
the blood plasma, whereas that in the kidneys 
enters the urine [15]. Horse plasma contains a 
pre-<l2-elastase inhibitor that only inhibits elas
tase and trypsin. This is a hybrid molecule of 
<lIAT and a horse-specific <lzl~l glycoprotein 
[209]. 

In man, there is only one gene for <lIAChy, in 
contrast to the mUlti-gene family of the mouse 
and rat [10, 106]. The serpins involved in the 
regulation of blood clotting are AT-III, <l2-
antiplasmin (<l2AP) and the plasminogen activ
ator inhibitors PAI-l and PAI-2; the lipoprotein
associated coagulation inhibitor that inhibits fac
tor Xa belongs to the Kunitz type [296]. <l2AP pos
sesses two overlapping PI/P'l sites, of which 364-
Arg/365-Met reacts with plasmin and 365-Metl 
366-Ser with chymotrypsin [213]. Despite their 
similar specificities, PAI-l and PAI-2 have com
pletely different structures; PAI-2, like the 
closely related ovalbumin, is secreted without 
cleavage of a signal sequence [261, 299]. Gliae 
cells from rat brain secrete the proteinase inhib
itor nexin, which promotes neurite growth. Rat 
nexin agrees in 84 % of its sequence with human 
nexin, 32 % with AT-III and 25 % with <lIAT 
[254]. In addition to <llATin the blood plasma of 
the mouse, there is a further trypsin-specific 
inhibitor, contrapsin, which, despite the differ
ence in specificity, is more similar to human <lIA
Chy (60 %) than to mouse <lIAT (44 %) [106]. 

The family of bovine pancreas trypsin inhibi
tors (BPTI family, Kunitz type) includes not only 
inhibitors from blood plasma but also those from 
snake toxins (Fig. 3.8), which will be dealt with in 
Chapter 9. These polypeptides are, without 
exception, toxic; several of them, e.g. the dend
rotoxins from the black mamba, Dendroapsis 
polylepsis, have lost their proteinase inhibitory 
activity [60]. The chelonianin from the eggs of a 
Red Sea turtle species appears to be the result of 
gene fusion (exon shuffling); the two domains 
belong to separate protein super-families, one to 
the Kunitz family and the other to a previously 
unknown family [134]. 

In the egg albumin of birds, the ovomucoid 
which belongs to the family of secretory pancreas 
trypsin inhibitors (PSTI family, Kazal type) is of 

particular interest from a comparative bioche
mistry point of view. The inhibitory effect of the 
ovomucoids on trypsin (T), on the one hand, and 
on chymotrypsin, subtilisin and elastase (CSE) , 
on the other hand, differs greatly between spe
cies. In the chicken, one T is bound per molecule 
of inhibitor, in the golden pheasant it is one C, in 
the turkey one T and one CSE, and in ducks there 
are two T's and one CSE. The explanation for this 
curious variation lies in the fact that the ovomuc
oid chain consists of three domains whose reac
tive sites are T-specific, CSE-specific or neutral, 
according to the nature of Pl. It is particularly 
clear in this case that the amino acid PI of the 
reactive centre varies considerably in its evolu
tion. In the completely sequenced ovomucoid of 
the chicken, the three domains occupy positions 
1-64, 65-130 and 131-186 [135]. The sequences 
of the third domain in 125 bird species have been 
compared. 45-Asn is always completely or parti
ally glycosylated, except in the ostrich, which has 
a carbohydrate-free serine at this position. In the 
pheasants, the ovomucoid molecule carries the 
additional amino acids 134-Val and 135-Ser; this 
variation stems from inaccurate splicing of an 
intronlexon boundary [150]. Other proteinase 
inhibitors of the Kazal type also contain several 
domains (between one and six), each with a reac
tive centre (many-headed inhibitors) (Table 3.7). 
The two-headed inhibitors, for example, are 
quite well known; these were discovered in 
canine saliva but are also found in various cat spe
cies [223]. 

In the case of only a few invertebrate serine
proteinase inhibitors is there enough information 
to allow their classification into known or new 
families (Table 3.7). The proteinase inhibitors 
from the slime of the vineyard snail, Helix poma
tia, are amongst the best known; the Kunitz-type 
inhibitor (K) has in fact been sequenced. There 
are three to four different inhibitors in the egg 
albumin glands of the investigated pulmonate 
snails, and the spectrum of activity of these 
against different proteinases varies with the spe
cies [198]. In the insects, the inhibitors from lar
val haemolymph of the moths Bombyx mori and 
Manduca sexta have received particular attention 
(Table 3.7). In B. mori, at least 15 chymotrypsin 
inhibitors (SCI) can be separated electrophoretic
ally, and SCI-I, SCI-II and SCI-III have been 
sequenced and identified as belonging to the 
Kunitz type [54]. In M. sexta, four 47-kDa serpins 
with different specificities have been identified, 
of which the elastase inhibitor has been 
sequenced. In addition, the haemolymph con-



tains two Kunitz-type trypsin inhibitors 
[133,219]. In the haemolymph of the horseshoe 
crab, Limulus polyphemus, a novel trypsin inhib
itor has been detected and constitutes a new class 
of protease inhibitors [58]. The best-known inver
tebrate proteinase inhibitors are the hirudins, the 
inhibitors of blood-clotting found in the saliva of 
the leech Hirudo medicinalis. They inhibit both 
thrombin and trypsin and are present in more 
than ten isoforms, all of which are 65 amino acids 
long and differ in just a few positions [243]. In the 
anterior gut, but not in the saliva or the mid-gut 
of H. medicinalis, are two further types of protei
nase inhibitors which perhaps have antibacterial 
functions: the bdellins belong to the Kazal group 
and appear as smaller (5-7 kDa) and larger 
(20 kDa) variants. The eglins have a length of 70 
amino acids and belong to their own super-family 
[9]. In the saliva of the North American blood
sucking leech, Haementaria officinalis, is an 
inhibitor of the blood-clotting factor Xa; this is a 
protein of 119 amino acids, including 20 cysteine 
residues, belongs to a new super-family and has 
been named "antistasin". The inhibitor known as 
"ghilanten" from the closely related species 
H. ghilinaii is very similar [16, 62]. A highly spe
cific Xa inhibitor has also been detected in the tick 
Ornithodorus moubata; this is a peptide of 60 
amino acids of the Kunitz type [291]. 

The roundworm Ascaris lumbricoides is equip
ped with inhibitors against all proteinases present 
in the host gut lumen: in each case there are sev
eral inhibitors of low molecular weight 
(7-20 kDa) for pepsin, chymotrypsin and elas
tase, and trypsin. On the basis oftheir sequences, 
the trypsin and chymotrypsin inhibitors have 
been allocated to a new super-family. The horse 
roundworm, Parascaris equorum, also produces 
inhibitors, about which little is as yet known 
[170]. A strictly elastase-specific inhibitor from 
the sea anemone Anemonia sulcata has been 
identified as an atypical Kazal type on the basis of 
its sequence [280]. An inhibitor that inhibits tryp
sin, but not chymotrypsin or thrombin, has been 
isolated from the coelom fluid of the starfish Aste
rias forbesi [167]. 

3.4.2 Cysteine-Proteinase Inhibitors 

The inhibitors of the vertebrate cysteine-, 
aspartate- and metalloproteinases have been 
much less investigated than those of the serine 
proteinases, and comparative biochemical data 
are almost completely absent. Cystatin from 
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chicken egg albumin was the first representative 
of a super-family of cysteine-proteinase inhibitors 
of the same name, many more examples of which 
have since been found in man and other mam
mals. Three, or perhaps four, families of closely 
related proteins can be distinguished within the 
cystatin super-family [38, 220]. Cystatins of 
type 1 (stefins) are molecules of about 100 amino 
acids (11 kDa) without disulphide bridges. They 
include, for example, mammalian cystatins A and 
B, of which B is found in many cell types and A is 
restricted to the epithelium and leukocytes. The 
function of cystatin A is probably to inhibit the 
cysteine proteinases of invading parasitic Proto
zoa [12]. The type-2 cystatins, which include the 
chicken egg cystatin, consist of about 115 amino 
acids (13 kDa) with two disulphide bridges close 
to the C-terminus. The cystatin family includes 
not only various intra- and extracellular cystatins 
from mammals and birds but also an inhibitor in 
the poison of the puff adder, Bitis arientans 
[12,224]. The cystatins of type 3, the kininogens, 
have the most complicated structure of all. Their 
polypeptide chain of about 355 amino acids 
makes up three domains, similar in structure to 
the type-2 cystatins but with different inhibitory 
activities and specificities. It appears that two 
gene duplications occurred during the evolution 
of the kininogens. The C-terminal region of the 
kininogen chain contains the sequence of the 
blood-pressure reducing peptide hormone brady
kinin, which is released through the activity of the 
serine proteinase kallikrein (see Fig. 8.5, p. 302). 
The kininogens also contain additional disulphide 
bridges and are glycosylated [12]. 

Cystatins inactivate the plant cysteine protei
nase papain and the lysosomal cathepsins B, H 
and L; calpain II, in contrast, is only inhibited by 
particular kininogens. The mechanism by which 
the cystatins inhibit enzymes is not yet completely 
understood [17]. A family tree can be constructed 
using the known sequences of cystatins from 
mammals and birds. Assuming that the rate of 
evolution of the cystatins has been constant, then 
the common ancestral form of the present cysta
tins must have existed before the eukaryotes. In 
fact, a cysteine-proteinase inhibitor with clear 
homology to the animal cystatins has been found 
in rice plants [1, 52]. A proteinase inhibitor spe
cific for cathepsin L has been isolated from pig 
leukocytes; the sequence of 96 amino acids shows 
no significant homology with cystatin and appar
ently belongs to a new super-family [225]. In the 
fly Sarcophaga peregrina, there is a cysteine
proteinase inhibitor (sarcostatin A), of about 
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10 kDa, which is produced in the fat bodies and 
released in increasing amounts into the haemo
lymph during pupae development. Its function 
would appear to be to protect tissues from attack 
by proteinases, released during metamorphosis 
from degraded larval cells [263]. 

3.4.3 Clz-Macroglobulins 

Cl2-Macroglobulins are large glycoproteins present 
in the blood of vertebrates and invertebrates and 
in the egg albumin of birds and reptiles. The Cl2M 
of mammalian plasma consists of four subunits 
connected in pairs by disulphide bridges to form 
dimers. The human subunits are made up of 1451 
amino acids which agree at 73 % of positions with 
those of the rat. This super-family also includes 
the human pregnancy zone protein, the Clz
macroglobulin and the Clrinhibitor 3 of the rat. 
Most members of the family are tetramers, but 
some are dimers (frog Cl2M, human pregnancy 
zone protein) or monomers (rat Cll-inhibitor 3). 
Ovostatin, a proteinase inhibitor from chicken 
egg albumin, is similar in sequence to the blood 
plasma Cl2M at least at the N-terminus. There is 
significant agreement between Cl2M and partial 
sequences of the complement components C3 
and C4 ofthe mouse; the latter, however, contain 
regions that are not present in Cl2M. The evolution 
of the complement components possibly included 
a gene fusion (exon shuffling). The complement 
components, like Cl2M, contain an internal thioes
ter bond that is formed by reaction of a cysteine 
thiol group with the y-carboxyl group of a neigh
bouring glutamate [256, 357]. 

The inhibitory action of azM is basically differ
ent from that of typical proteinase inhibitors; 
Cl2M inhibits proteinases of all classes and the 
formation of the Cl2M/enzyme is irreversible. 
Only proteolytic activity against macromolecular 
substrates is inhibited; the proteinases retain 
their activity against low molecular weight sub
strates, even when complexed with Cl2M.· The 
explanation for this behaviour lies in the mechan
ism of inhibition. According to the trap hypothe
sis, the proteolytic cleavage of at least one sub
unit brings about a conformational change in the 
azM which allows it to envelope the proteinase 
and prevent interaction with macromolecular 
substrates. The establishment of covalent bonds 
binds the proteinase irreversibly to the Cl2M; the 
complex is then rapidly eliminated by uptake into 
macrophages or other cells [181]. The active 
centre of the proteinase is involved in the initial 

cleavage of the Cl2M but not in complex forma
tion, and therefore retains it activity against low 
molecular weight substrates. The Cl2M chain is 
cleaved in a region in the last third of the mol
ecule before the C-terminus; this contains pep
tide bonds that correspond to the different spe
cificities of the individual proteinases [257]. It is 
characteristic of Cl2M that it only inhibits that 
activity of the bound proteinase that is directed 
against protein substrates protecting it from other 
macromolecular proteinase inhibitors; further
more, the activity of Cl2M is itself inhibited by 
methylamine. Based on this property, azM can be 
detected in the blood plasma of all classes of ver
tebrates from the agnathans Petromyzon and 
Myxine to the mammals [235]. The Cl2M forms of 
the chicken and the frog Rana pipiens are appar
ently very similar to those of the mammals in 
structure and mode of action [70]. In contrast, the 
fish plasma protein (ClMh) that is homologous to 
Cl2M is only half the size of the mammalian pro
tein and consists of two heterodimers with 105-
and 90-kDa subunits (I and II) linked by a disul
phide bridge. The evolution of ClMh to Cl2M either 
involved the fusion of two genes (I and II) or, if I 
and II are the products of one gene and arose by 
post-translational modification, the cleavage site 
has been lost in the evolution of Cl2M [259]. In the 
pig, dog, rat and rabbit there are two structurally 
different azMs whose relative proportions change 
during development, pregnancy and acute 
inflammation, and which apparently have differ
ent biological functions. 

Cl2M-like proteinase inhibitors are also detect
able in the xiphosuran Limulus polyphemus and 
in several crustaceans. Sequence comparisons 
between the thioester-containing regions or com
parisons of the peptide cleavage patterns reveal 
similarities between the inhibitors of L. polyphe
mus, Homarus americanus and Pacifastacus 
leniusculus and the Cl2M of mammalian plasma. 
Like the mammalian Cl2M, the inhibitors of the 
above-mentioned arthropods are inactivated by 
methylamine; an exception to this is found in 
Cancer borealis [6,65]. The Cl2M-like protein 
from Astacus haeniolymph is different to the pro
teinase inhibitor found in the haemocytes and 
cuticle; the latter inhibitor is highly specific for 
the proteases of the fungus Aphanomyces astaci, 
the causative organism of the crayfish pest. 
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from the coding nucleotide sequences rather than 
by direct analysis. 

Molecular characters, such as nucleotide or 
amino acid sequences, and their directly corre
lated molecular properties are particularly useful 
for studies of evolution on several grounds: (1) 
they are unambiguous and there are no gradual 
transitions; (2) they are quantifiable and suitable 
for genetic analysis; (3) they always relate to dis
tinct genomic sites (loci); (4) they are easily iden
tifiable even when they are not mutated; (5) they 
are independent of internal and external condi
tions and are recognizable in heterozygotes, 
where there is no dominance or epistatic interac
tion between the genes; (6) they have an extraor
dinary capacity for coding information, and each 
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of the many positions in a sequence corresponds 
to a character with 20 (protein) or 4 (nucleic acid) 
different variants; (7) in contrast to morpholo
gical characters, they can usually be widely com
pared, often among all organisms; and (8) the 
convergence of long sequences is very unlikely 
and, therefore, numerical methods can be used to 
determine genetic relationships; derived pheno
typic (e.g. morphological) characters are more 
uncertain of the possibility of convergence. 

DNA variability is a prerequisite of evolution. 
According to the synthetic (neo-Darwinian) the
ory of evolution, a change in, or the emergence of 
a species is based upon the different effects of 
selection on genetic variation already available in 
the population. Alterations to the DNA as the 
carrier of genetic information in the germline 
arise because DNA replication and repair are not 
error-free [215]. Corresponding changes in 
somatic cells may have serious consequences for 
cell function and the fate of the whole organism -
one has only to think of the genetic mechanisms 
of tumour formation - but are of negligible 
importance in evolution. The frequency of error 
during DNA replication and repair clearly must 
satisfy the need for correctly functioning gene 
products but, on the other hand, it should ensure 

sufficient variation to allow adaptation to chang
ing conditions. The error frequency itself is quite 
clearly the result of selection. Gene duplication 
and an excess of non-coding sequences allow a 
relatively high variability in the DNA without 
endangering the supply of usable gene products. 
Mutations arise as genetic events in individuals. 
Only after the genetic change has spread through 
a population to the extent that it is present in 
many individuals, i.e. it is "fixed" in the popula
tion, does it have any importance for evolution; 
the genetic alterations occurring in the germline 
of single individuals become evolutionary events 
through their fixation in the population. In nucle
otide substitution, for example, it is therefore nec
essary to distinguish clearly between "mutations" 
(genetic) and "substitutions" ( evolutionary). 
Whether a newly occurring mutation becomes 
fixed in the population or is eliminated depends 
upon the effects of selection and change (drift). 

Selection affects organisms rather than single 
genes. Its effects, however, can be detected in the 
whole cascade of gene function, from the nucleic 
acids via the proteins to the most complicated 
phenotypic characters (Fig. 4.1). Selection does 
not only affect the ability to survive; more than 
anything it selects for reproductive success (fit-

Selection can act at all stages of gene expression: 

DNA 

j 
RNA 

1 
Protein 

structural/functional properties of DNA 
DNA/protein interactions and chromatin 
structure 
DNA replication 
post-replicative modifications 
transcription and its regulation 

mRNA processing and transport from the 
nucleus to the cytoplasm 
chemical and biological stability of mRNA 

translation and its regulation 
post-translational modification and 
transport into the relevant cell 
compartment 
structural/functional properties such as: 
solubility, charge, folding into specific 
conformations, development of specific 
quaternary structure, interaction with 
other cell components, etc. 
chemical and biological stability 
function of individual amino acids 

Complex phenotypic characters 
the biological role of the protein in the 
organism Fig.4.1. Sites at which selection acts 



ness), i.e. the ability to pass on genes to as many 
progeny as possible; selection doesn't always 
leave behind just corpses. Two types of selection 
can be conceptually distinguished. Negative or 
stabilizing selection eliminates those variants that 
display reduced fitness because of marked pheno
typic changes. Positive selection, i.e. the fixation 
of fitness-increasing mutations, appears to be of 
rarer occurrence in nature. 

Adaptive evolution is often understood to 
mean the "choice", made by the process of selec
tion, of one of the many "solutions" available to 
the organism because of genetic variation to a 
"problem" posed by a change in the environment. 
However, the relationships between genes, orga
nisms and the environment are much more com
plicated, as the following considerations show: 

1. The quantitative variability of almost all cha
racteristics of an organism arises during the 
unique development of that organism and 
results from non-trivial interactions with the 
environment; single genes or alleles cannot be 
assigned a particular selective value independ
ent of the current environment. 

2. Due to the imperfect reproducibility of the 
developmental process (developmental 
noise), various phenotypes may result from 
the same genotype in a given environment. 

3. Internal and external factors have mutual 
influences; for example, in many cases, the 
selective pressure of the environment on a par
ticular allele is dependent upon the genetic 
milieu or the gene frequency. 

4. As each organism is constantly changing, the 
phenotype is determined not only by the geno
type and the environment but also by the orga
nism's own previous condition. 

s. Organisms can actively alter the character of 
their environments. 

6. The "environment" of most life processes is 
the internal milieu of the organism, and this is 
largely determined and maintained by regulat
ory processes, independent of changes in the 
outside world [21]. 

It was originally assumed that the direction and 
rate of evolution was determined entirely by the 
selection of advantageous variants. Impressed by 
the unexpectedly high molecular polymorphism 
in natural populations and the relatively constant 
rate of protein evolution (the molecular clock), 
Kimura, Ohta, King and Jukes formulated in 
1968-1969 the "neutral theory" of molecular 
evolution [208, 213]. According to this theory, 
many perhaps most DNA alterations have such 
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little importance for fitness that they are not sub
jected to any selection pressure and are only fixed 
by chance in the population. One could say that 
the organism itself does not "notice" such muta
tions, but they are, nevertheless, detectable by 
the precise tools of the molecular biologist. The 
lower the importance of the altered character for 
fitness, the higher is the probability, and thus the 
relative frequency, of selectively neutral altera
tions. Therefore, the proportion of selectively 
neutral alterations decreases in the gene-function 
cascade (Fig. 4.1) from the DNA to the complex 
morphological and physiological characters; the 
neutral theory is applicable most of all to the 
evolution of nucleic acids and proteins. Muta
tions that are neutral at a given point in evolu
tionary time may have a significant selective 
advantage or disadvantage at a later time and 
under different internal or external conditions. 
Such conditionally neutral variation represents a 
reservoir of genetic variability in the population 
for later evolutionary processes. 

All in all, it may be said that research into 
evolution has benefited from the evaluation of 
molecular data by a whole series of fundamental 
new findings: (1) innumerable new mechanisms 
that give rise to genetic variation (mutation 
mechanisms) have been discovered; (2) the 
selective value of many evolutionary changes in 
DNA and their products is apparently so little 
that they are effectively "neutral" and are only 
spread and fixed in populations by chance (neu
tral theory of evolution); (3) in accordance with 
point 2 is the fact that the rate of evolution of 
molecular characters is relatively constant 
("molecular clock"); (4) innovative evolution, 
e.g. the formation of proteins with a new func
tion, never occurs via de novo synthesis of new 
DNA sequences but always through the alteration 
or recombination of existing sequences; and (5) 
the evolution of morphological characters is cor
related in neither rate nor extent with the evolu
tion of DNA and proteins. 

Since the formulation of the neutral theory of 
evolution, the question of whether Darwinism 
has been undermined, or even completely dis
proved, by the new results of molecular biology 
has been discussed with great ideological enthusi
asm. That King and Jukes chose Non-Darwinian 
Evolution as the rather unfortunate title of their 
first publication has undoubtedly contributed to 
the argument [213]. If, however, one defines Dar
winian evolution as "the gradual transformation 
of a species over time by the forces of selection 
operating upon genetic variability existing in the 
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population" [122], it is clear that the findings of 
molecular biology have significantly broadened 
and enriched the neo-Darwinian (synthetic) the
ory rather than contradicted it. The neutral the
ory is a necessary supplement to neo-Darwinism 
in the molecular context and is not its antithesis. 
The attempts made in many publications to detect 
clear cases of selection at the molecular level are 
superfluous in as much as the neutral theory in no 
way denies their existence. Gene transfer 
between different species, and also between dif
ferent eukaryotes, is now being discussed as a 
possible mechanism of evolution. Should it be 
shown that such a process is of frequent occur
rence in evolution, this would make the recon
struction of phylogeny from molecular data more 
difficult but, looked upon as a mechanism for the 
emergence of new genetic variability, it fits easily 
into the Darwinian theory. The same argument 
would be valid for the recently suspected and 
then refuted inheritance of an acquired immuno
tolerance in mice; if at all applicable, this would 
be proof of gene transfer between immunocom
petent somatic cells and germline cells but would 
in no way be an argument in favour of Lamarck
ism against Darwinism [122]. 

The present great interest in questions of mole
cular evolution is indicated by the large number 
of recent reviews and monographs on this theme 
[68, 212,246, 369]. 

4.1 The Determination of Homology 
Between Protein DNA Sequences 

Proteins or genes are considered to be homolog
ous when they have the same origin, i.e. when 
they arise from the same gene. In many cases, 
homology can be assumed unconditionally, e.g. 
for proteins with the same function in closely 
related species, for immunologically cross
reactive proteins, and for proteins or genes with 
extensive sequence coincidence. However, to be 
certain about the homology between genes, it 
must be shown that the apparent agreement is not 
the result of either chance or convergence. The 
existence of significant agreement between long 
sequences due to convergent evolution can be 
ruled out on probability grounds. There are, in 
fact, many examples of proteins with similar func
tion that show no detectable homology. For 
example, there is no sequence similarity between 
the ribonuc1eases of the bacteria and fungi, on 
the one hand, and animals, on the other hand; 

between phage and animal lysozymes; and 
between the different protein super-families of 
the peptide hydrolases or proteinase inhibitors. 
Also, the Cu, Zn superoxide dismutases from the 
cytoplasm of eukaryotes are not homologous to 
the corresponding Mn and Fe enzymes from pro
karyote and eukaryote mitochondria. It is true 
that functionally similar amino acids are found in 
similar spatial structures of different proteins, but 
this does not produce statistically significant 
agreement when long stretches of sequence are 
considered. 

The spatial structures of proteins are very con
served in evolution; as long as the basic function 
of a protein does not change, then the responsible 
spatial structure is maintained. It seems reason
able, therefore, to take into account spatial struc
ture as evidence for distant relationships between 
proteins, perhaps even "when all traces in the 
sequence have been obliterated" [368]. For com
parison of spatial structures, the distance 
between the polypeptide chains that project into 
each other can be calculated. A further possibility 
is to describe polypeptides in terms of sequences 
of rotational angles around the bonds N-C' and 
c·_ccarboxyl and then compare them. The probabil
ity of chance in the agreement of spatial struc
tures can be estimated by means of relevant com
parisons of simulated folded chains [193, 368, 
407, 420]. It must not be forgotten, however, that 
convergent evolution of spatial structures to fulfil 
similar functions can never be totally excluded. 

Two proteins may be considered as homolo
gues if their sequence agreement is higher than 
would be possible by chance alone. In order to 
test this, the sequences to be compared must first 
be arranged opposite each other (aligned) so that 
they show the highest possible agreement (S). A 
series of appropriate alignments are then made 
with random sequences of the identical amino 
acids, and the average agreement, together with 
the standard deviation thereof (Sr ± SDr), is 
determined. If the quotient 

A = (S-Sr)/SDr (4.1) 

exceeds a given value, which is arbitrarily set 
between 3 and 5, then the agreement shown by 
the original sequences is considered to be signifi
cant [87,93]. 

To calculate the similarity (S) of two sequen
ces, values of 1 and 0 are given to each pair of 
identical and non-identical amino acids, respec
tively, and the values for each position are added 
together. Instead of this "unitary matrix", which 
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counts only identity, other matrices have been 
suggested and in these various amino acid pairs 
are weighted, for example, according to differ
ences in the coding triplets, physicochemical simi
larities, or the relative probability of substitu
tions. Of the various matrices, the most fre
quently used is the "mutation data matrix" 
(MDM-78) of Dayhoff; this assigns each of the 
possible 400 amino acid pairings a specific prob
ability based on analyses of closely related prote
ins (p. 149). Comparison of the various methods 
shows that weighted matrices are only of advan
tage when the agreement of the compared 
sequences is relatively low (below 30 % ). Homo
logy determinations with a higher sensitivity may 
be obtained by considering the physicochemical 
similarities of amino acids and substitution prob
abilities [11, 113, 150, 349], or by reference to a 
consensus sequence containing all the important 
characteristics of a protein family [320]. 

To achieve optimal agreement it is often neces
sary to insert "gaps" into one or both sequences, 
or to shift one sequence relative to the other so 
that unpaired stretches ("tails") are formed. In 
this way, however, the chances of random agree
ment increase. Two random sequences with the 
same proportions of all 20 amino acids agree, on 
average, by 5 %; deviations in the composition 
increase this value to about 6 % for the "average 
protein" (see Table 3.1, p.71). If in random 
sequences of 100 amino acids relative shifts of up 
to 5 amino acids are allowed, the average agree
ment will have already increased to 8 %; the 
introduction of one chosen gap can also increase 
the agreement from 5 to 8.5 % [87,93]. Tails and 
gaps arise in evolution through the deletion or 
insertion of one or more triplet co dons and must 
be looked upon as real situations in aligning 
sequences. However, their influence on the stat
istical significance of sequence agreement must 
be taken into account; a particular value (a gap 
penalty) is usually subtracted from the similarity 
factor for each inserted gap [93]. The comparison 
of several sequences by alignment in pairs usually 
requires various different gaps; this avoids the 
method of multiple alignment based on the prin
ciple "once a gap, always a gap" [114]. 

The arithmetical process (algorithm) of 
Needleman and Wunsch [286] is most often used 
to find the optimal alignment of two sequences. 
Orientation of the two sequences at right angles 
to each other produces a field on which the simi
larity between an amino acid of one sequence and 
each of the amino acids of the opposing sequence 
can be plotted. The pathway across this field that 

gives the highest total value of agreement after 
subtraction of the gap penalties gives the optimal 
alignment (Fig. 4.2). Computer programs are 
now used for this manipulation and for the relev
ant statistical tests. There are also programs for 
determining internal periodicities of proteins, 
which can arise by duplication of gene segments, 
and for searching for related sequences or partial 
sequences in databanks. Periodicity is detected by 
comparing a partial sequence of a particular 
length with all possible partial sequences of that 
length in the same protein; in the search for 
related sequences, corresponding comparisons 
with all partial sequences in a databank are car
ried out. A further method for aligning sequences 
is that of the "dot matrix", in which the "dot cri
terion" is the number of agreements m in n conse
cutive amino acids [218]. Due to the continuously 
increasing amount of data, such sequence compa
risons require increasing mathematical effort. 
The development of new or modified computer 
programs for molecular research into evolution is 
concerned, above all, with simplifying the arith
metic (algorithms) and saving time [29, 96]. It 
should then be possible, for example, to compare 
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Fig. 4.2. The establishment of the optimal alignment of 
two sequences by the method of Needleman and Wunsch 
[286], illustrated here for the N-terminal sequences of the 
human a- and ~-globin chains. A route that includes the 
most + points is sought from the beginning (upper left) to 
the end (lower right) of the sequences. Gaps in one or 
other sequence are seen as deviations from the diagonal. 
The optimal alignment of these two sequences requires a 
gap between positions 1 and 2 of the a-chain 
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Table 4.1. Pairs of proteins whose homology was tested using the method described on p. 115 [93]. In each case the length 
of the compared sequences are given in ( ); the percentage agreement, the number of gaps needed for optimal alignment 
and the quotient A [calculated from Eq. (4.1)], which describes the statistical significance, are indicated. The compared 
sequences may be considered homologous when A is larger than 3. To calculate the agreement, identical amino acids are 
given the value 1 and Cys/Cys pairs the value 2; the gap penalty (p.1l5) was 2.5; "tails" (p.1l5) were not considered 

Compared sequences 

Human haemoglobin: Hb-~ (146)/Hb-c'\ (146) 
Pig lactate dehydrogenase: LDH-M (333)/LDH-H (331) 
Human carboanhydrase: CA-B (260)/Ca-C (259) 
Bovine chymotrypsinogen-A (245)/trypsinogen (229) 
Human haemoglobin: Hb-~ (146)/Hb-a (141) 
Human immunoglobulin: CA. (102)/Cx (104) 
Bacterial trypsin Streptomyces griseus (221)/ 
vertebrate trypsin Mustelus canis (222) 
Chicken lysozyme (129)/human a-lactalbumin (123) 
Human fibrinogen: ~-chain (461)/y-chain (411) 
Snake toxin-cardiotoxin Bungarus (118)/ 
pig prophospholipase (131) 
Chicken ovalbumin (386)/human antithrombin III (423) 
Carp parvalbumin (108)/bovine troponin-C (161) 
Human Hb-a (141)/human myoglobin (153) 
Haemoglobin: Chironomus (152)/Myxine (148) 
Human cytochrome c (104)1Euglena cytochrome f (87) 
Human apolipoprotein AI (125/245)/Corynebacter 
diphtheria toxin fragment (125) 
Elephant insulin (51)/pig relaxin (48) 
Human follitropin (92)/human thyrotropin-~ (112) 
Sheep x-casein (171)/human fibrinogen y-chain (179/411) 
Bovine chymotrypsin-A (245)/human haptoglobin-~ (245) 
Human fibrinogen (N-terminal): 
a-chain (239)/y-chain (239) 

more than two sequences simultaneously [6, 248, 
398,406]. From time to time, completely new 
approaches to the comparison of protein sequen
ces are suggested [23, 445]. With the methods 
described, it is possible in certain situations to 
recognize two amino acid sequences as homolog
ous, although they might differ in more than 75 % 
of positions (Table 4.1). Large multi-domain pro
teins, of which there are many, present particular 
problems in the assessment of homology. The 
coding sequences of their elements ("modules") 
mostly have their origin in different genes that 
were recombined by exon shuffling. The change 
in function accompanying this incorporation into 
a new protein can lead to drastic changes in 
sequence which obscure its origin [321]. 

DNA sequences can be compared by similar 
methods [29]. However, significant agreement is 
more difficult to show statistically because the 
existence of only four different residues already 
leads to an average random-sequence agreement 
of 25 %. In fact, there are examples where no 
homology was detectable at the gene level for 
clearly homologous proteins, e.g. the oncogenes 
of the sarcoma viruses from the mouse and 

Identity Gaps A 
(%) 

93 0 54.0 
75 1 75.0 
61 1 56.8 
46 6 22.6 
44 2 17.0 
42 3 13.1 
38 8 16.9 

38 3 10.7 
33 5 31.2 
32 5 5.0 

28 6 14.3 
27 2 6.1 
27 1 9.3 
26 3 3.7 
25 3 2.9 
25 1 5.2 

24 1 4.1 
22 2 2.9 
21 5 1.4 
19 5 3.2 
16 2 5.4 

chicken [93]. The assessment of homology of non
coding regions is complicated by the frequent 
deletions and insertions that occur in association 
with the high incidence of substitution. 

Homology determination between DNA or 
protein sequences is the methodological prerequi
site for all investigations of the course and mecha
nisms of molecular evolution. Of particular 
importance is the demonstration that all the pro
teins of present-day organisms may be arranged 
in several hundred groups of homologous sequen
ces, known as protein super-families, after the 
suggestion of Margaret Dayhoff. The Atlas of 
Protein Sequence and Structure, which appeared 
in 1978 [87], listed 248 such protein super
families. Several more have been described since 
then (Table 4.2), and protein sequences that do 
not fit into any of the known families are continu
ously being discovered; however it is likely that 
the total number of super-families is of the order 
of 400, or at most 1000. There are many cases of 
homology between prokaryote and eukaryote 
proteins, e.g. cytochrome, ferredoxin, glycer
aldehyde-3-phosphate dehydrogenase, dihydro
folate reductase, trypsin-like enzymes and triose-
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Table 4.2. Selected examples of protein super-families. The super-families listed by M. Dayhoff [87] are given in paren
theses with the original numbers. The protein super-families of the serine-protease inhibitors may be found in Table 3.7 
and the super-families found in mammalian blood plasma are given in Table 5.3 

(1) Cytochrome c from vertebrates, invertebrates, 
higher plants, lower fungi and Tetrahymena; 
various bacterial cytochromes 

(4) Cytochrome b5 of mammals and birds; 
cytochrome b2 of yeast 

(6) Ferredoxin of bacteria and higher plants; bovine 
adrenodoxin 

(11) Bacterial azurins and plastocyanins from blue 
algae and higher plants 

(13) Vertebrate and yeast alcohol dehyrogenases 
(16) Glyceraldeyhde-3-phosphate dehydrogenase 

from vertebrates, lobster, yeast and bacteria 
(18) Dihydrofolate reductase from mammals and 

bacteria 
(28) Phospholipase A2 from vertebrates, snakes and 

insects 
(33) Lysozyme from mammals and bird eggs; 

a-lactalbumin of mammals 
(39) Trypsin, chymotrypsin, elastases, serine 

proteases of blood clotting, fibrinolysis and the 
complement cascade, haptoglobin 

(43) Pespinogen, prochymosin, penicillopepsin 
(51) Triosephosphate isomerase of vertebrates and 

bacteria 
(68) Prolactin, somatotropin and choriomammotropin 
(73) Glucagon, gastric inhibitor polypeptide, 

secretin, vasoactive intestinal peptide and 
pancreas hormone of mammals and birds 

(75) Proinsulins of vertebrates; insulin-like growth 
factors and relaxin 

phosphate isomerase [93]. All super-families 
probably came into being at the beginning of the 
organismic, or even at the end of the pre
organismic, phase of evolution and reflect the 
protein spectrum of the first primitive prokaryo
tes [87]. Proteins with completely novel functions 
also apparently arose by modifications to the 
500-1000 ancestral proteins; many proteins are 
older than their present-day functions. Hence, a 
range of completely different functions may be 
found in one super-family (Table 4.2). 

From the foregoing it is clear how much the 
concept of homology has changed during transfer 
to the molecular biology level [319]. With the 
statement that the wing of a bird and the foreleg 
of a mammal are homologous is meant that these 
two parts are similar in nature and are genealogic
ally comparable in their structure and relations to 
other parts of the body, but they are not neces
sarily determined by transformation states of the 
same gene; it is exactly the latter that is under
stood by the homology concept in molecular bio
logy. The presence of homologous organs, like 
the chorda dorsalis and neural canal, allow us to 

(76) 
(77) 
(81) 
(89) 

(90) 

(148) 

(168) 
(-) 
(-) 

(-) 

(-) 

Gastrin and cholecystokinin-pancreozymin 
Neurotoxins and cytotoxins from snake poison 
Melittin of honey bees and bombinin from toads 
Immunoglobulins, T cell receptors, major 
histocompatability complex (MHC) classes I 
and II, ~2-microglobulin 
Globins of vertebrates, invertebrates and higher 
plants 
Calmodulins, troponin C, alkali-soluble and 
regulatory light chains of myosins, parvalbumins 
and calcium-binding proteins from mammalian 
gut 
Albumin, a-fetoprotein 
Ceruloplasmin, clotting factors V and VIII 
az-macroglobulin, pregnancy-associated az
glycoprotein, complement components C3, C4 
andC5 
a2u-Globulin of rats, ~-lactoglobulin, retinol
binding plasma protein, armicroglobulin, 
apolipoprotein D, aracid glycoprotein, 
androgen-dependent protein of the epididymis, 
chicken purpurine, frog olfactory protein, 
insecticyanin of the tobacco hornworm 
Manduca sexta, mouse urinary proteins 
(MUPs), aphrodisin (a2u-protein super-family) 
C-reactive protein (CRP), serum amyloid 
protein (SAP), female-specific protein of the 
golden hamster (HFP) (protein super-family 
pentraxins) 

recognize family relationships between such dif
ferent forms of life as ascidians, lancet fish and 
mice; the homology of the glyceraldehyde-3-
phosphate dehydrogenases from the bacteria to 
man is only further evidence that all life can be 
traced back to a common ancestry. The homology 
concept of molecular biology has a stricter defini
tion than the classical idea, but has a more limited 
heuristic value. However, it must be recognized 
that the homology of macromolecules is easier to 
determine than homology between morpholo
gical characters; it can be proved statistically, is 
less easily mistaken for convergence or parallel 
evolution, and is therefore especially suitable for 
the recognition of distant relationships. 

4.2 The Mechanisms 
of Molecular Evolution 

It is only since the possibility of comparing homo
logous DNA sequences in variously related indivi
duals appeared that the wide variety of molecular 
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processes giving rise to genetic variability has 
been recognized. The different types of mutation 
and their phenotypic consequences can now be 
more closely studied. The genetic and evolution
ary importance of point mutations, i.e. the sub
stitution, insertion or deletion of single nucleoti
des, has been known for a long time. Today, how
ever, many other genetic events are recognized 
that lead to changes in larger segments of DNA, 
e.g. duplication of genes or parts of genes and the 
insertion or deletion of longer or shorter DNA 
sequences. Gene conversion has been discovered 
as a mechanism which, in addition to classical 
crossing-over, can lead to intrachromosomal 
recombination. DNA sequences are transferred 
to the other DNA strand by inversion, and to 
completely different sites by transpositions; exon 
shuffling combines parts of different genes to pro
duce totally new genes. The evolution of multi
gene families presents special problems and, 
above all, the question of how the often observed 
similarity of the multiplied sequences is main
tained, despite their mutability. Of particular 
interest for studies of evolution is the ability of 
many middle repetitive sequences to be trans
posed to other sites in the genome, in many cases 
carrying with them further fragments of DNA. 

The mechanisms of all these processes are as 
yet only incompletely understood; DNA 
sequence analysis shows, however, that rear
rangements of the genome are very frequent 
events. The previous view of a more-or-Iess 
unchangeable, static genome has been replaced 
by a picture of a dynamic genome changing rap
idly during evolution. There is now no doubt that 
DNA rearrangements are of particular impor
tance for the evolution of complex phenotypic 
characters. Only in exceptional cases are large
scale alterations in the DNA sequence visible 
microscopically (chromosome mutations); in con
trast, genome mutations such as polyploidization 
are easily detectable. 

4.2.1 Nucleotide Substitution 

There are 4 . 3 = 12 substitution possibilities for 
the four different nucleotides; in eight cases a 
purine is replaced by a pyrimidine or vice versa 
(transversions), and in four cases there is a sub
stitution of pyrimidine by pyrimidine or purine by 
purine (transition) (Fig. 4.3). The ratio transition: 
transversion deviates markedly from a random 
distribution, particularly in the early stages of 
molecular evolution. The proportion of transi-

tions can be as high as 90 % for closely related 
sequences, but then decreases during the 
extended course of evolution to the theoretical 
value of approximately 33 % , depending upon the 
base composition [179]. An explanation for this 
phenomenon is perhaps to be found in the inter
actions between purines on different, neighbour
ing DNA strands. These interactions influence 
conformation parameters of the DNA double
helix; transversions lead to changes in these para
meters and may, therefore, be subjected to stron
ger selection pressure than transitions [232]. 

Reference to the genetic code allows predic
tions of which nucleotide substitutions in protein
coding sequences lead to amino acid substitution, 
which are synonymous and which produce stop 
co dons ; synonimity results especially from most 
of the nucleotide substitutions in the third triplet 
position (Table 4.3). An average of 6.5 different 
amino acid substitutions per codon may result 
from the substitution of one nucleotide; each of 
the three possible nucleotide substitutions in the 
first or second position almost always leads to an 
amino acid substitution, but this happens for 
only a few third-position nucleotide substitutions. 
Thus, one-step mutations of, for example, a poly
peptide like the ~-globin chain with its 146 amino 
acids can produce 146 . 6.5 = 949 different alle
les. 

One might assume a priori that synonymous 
mutations would not be subject to selection and, 
in fact, comparisons of related sequences show 
synonymous substitutions to occur more fre
quently than would be expected from the genetic 
code (Table 4.3); they are mostly more frequent 
even than substitutions leading to amino acid 
exchange (Table 4.4). However, they are not 

Pyrimidine 

T :;;:::::::::::::::::::_~ C 

Purine 

Fig.4.3. Of the twelve possible nucleotide exchanges, four 
are transitions (pyrimidine ~ - - -~ pyrimidine or purine 
~ - - -~ purine) and eight are transversions (pyrimidine 
~purine) 
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Table 4.3. The consequences of nucleotide exchange in protein-coding sequences 

From the 61 . 9 = 549 possible mutations of amino acid codons: 
392 (71 %) give another amino acid codon (amino acid exchange, missense) 
134 (24 %) give another codon for the same amino acid (synonymous, same-sense) 

23 (4 %) give a stop codon (nonsense) 

From the 3 . 9 = 27 possible mutations of a stop codon: 
23 (85 %) give an amino acid codon 

The 61·3 = 

Of the 

4 (15 %) give a stop codon 

183 possible mutations of each position of an amino acid codon are: 

In position 1 
In position 2 
In position 3 

Total 

Amino acid exchanging Synonymous 
166 8 
176 0 
50 126 

392 134 

392 amino acid-exchanging mutations: 
184 (47 % ) change the polarity class" 

Nonsense 
9 
7 
7 

23 

128 (33 %) change the charge (i.e. charge changes account for 23 % of all possible mutations) 
273 (70 %) are non-conservative, i.e. the new amino acids no longer belong to the same class (as 
defined by Dayhoffb) 

" Polarity classes [133]: 
polar - Arg, His, Lys, Asn, Asp, GIn, Glu 
weakly polar - Ala, Gly, Pro, Ser, Thr 
non-polar - Cys, lIe, Leu, Met, Phe, Trp, Tyr, Val 

b Amino acid classes according to Dayhoff [87]: 
1. Cys 
2. Hydropholic - Ala, Gly, Pro, Ser, Thr 
3. Acidic and acid amides - Asn, Asp, GIn, Glu 
4. Basic - Arg, His, Lys 
5. Hydrophobic - lIe, Leu, Met, Val 
6. Aromatic - Phe, Trp, Tyr 

Table 4.4. The proportion of synonymous substitutions in various gene pairs 

Genes compared Synonymity Reference 
(%) 

Histones IDA, H2B and H3 Strongylocentrotus pupuratuslPsammechinus miliaris 
a-Subunit gonadotropin rat/mouse 

92 
83 

[199] 
[136] 

- their signal sequences 
Various chorion genes Bombyx mori 
a-Globin rabbit/mouse 
Preproinsulin man/rat 
Chicken ~3-globin/~-globin rabbit, mouse, man 
Growth hormone man/rat 
Immunoglobulin-Cx rat allotype Ib/mouse 
Mouse ~-globin minor/major 
Human growth hormone/chorion somatomammotropin 
Rat immunoglobulin IgCx allotypes la11b 
mTDNA cytochrome oxidase subunit II 
- Rattus norvegicuslR. rattus 
- R. norvegicus/bovine 
- R. norvegicus/human 

" Mean values. 

completely neutral, they are not randomly dis
tributed throughout the coding sequences [348], 
and the frequency of their occurrence is lower, for 
example, than the rate of evolution of pseudoge
nes. Above all, it is clear that not all possible syn
onymous codons for particular amino acids are 
equally used; there are codon preferences that 

25 [136] 
74" [195] 
65 [199] 
63 [199] 
52" [199] 
46 [199] 
43 [374] 
41 [199] 
33 [199] 
8 [374] 

94 [42] 
78 [42] 
56 [42] 

show species-, tissue- and even gene-specific dif
ferences. The basis of this variable use of syn
onymous co dons has not been fully explained 
[376], but species- and tissue-specific differences 
in the proportions of particular isoacceptor 
tRNAs are undoubtedly important [188]. In any 
case, it is clearly seen that even very slight varia-
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tion in selection can lead to marked differences in 
the use of synonymous codons [244], and that 
molecular evolution is retarded by the existence 
of codon preference [210, 212]. 

Amongst the mutations leading to amino acid 
substitution, the stabilizing effect of selection 
favours conservative exchanges, i.e. those that 
change only minimally the physicochemical prop
erties that are important for protein structure and 
function. Because the spatial structure of proteins 
is generally maintained during evolution, even 
when most of the amino acids have been 
exchanged, the properties of the amino acids that 
determine the spatial structure clearly playa sig
nificant role. These properties include hydro
phobicity, charge, influence on the secondary 
structure of the polypeptide chains and the spatial 
requirements of the side-chains. On the basis of 
such criteria, various indices of chemical similar
ity have been formulated and the amino acids 
classified in different ways (see footnotes to Tab
le 4.3). It has been shown in many investigations 
that conservative exchanges' are more frequent 
than would be expected for random substitution 
[87, 210, 212]. For example, in the distribution 
into polarity classes of eight protein families, 
88 % of substitutions in the inner regions of the 
molecules are conservative compared with 76 % 
for amino acids on the surface, i.e. there were no 
changes of polarity class; non-conservative 
exchanges would have led internally to a decrease 
and exter~ally to an increase in polarity. Accord
ing to the genetic code, each amino acid substitu
tion requires one, two or three nucleotide sub
stitutions, and each amino acid pair thus corre
sponds to a "minimal mutation distance" 
(MMD). If the genetic code were itself optimized 
for minimal mutational effects, then conservative 
exchange would be more frequent after one-step 
than after two- or three-step mutations; however 
this is not the case. Even conservative amino acid 
substitutions can have lethal consequences. The 
substitution 104-Glu to Asp in human triose
phosphate isomerase makes the enzyme thermo
labile; the resulting enzyme deficiency in homo
zygous carriers of the allele causes haemolytic 
anaemia and neuromuscular dysfunction [83]. 
The exchange of a glycine codon for a serine 
codon in the gart gene complex of Drosophila 
melanogaster leads to a complete breakdown of 
purine synthesis [168]. 

Nucleotide substitutions that place stop codons 
within coding sequences (nonsense mutations) 
are unquestionably always selectively negative. 
For example, ~-thalassaemia, a heritable disease 

in humans which leads to reduced synthesis of the 
haemoglobin ~-chain, can be caused by mutation 
of the 39-Gln codon CAG to the stop codon TAG 
[144]. The AdhnB mutant of Drosophila melano
gaster codes for a 2-kDa smaller alcohol dehydro
genase that has only 1 % of the normal activity, 
due mostly to enhanced degradation; the cause 
here is the mutation 235-TGG (Trp) to TGA 
(stop) [260]. Amongst the more than 100 known 
mutations of the unc-54 gene of the nematode 
Caenorhabditis elegans there are four mutations 
of the sort CAA (GIn) to TAA (stop), and one 
mutation of CAG (GIn) to TAG (stop) [91]. The 
fatal consequences of a nonsense mutation can be 
mitigated at least temporarily, by the presence of 
a nonsense-suppressor tRNA which can read 
through the stop codon. The deletion or insertion 
of one or two base pairs in a coding sequence 
leads to a shift in the reading frame (frame-shift 
mutation), usually with far-reaching consequen
ces. Thus, the b-globin gene of the anubis ape, 
Papio doguera, is not expressed because the inser
tion of a nucleotide in codon 55 shifts the reading 
frame to the extent that a stop codon appears at 
position 59 [207]. The deletion or insertion of one 
or more complete triplets leaves the reading 
frame unaltered and is more often than not with
out negative consequences. 

Nucleotide substitutions, deletions or inser
tions in non-coding sequences are often select
ively neutral, but they may have far-reaching 
phenotypic consequences. For example, two Adh 
mutants in Drosophila melanogaster show a nuc
leotide substitution at the intronlexon border of 
the second intron; instead of GT ... AG, one has 
GT ... GG and the other has GC ... AG. Conse-
quently the mutants have no alcohol dehydroge
nase (ADH) due to deficient mRNA maturation. 
One case of ~-thalassaemia was the result of a 
mutation in the TATA box; ATACAA was found 
instead of ATAAAA, and the transcription of the 
~-globin gene was drastically reduced [399]. 
Another heritable human disease, the persist
ence of the foetal Ay haemoglobin in adults, 
could be traced to a mutation in the upstream 
CCAAT box; the nucleotide substitution AAC
CAAT to GACCAAT changes the expression of 
the Ay haemoglobin gene [129]. The substitution 
rate in coding and non-coding DNA regions 
influences the base composition and, conversely, 
is influenced by it. The AT-rich isochores of the 
cold-blooded vertebrates have changed to GC
rich ones in the warm-blooded birds and mam
mals [26]. A comparison of 42 protein-coding 
genes between man and the rat demonstrated a 
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selection pressure against A and T in synonymous 
positions [411]. 

4.2.2 Deletion, Insertion and Duplication 
of DNA Sequences 

Deletions, insertions and duplications arise by 
mispairiug of DNA strands and this results in 
unequal crossing-over at meiosis or in error-prone 
replication or repair of DNA. Here, in contrast to 
nucleotide substitution, a single mutational event 
changes a large number of nucleotides. The 
paired sequences show complementary bases but 
belong to different DNA regions; short, repetit
ive sequences are most often involved. Hence, 
deletions and duplications are sequence
dependent mutations which occur particularly 
frequently in regions with several repetitive 
sequences ("hot spots"). For example, regions of 
15 human interferon genes containing several 
deletions or insertions always have neighbouring 
normal or inverted repeats at which mismatching 
or loop formation could occur [137]. The gene for 
the LDL receptor in humans has inverted repeats 
in exon 13 and intron 15, and these allow the 
formation of a DNA loop and deletion of the loop 
sequence; the resulting defect in the LDL recep-

tor is the cause of heritable hypercholesterinae
mia [230]. 

The deletion or duplication of shorter sequen
ces, so-called segment mutations, are apparently 
very frequent genetic events and form important 
genetic mechanisms of molecular evolution. The 
spontaneous duplication rate at the male 
"maroon-like" locus of Drosophila melanogaster 
was found, using genetic methods, to be 2.7 . 10-6; 
that at the "rosy" locus was even higher at 
1. 7 . 10-4 [372]. Many segment mutations are 
known for the vertebrate globin genes; however, 
a particularly good example is the multi-gene 
family of the chorion proteins of the silkworms. 
Because of their close relationship the evolution 
of this mUlti-gene family has not been complic
ated by multiple mutations [195]. Segment muta
tions as genetic events are just as frequent as nuc
leotide substitutions but become fixed less often 
in populations. In the chorion genes, nucleotide 
substitutions outweigh segment mutations in non
coding regions by 4.5: 1, and in coding regions by 
as much as 10:1 [195]. Segment mutations in cod
ing sequences can lead to elongation or shorten
ing of the polypeptides and are eliminated by 
selection if they result in frame-shifts, disturban
ces in protein conformation or changes in essen
tial protein functions [195, 455]. 

Table 4.5. Periodic structures in proteins [5, 87,99]. In each case, the total length of the protein is given together with the 
number and length of the repeats and the proportion of the total length consisting of repeats 

Protein Repeats Proportion 
Total 
length Length Number (%) 

Collagen aI-chain (rat) 1052 3 337 96 
Lipid-binding protein Al (human) 245 11 18 81 
Keratin B2A (sheep) 171 10 13 76 
Antifreeze protein (p. 207) 12-165 3 4-55 100 
Tropomyosin a-chain (rabbit) 284 21/42 7 100 
Plasminogen (human) 790 79 5 50 
Bombinin (Bombina sp.) 24 4 4 67 
Immunoglobulin C~-chain (human) 452 108 4 96 
IgCy-chain (guinea-pig) 329 108 3 98 
Serum albumin (human) 584 195" 3 100 
Haemopexin (human) 439 45 8 >80 
Ovomucoid (Cotumix cotumix) 186 59 3 95 
Histone H3 (bovine) 135 9/13 3/2 39 
Troponin C skeletal muscle (rabbit) 159 76 2 96 
Protease inhibitor, salivary gland (dog) 115 54 2 94 
Haptoglobin a2-chain (human) 143 59 2 83 
Ceruloplasmin 564b 224 2 79 
Parvalbumin (Esox lucius) 108 39 2 72 
Neurophysin 2 (pig) 92 23 2 50 
a-Crystallin A (bovine) 173 30 2 35 
Prothrombin (bovine) 582 79 2 27 

" The repeat itself shows periodicity. 
b A partial sequence from a total length of 1050 amino acids. 
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The duplication of a complete gene, including 
the transcription signals, gives two identical genes 
or, in the case of repeated duplication, a series of 
consecutively arranged identical genes (a tandem 
cluster), all of which initially form the same gene 
product. Processes like this, which lead to the 
formation of mUlti-gene families have occurred 
frequently in molecular evolution. If only the 
coding region, or a part of it, is reproduced (an 
internal duplication), then the resulting protein 
displays an internal periodicity with two or more 
homologous sections; this situation is detectable 
by the previously described methods even when 
the sequence agreement has been partly elimin
ated by amino acid substitution. The symmetry 
and periodicity in the spatial structure of many 
proteins also points to evolution through gene 
multiplication, although convergence by the 
occurrence of similar secondary structures cannot 
be excluded [307]. Internal periodicities of prote
ins are wide spread (Table 4.5). In some cases, it 
has been shown that the multiply occurring pro
tein regions themselves have internal periodicities 
produced by the multiplications of even shorter 
sequences. This observation leads to the conclu
sion that the original (primordial) polypeptides 
were short, and only by multiple duplications 
were the greater lengths of the present proteins 
reached. This is particularly clearly seen in colla
gens, which are largely made up of several 
hundred tripeptide sequences. 

4.2.3 Gene Fusion and Exon Shuming 

If, between two genes, the region containing the 
termination and initiation signals is removed by 
deletion then a fusion product is formed. Good 
examples of gene fusion as a mechanism of mole
cular evolution are to be found in the enzymes of 
fatty acid synthesis. This always requires seven 
catalytic and one acyl-carrier function. E. coli and 
higher plants accordingly have seven mono
functional proteins; in yeast, the same functions 
are performed by two multi-functional proteins, 
and in vertebrates they are performed by just one 
protein. The genes for the multi-functional prote
ins are unquestionably the result of the fusion of 
the genes for the mono-functional molecules; the 
different orders of the domains indicate that inde
pendent fusions occurred in the fungi and the ver
tebrates [268]. The fusion of neighbouring genes 
of a gene family is by no means a rare phenom
enon. For example, a series of haemoglobin 
anomalies have arisen by the fusion of different 

globin chains: Hb-Lepore from 6 and Band Hb
Kenya from Ay and B; there is also a form of a
thalassaemia that involves fusion of the two a
globin genes [275]. 

The fact that domains with coincident structu
res are often found in different proteins has led to 
the idea of new combinations of gene segments 
arising by exon shutlling. An oft-quoted example 
is the nucleotide-binding "Rossmann fold" which 
is found, for example, in various dehydrogen
ases [glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), lactate dehydrogenase (LDH), malate 
dehydrogenase (MDH), and ADH] , phosphogly
cerate kinases and glycogen phosphorylases 
[276]. Despite great similarity in their spatial 
structure, no significant sequence agreement is 
found between the nucleotide-binding regions; in 
this case the possibility of convergent evolution 
can certainly not be excluded. There are, how
ever, many clear examples of exon shuffling. 
Thus, a sequence of 45 amino acids, which is 
repeated eight times in the epidermal growth fac
tor (EGF), is found in many other proteins with 
completely different functions, e.g. in the com
plement component C9 and urokinase, in the 
blood-clotting factors VII, IX and X and in 
thrombomodulin, in the LDL receptor and the 
thyroid gland peroxidase, and in the product of 
the notch locus of Drosophila and the lin-12 gene 
of Caenorhabditis. "Kringle" structures and 
"zinc" fingers are also widely found [95]. The best 
examples of exon shuffling are provided by the 
plasma proteases of blood clotting, fibrinolysis 
and the complement cascade of mammals (see 
Fig.3.6, p.91). Here, the non-catalytic regions 
are made up of different combinations of 
"kringle", "zinc finger", growth factor and Ca2+

binding domains, homologues of which are found 
in fibronectin, EGF precursors and the LDL 
receptor. During the evolution of the plasma pro
teases, these sequences were inserted between 
the signal sequence and the activation peptide of 
a primitive trypsin-like proteinase and were sub
sequently partly duplicated and translocated. 

4.2.4 Transposition of DNA Sequences 

Systematic investigations of the transposition of 
mobile elements and the phenotypic consequen
ces of such genetic events have been carried out, 
in particular, with Drosophila and the nematode 
Caenorhabditis elegans [74, 367]. The spread of 
transposition variants in a population can be 
described by particular mathematical models 



[63]. In this way, it has become clear that this phe
nomenon is extremely important in evolution. 
The insertion or deletion of mobile elements are 
apparently frequent events with mutation rates of 
more than 10-5 per generation. During the 
"hybrid dysgenesis" that occurs in the progeny of 
a male Drosophila with transposase-producing P 
or I elements and a female lacking elements, the 
transposition rate for these elements, and also for 
other mobile elements, increases transiently to as 
high as 10-2 [131]. 

The insertion or deletion of transposable elem
ents usually leads to extensive rearrangements in 
the affected DNA region, and this may be one of 
the main causes of sexual isolation and, thereby, 
the formation of new species [400]. The sequence 
equalization between members of a mUlti-gene 
family (horizontal evolution) can be prevented by 
such insertions; thus, the Alu elements found at 
different sites in the mammalian ~-globin gene 
cluster have allowed the development and main
tenance of adaptive differences between embryo
nal, foetal and adult globins [39, 365]. The inser
tion of a transposable element in a transcription 
unit or in a region flanking a gene may inhibit 
gene expression, or it may stimulate expression 
by the introduction of a promoter or a 
transcription-enhancing sequence (an enhancer); 
the enhancer may make the gene hormone
dependent. The introduction of a termination sig
nal, e.g. in an intron, can produce an entirely new 
gene [131]. The phenotypic consequences of a 
transposition are determined by the nature of the 
transposed sequence and by the site of insertion. 
Hence, in the Drosophila notch locus, various 
mobile elements create completely different eye 
mutants [206]. 

It appears that a large proportion of spontane
ous mutations of complex phenotypic characters 
involve the insertion of mobile elements into act
ive regions of the genome. For example, in Dro
sophila, different eye-colour mutations are 
caused by the insertion of such elements into the 
white locus; in some cases these are reversed by 
their deletion [45]. The expression of the Droso
phila gene Sgs-4 is reduced 50- to 100-fold by 
insertion of the mobile element "hobo" into the 
5' controlling region; this gene codes for a glue 
protein in the salivary gland of the larvae. The 
glue protein sticks the pupal membrane to the 
substratum surface [269]. In a "low-activity" 
strain of Drosophila melanogaster, transposition 
of copia or copia-like elements to particular "hot 
spots" brings about a drastic increase in mating 
success [317]. In two human patients with the 

4.2.5 The Evolution of Multi-Gene Families 123 

blood-clotting deficiency haemophilia A, which 
involves the absence of factor VIII, an L1 elem
ent has been found inserted into exon 14 of the 
factor VIII gene on the X chromosome [203]. The 
insertion of Alu repeats can result in widespread 
rearrangements and thus to dysfunction of the 
genes, as seen, for example, in LDL receptors, in 
the ~-globin cluster and in the gene for the inhib
itor of the complement component C1 [39, 397]. 

4.2.5 The Evolution of Multi-Gene Families 

Multi-gene families show special evolutionary 
phenomena such as homogenization of sequen
ces, evolutionary changes in copy number and the 
formation of pseudogenes. In particular, a gene 
family organized as a coherent gene cluster repre
sents a genetic unit, a "super gene" [21]. The 
sequence similarity between the genes of a family 
is the result of a particular evolutionary process 
known as concerted, coincident or horizontal 
evolution. This cannot simply be the result of 
selection, because there is undoubtedly no strong 
selection pressure if one of many identical genes 
mutates. The terms "concerted" and "coincident" 
are not appropriate in that the selection-driven, 
parallel evolution of all members of a family is 
not involved, but rather a process which, on the 
one hand, mutually aligns the sequences of all 
members and, on the other hand, allows variants 
to spread rapidly throughout the whole family 
and subsequently become fixed in the population. 
Horizontal evolution has been closely investig
ated in 18S and 28S rDNA, in 5S rDNA, in the 
globin, immunoglobulin, histone and heat-shock 
genes and in various families of repetitive DNA. 
It is still an open question how the sequence con
sistency of human mtDNA is maintained. Whilst 
the mtDNA of different individuals may vary by 
almost 0.5 %, in anyone individual only one nuc
leotide substitution can be detected in a total of 
49 kb [280]. 

Two mechanisms are mainly responsible for the 
intrachromosomal recombination and horizontal 
evolution in multi-gene families, namely unequal 
crossing-over and gene conversion (Fig. 4.4). 
Both involve the mismatching of DNA sequen
ces, for which repetitive sequences are usually 
responsible [234]. For effective gene conversion, 
the homologous sequence must be at least 200 bp 
long [249]. In crossing-over, chromatid segments 
are exchanged during meiosis, or also during 
mitosis if mitotic chromosome pairing takes 
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Fig.4.4. Comparison between gene 
conversion and unequal crossing-over. 
In contrast to unequal crossing-over, the 
number of genes is not affected during 
gene conversion 

place; this results in changes in the gene copy 
number or length. Gene conversion can occur 
during both meiosis and mitosis. It begins with 
the formation of a heteroduplex of DNA single 
strands with different sequences; this is then 
transformed into a homo duplex with completely 
complementary strands by a repair process (mis
match repair). Gene conversion is thus the 
replacement of one DNA segment by another; it 
can either equalize different sequences or create 
new sequence combinations. In contrast to 
unequal crossing-over, gene conversion is often 
one-sided; the number and length of the genes 
always remains constant [449] . 

The mechanisms described above are effective 
not only in maintaining the sequence similarity 
between the members of a mUlti-gene family, 
which arose by duplication of a common ancestral 
gene, but also in promoting the spread of variants 
through the gene family. Models of population 
genetics allow predictions about the rate with 
which mutations spread in a gene family and 
become fixed in the population [306, 426]. The 
spread of a variant in a gene cluster consisting of 
200 copies requires approximately 103-104 sub
stitutions; for example, the sequence agreement 
of about 85 % observed in the major histocompat
ability complex (MHC) families of man and the 
mouse would be reached with a substitution fre
quency of 10-5 -1O-Q per generation. The distribu
tion of a gene family between several chromoso
mes has only a minimal influence on its horizontal 
evolution, so long as the conversion rate between 
the genes on different chromosomes is not very 
low or many chromosomes are involved. Isolated 
members of a multi-gene family ("orphons") are, 
on the other hand, not subject to horizontal evolu
tion and often show significant sequence differ
ences to other members of the family. 

Evidence for gene conversion is to be found in 
locally restricted sequence agreement in neigh-

bouring DNA segments and can be detected with 
simple statistical tests [362]. Only a few of the 
many available examples can be mentioned here. 
The observation that the mRNAs of two human 
cytochromes P-450 are identical in the 5' half but 
different at 36 positions in the 3' half strongly sug
gests a relatively recent conversion event [13]. 
Particularly clear examples of gene conversion 
are found between the duplicated a-globin genes; 
thus, in both loci of the horse one finds the same 
polymorphism 24-TyrlPhe [67]; in a human sub
ject, the same mutation of 16-Lys to Glu was 
found at both loci [247]. During the sequencing of 
three y-globin genes from the same individual, it 
was found that the 5' region of the Ay-gene on one 
chromosome had become like the neighbouring 
Gy-gene through gene conversion and was there
fore very different to the Ay-gene on the other 
chromosome (see Fig. 4.6 a). It is possible that 
the (TG)n sequence in the second intron of both 
y-genes was the site of the non-homologous base 
pairing and the starting point for the gene conver
sion [382, 383]. Frequent gene conversions have 
resulted in sequence equalization at the chorion 
protein locus of the silkworm Bombyx mori. An 
increase in sequence agreement from the inside to 
the outside was observed in each gene pair of the 
late Hc proteins (see Fig. 11.8, p. 393); here, the 
"hot spot" for gene conversion is also apparently 
in the spacer between the gene pairs [49, 104]. 
The increase in nucleotide differences towards 
the 3' end of the two human a-globin genes fur
ther suggests that the starting point for gene con
version lies near the 5' terminus [170]. 

The number of copies in a gene family (multi
plicity) can change rapidly during the course of 
evolution. Even closely related species may show 
differences in multiplicity: e.g. whilst there are 
24000 5S rRNA genes in Xenopus laevis, in X. 
borealis there are only 9000 (see Table 2.4, p. 46). 
Changes in multiplicity caused by genetic events 



can be very rapidly corrected. Thus, in a mutant of 
Drosophila melanogaster which possessed only 190 
histone genes because of a heterozygous chromo
some mutation, the normal count of 275 genes was 
almost fully restored in eight generations [64]. In 
view of the effectiveness of gene conversion, the 
question arises of which mechanism hinders the 
equalization of sequences in neighbouring genes of 
certain gene families, e.g. the globin genes. The 
answer to this problem may lie in the fact that the 
formation of the heteroduplex required for gene 
conversion is dependent upon the sequence simi
larity of non-coding sequences, e.g. the introns. 
Divergent evolution of these sequences, e.g. the 
frequent insertion of Alu sequences in mammalian 
globin gene clusters, reduces the probability of 
gene conversion and allows the development and 
maintenance of adaptive differences between the 
sequences [39, 365]. 

As long as sufficient genes of a gene family 
remain functional, individual genes may be inac
tivated by negative mutation without causing an 
increase in selection pressure. Non-expressed 
members of a gene family (pseudo genes) may 
also arise by the insertion into the genome of 
DNA copies of an RNA (processed or retropseu
dogenes; p. 25). In contrast to active genes, pseu
dogenes display many genetic alterations, includ
ing frame-shift and nonsense mutations, changes 
in splicing signals, mutations of the initiation 
codon, and small insertions or deletions. Pseudo
genes have the highest known rates of substitu
tion, e.g. in the case of the globin genes it is 
approximately 1.9 times higher than the rate of 
synonymous substitution. Furthermore, they 
approach most closely the frequently expressed 
idea of functionless DNA ("junk DNA") 
[210, 212]. However, in many pseudo genes syn
onymous substitutions are more frequent than 
amino acid exchanging substitutions, and they 
display the same characteristic difference in the 
substitution rate of non-coding regions as do act
ive genes, albeit to a lesser degree (see Tab
le 4.12). This might be explained by such genes 
becoming inactive only after a certain period of 
evolution [210, 212]. 

In contrast to the pseudo genes of other gene 
families, the many pseudogenes of the im
munoglobulin-VH family differ only to a minor 
degree from the active genes, and mostly contain 
only one inactivating mutation. This is undoub
tedly due to continuous sequence correction by 
horizontal evolution. However, there are also 
individual pseudogenes in this family with many 
inactivating mutations [73]. The processes of hori-
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zontal evolution also affect the pseudo genes of 
multi-gene families. They can, for example, be 
duplicated. The known examples of this phenom
enon include the bovine ~-globin cluster (p. 263), 
the mouse urinary protein (MUP) family, and the 
human GAPDH genes [10, 132]. Because pseu
dogenes are mutated more often by deletion than 
by insertion, these genes become shorter during 
evolution [149]. Pseudo genes also represent a 
potentially useful reserve of genetic information; 
there is evidence for the formation of hybrid 
genes by sequence transfer from pseudo- to active 
genes, for example in certain allotypes of the 
mouse IgCy gene and the rabbit IgCx gene [209]. 

4.2.6 Polyploidization 

A doubling of the chromosome number poly
ploidization and thus the total genetic informa
tion is apparently an important mechanism of 
evolution [304, 307]. The event can happen in 
two ways: (1) the omission of meiotic reduction 
produces diploid gametes which fuse to give tet
raploid zygotes (autopolyploidy); (2) hybridiza
tion of two species results in the failure of 
chromosome pairing and reduction in the next 
meiosis (aUopolyploidy). Problems arise here in 
obligatory out-crossing organisms, and thus poly
ploidy occurs less frequently in animals than in 
flowering plants, where self-fertilization is quite 
common. In the animal kingdom, polyploidy is 
found in particular in the hermaphroditic oligo
chaetes, turbellarians and gastropods, and in par
thenogenetic species of e.g. the Coleoptera, 
Lepidoptera and shrimps. Animals with the XY/ 
XX mechanism of genotypic sex determination 
have special problems with polyploidy; for exam
ple, an egg with two sets of auto somes and two X
chromosomes (2AXX egg) together with a 2AXY 
sperm would form a 4AXXXY zygote with a dis
turbed XYbalance; for this reason, polyploidy is 
quite often found in vertebrates such as fish and 
amphibians, which have less stringent mecha
nisms for sex determination. It is almost complet
ely absent in reptiles, birds and mammals (Tab
le 4.6). Polyploidization in the cartilaginous fish 
is difficult to demonstrate because of the basically 
high chromosome numbers; however, the exist
ence of tetra- and octoploid species may be con
cluded from the bimodal distribution of DNA 
contents and renaturation kinetics [308]. 

Polyploidization produces an excess of genetic 
information that must be processed during evolu
tion and there are basically two possibilities: 
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Table 4.6. Examples of polyploid (mostly tetraploid) ver
tebrates [33, 98, 146, 241, 304, 308] 

Agnatha 
Chondrichthyes 

Catastomidae 

Cyprinidae 

Salmonidae 

Cobitidae 

Amphibia: Anura 
Hylidae 

Leptodactylidae 
Xenopidae 

Pipidae 

Petromyzontidae 
Diploid: Raja sp. 
Tetraploid: Torpedo marmorata, 
T. ocellata 
Octaploid: Oxynotus centrina 

Teleostei 
All species (polyploidizations 
occurred ca. 50 million years ago) 
Cyprinus carpio, Carassius auratus, 
Barbus barbus (B.fascitatus and 
B. tetrazona are diploid!) 
All species (polyploidization 
occurred ca. 100 million years ago) 
Misgurnis fossilis 

Hyla versicolor (diploid sibling 
species H. chrysocelis partly 
sympatric) 

Diploid: Xenopus tropicalis 
Tetraploid: X. laevis, X. borealis, 
X. muelleri, X. clivii, X. fraseri, 
x. epitropicalis 
Octaploid: X. amieti, 
X. boumbaensis, X. vittei, X. vestitus, 
X. andrei 
Dodecaploid: X. ruwenzoriensis 

Ranidae Pyxicephalus delalandi", 
Discoglossus occipitalis" 

Bufonidae African Bufo sp." 
Cerato-phrydidae Diploid: Odontophrynus cultriceps 

Tetraploid: O. american us 
Octaploid: Ceratophrys dorsata 

" Both diploid and tetraploid populations exist in these 
species. 

1. Individual genes are silenced by mutation to 
non-functional null alleles or by repression of 
their expression. 

2. The duplicated genes assume different struc
tural and functional characters by divergent 
evolution and mostly become development 
and/or tissue-specific in their expression. 

In both cases, the functional arrangement of a 
diploid genome is re-established, i.e. there is a 
diploidization [98]. The DNA content per cell has 
increased markedly by repeated duplication dur
ing the evolution of organisms; from this point of 
view, one can consider all eukaryotes to be diplo
idized polyploids. The course of diploidization 
can be investigated by the method of enzyme 
electrophoresis. Suitable for this purpose are, on 
the one hand, various fish families in which poly
ploidization occurred about 50-100 million years 
ago and, on the other hand, certain amphibians 

which, as the only vertebrate group, have both 
diploid and tetraploid species in the same genus, 
sometimes even in the same habitat (Table 4.6). 
In general, the evolution of genes duplicated by 
polyploidization happens as follows: at the begin
ning, the gene products are identical or very simi
lar; later, the proteins display different electro
phoretic mobilities but the duplicated loci are 
expressed similarly in all tissues. Loss of expres
sion often occurs in this phase. Species- and 
tissue-specific expression arises during the next 
phase. Finally, each locus attains a particular pat
tern of expression which, from then on, is evoluti
onarily quite conservative. The most detailed 
investigations of diploidization have been carried 
out with fish from the family Catostomidae. It 
was found that each of the 20 duplicated loci stud
ied was expressed in a diploid fashion in at least 
one of the 47 species examined. The average 
degree of diploidization for all species was 50 % , 
and for some species diploidization was as high as 
70 % [116, 414]. The rate of diploidization, cal
culated from the time of the polyploidization and 
the degree of diploidization, is somewhat less 
than that predicted from population genetics 
models [430]. Evolution leading to diversification 
of the duplicated genes could be demonstrated in 
several species by comparing activities in ten dif
ferent tissues. Of 115 duplicated loci, only 17 
showed an activity ratio of 1: 1 in all tissues, and 
the rest displayed tissue-specific differences; in 24 
cases, one of the two loci predominated in any 
one tissue [116]. In addition to diploidization, the 
rRNA genes of several tetraploid fish present a 
further mechanism by which the amount of gene 
products can be regulated. Part of the 28S and 
18S RNA molecules possess formamide-sensitive 
cleavage sites (p. 49). In the family Cyprinidae, in 
which both tetraploid and diploid species are 
found, the proportion of these unstable rRNAs is 
much higher in the tetraploids than in the 
diploids; in tetraploid carp, 90 % of the 28S RNA 
and approximately 50 % of the 18S RNA is dest
royed by formamide treatment. Only the germ
line rRNA of this species is free of such cleavage 
points. Due to the higher lability of the rRNA, in 
vitro protein synthesis decreases more rapidly 
with ribosomes from the liver of tetraploid fish 
than of diploid fish, or from the oocytes of the 
carp [98]. 



4.2.7 Gene Transfer Between Species 
and "Molecular Lamarckism" 

If the discovery of the dynamic state of the mole
cules of inheritance and the mobility of DNA 
sequences in the genome radically changed our 
ideas about the molecular mechanisms of evolu
tion, then the transfer of genes across species 
boundaries has opened a whole new dimension in 
evolutionary theory. Gene transfer between pro
karyotes is well known. However, there are also 
examples of the transfer of genetic information 
between prokaryotes and eukaryotes. For exam
ple, a large plasmid is responsible for the induc
tion of crown-gall tumours in plants by Agrobac
terium tumefaciens, and it is, in part, incorporated 
into the genome of the plant and expressed. This 
DNA includes genes for the synthesis of specific 
substances ( opines) which are otherwise never 
produced in the cells of higher plants. The proka
ryote Progenitor cryptocides secretes in culture a 
protein that is apparently encoded by the gene for 
human chorion gonadotropin. These two cases 
are both pathological; only systematic DNA 
sequence comparisons will show to what extent 
gene transfer between species is important as a 
normal mechanism of evolution of the eukaryo
tes. Artifical gene transfer has already been 
achieved in a whole series of eukaryotic cells. As 
the enzymes and gene vectors used in these 
experiments are all of natural origin, what the 
genetic engineer has carried out should also be 
possible in evolution [122]. 

The following cases have been offered as evid
ence of gene transfer during evolution. 

1. The symbiotic photobacterium Photobacter 
leiognathi, regularly found in the teleost Lei
ognathus splendens, is one of a few prokaryo
tes known to possess a Cu, Zn superoxide dis
mutase. This is the typical cytosolic enzyme of 
the eukaryotes; only the Mn and Fe superox
ide dismutases are found in other prokaryotes 
(p.706). 

2. Escherichia coli possesses two GAPDH genes, 
only of which is a typical prokaryotic gene; the 
other shows great similarity to the GAPDH 
genes of the eukaryotes. E. coli apparently 
took over this second gene from a eukaryote 
[97]. 

3. The repetitive DNA family 2108 is very similar 
in the sea urchins Strongylocentrous purpura
tus, Tripneustes gratilla and others, although 
these species separated at least 200 million 
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years ago and display large differences in 
single-copy DNA. 

4. The histone gene h19 of the North Atlantic sea 
urchin Psammechinus miliaris differs by only 
1.3 % from that of the Pacific species Strongy
locentrous miliaris, although these species 
separated at least 65 million years ago. 
Thoughts of gene transfer are supported by the 
very similar sequence found in the species 
Strongylocentrous droebachensis, which colon
ized the North Atlantic only about 5 million 
years ago. 

5. The fact that haemoglobin is widely found in 
animals but is restricted to a few groups of 
plants suggests gene transfer, perhaps with a 
virus as the vector. 

At the beginning of the 1980s, there was contro
versy, under the heading of "Lamarckism", about 
whether the immunotolerance conferred upon 
new-born mice by inoculation of spleen or bone
marrow cells was inherited by their progeny. 
Repetition of the experiments led, in all cases, to 
negative results [37]. In fact, confirmation of the 
results would in no way have been support for 
Lamarckism against Darwinism. In the view of 
Lamarck, the assumed process would certainly 
not have been a case of an acquired phenotypic 
character having a shaping effect on the geno
type. It would have been much more a question 
merely of gene transfer between somatic cells and 
the germline, a process for which there are no 
precedents but which, from present-day knowl
edge, can certainly not be excluded [122]. The 
enhancement of the mutation rate in stationary
phase bacterial cultures by a potential substrate, 
and thus the appearance of enzymes required for 
its assimilation, has also been interpreted as the 
inheritance of an acquired character. This also 
conforms with neo-Darwinite ideas in that the 
single-stranded DNA arising during transcription 
is more easily mutated, and therefore substrate 
induction can quite possibly increase the muta
tion rate [85]. 

4.2.8 Adaptive and Innovative Protein 
Evolution 

Even though many amino acid substitutions 
occurring during evolution may be selectively 
neutral, adaptive evolution of proteins does cer
tainly occur. This book is full of examples of the 
adaptation of proteins to the specific require
ments of individual animals. The evolution of 
single proteins relies upon the optimization of dif· 
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ferent characters according to the biological func
tion: for cellular enzymes this is, for example, the 
maximal flux at the substrate concentrations 
occurring in the cells; for regulatory enzymes it is 
the high sensitivity to changing conditions; for 
digestive enzymes it is the constant turnover rates 
by substrate saturation; and for detoxifying enzy
mes it is the best possible protection of the organ
ism as a result of reduced substrate specificity 
[48, 328]. To answer the question of how far cellu
lar enzymes have already been "perfected" dur
ing the course of evolution, an efficiency coeffi
cient E f has been defined, and this reaches the 
value of 1 when the flux is limited by only the 
diffusion processes of substrate binding and prod
uct release. In these terms, there are many enzy
mes that may be looked upon as perfect catalysts. 
However, the catalytic potential of an enzyme in 
vivo is so dependent upon its molecular environ
ment, for example, due to the binding to multi
enzyme complexes or cellular structures or to 
metabolic compartmentalization, that kinetic 
parameters defined in vitro are of doubtful value 
for assessing the degree of perfection reached in 
evolution. The interaction of enzyme molecules 
with other proteins is made easier by the almost 
completely spherical form of the enzymes; this 
may also be of importance in the evolution of 
enzymes. 

The evolutionary adaptation of proteins to 
changed conditions involves the effects of posit
ive selection. For this there is usually no require
ment for new, "adaptive", genetic changes; mole
cular adaptation can take account of the variabil
ity already present in the population, in that pre
viously neutral variants may acquire a positive 
selection value under the new conditions 
[210, 212]. The functional characters of protein 
are specified by, in particular, their spatial struc
ture. Compared with the large number of possible 
amino acid sequences, there is a limited number 
of architectural classes. Therefore, far-reaching 
changes in amino acid sequence can occur during 
protein evolution without there being any change 
in spatial structure, which is very conservative. 
The most investigated example of this is the glo
bin family, whose spatial structures are very simi
lar despite the existence of up to 84 % sequence 
difference (see Fig. 7.4, p. 252); further examples 
include the serine proteases, the pepsin-like pro
teases and the enzyme pair, avian lysozyme/mam
malian a-lactalbumin. In some cases, one finds 
similar spatial structure without significant 
sequence similarity, e.g. comparing globins with 
cytochrome bs, or avian with phage lysosomes. 

The question remains whether these are homo
logous proteins, whose sequence similarities have 
been lost during evolution, or proteins of similar 
spatial structure, resulting from convergent 
evolution. 

In the course of the evolution of organisms, 
proteins with completely novel functions have 
continuously appeared. A wide range of new 
types of protein were required when the vertebra
tes appeared approximately 500 million years ago 
and a large variety of different life forms with uni
que organ systems came into being. Research into 
molecular homology has made it possible to 
describe the origin and evolution of several typ
ical vertebrate proteins. This is true, for example, 
for proteins of the eye lens: the exons 2 and 3 of 
the a-crystallin gene are related to the very 
ancient genes for the heat-shock proteins; ~
crystallin and y-crystallin possibly developed 
from Ca2+ -binding proteins; the ~-crystallin is 
homologous with arginosuccinate lyase which, 
because of its central role in arginine biosynthesis 
and purine metabolism, is ubiquitous and the E

crystallin is simply an altered lactate dehydroge
nase (p. 367). 

The a-lactalbumin of mammals, the regulatory 
chain of the dimeric lactose synthase, is related to 
the lysozyme from the chicken egg. During its 
evolution from the carbohydrate-hydrolysing 
enzyme, the a-lactalbumin has retained its sugar
binding capability but lost the hydrolytic prop
erty. The super-family of the serine proteases 
includes not only the various protein components 
of blood-clotting, fibrinolysis and the comple
ment system but also haptoglobin, which binds 
haemoglobin from degraded erythrocytes and 
transports it to the liver. Here also, the newly 
appearing protein has retained the ability for spe
cific binding to polypeptides at the expense of the 
hydrolytic property. Caeruloplasmin, which ser
ves to transport copper in the blood plasma, is 
homologous to the blood-clotting components 
fibrinogen, factor V and factor VII. The appar
ently quite old proteinase inhibitor a2M is related 
not only to a pregnancy protein but also to the 
complement components C3, C4 and C5. There is 
a completely unexpected homology over a stretch 
of 101 amino acids between the linker protein in 
the proteoglycan complex of cartilage and the T
cell receptor; in this case, a component of the 
immune system appears to have arisen by modi
fication of a cell-matrix protein [36, 94]. Even 
today, enzymes with new substrate or reaction 
specificities can arise; an example of this is the 
dichlorodiphenyltrichloroethane (DDT) dechlo-
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rinase of insects. The evolution of new enzymes 
can be observed in bacterial experiments; for 
example, during the culture of ~-galactosidase 
(lacZ)-deficient E. coli mutants on lactose
containing medium, a new enzyme, known as 
"evolved ~-galactosidase" (Ebg) appears. All that 
is needed here are a few mutations in the gene 
ebg 0, a weak catalytic ~-galactosidase found in 
the wild type, and in the gene egbR of the associ
ated repressor [239]. 

The de novo synthesis of a longer DNA 
sequence coding for a functional protein would 
appear to be excluded on the grounds of probabil
ity. It is also difficult to imagine the appearance of 
a completely novel protein by the diversifying 
evolution of a duplicated gene. Gradual altera
tion of a DNA sequence could never really pro
duce a functional structural gene. Frame-shift 
mutations and other lethal changes would accu
mulate in a gene that has become inactive such 
that as a whole it could hardly become active 
again. Thus, at the molecular level the evolution 
of novelty may come mainly by a process 
described by Jacob as "tinkering" [98]. By this it 
is meant that evolution, unlike technology, does 
not build new structure from scratch but achieves 
novelty by the modification and recombination of 
what is already available, in the same way that a 
father constructs a toy car for his son from the 
wheels of an old pushchair, an orange box and 
other bits and pieces. The molecular mechanisms 
of tinkering include, in particular, the processes 
of gene rearrangement, i.e. the insertion or dele
tion of longer sequences, duplication, transposi
tion and fusion of gene segments (exon shuffl
ing) , and also perhaps gene transfer across spe
cies boundaries. 

4.2.9 Molecular Mechanisms in the Evolution 
of Complex Characters 

It has been shown in many investigations that 
there is no strong correlation between the rate 
and extent of molecular evolution and the evolu
tion of morphological and other complex charac
ters of the phenotype. The use of molecular data 
in the construction of species' ancestral trees 
gives, in many cases, branching schemes similar 
to those based on morphological characters, 
although the lengths of the branches, which indi
cate the extent of the changes, are usually quite 
different. Evolutionary changes occur, on the one 
hand, within a line of evolution (anagenesis) and, 
on the other hand, at the separation of the lines 

(cladogenesis or speciation). It is controversial 
whether the evolutionary alteration of morpholo
gical characters predominantly occurs anagenetic
ally (gradualism) or during speciation (punctu
ationalism) [72, 107,301]. The evolution of prote
ins is, in any case, not accelerated by the forma
tion of species; the genetic distances determined 
by enzyme electrophoresis are not larger in 
species-rich groups of animals than in those with 
few species [14, 16]. 

The rate of phenotypic evolution differs quite 
markedly between and within different lines of 
evolution; one extreme is represented by species 
referred to as "living fossils", whose morpholo
gical characters have remained constant over 
many millions of years [106]. Such species include, 
for example, the brachiopod genus Lingula, 
which looked exactly the same in the Silurian 
400 million years ago as it does today; the horse
shoe crab Limulus (Xiphosura); or, amongst the 
vertebrates, the lizard Sphenodon, the crocodile 
and the opossum, all of which have hardly 
changed since the Jurassic. In contrast to their 
morphological evolution, the molecular evolution 
of the living fossils has in no way been retarded; 
e.g. the genetic variability of natural populations 
of Limulus is not less than that in other animals 
(see Table 4.8). So-called sibling species are 
hardly distinguishable morphologically, but at a 
molecular level they are no less different than 
other closely related species (see Fig. 4.18). 

There are, however, also groups of species 
which show an especially rapid morphological 
evolution and whose molecular similarity is much 
greater than the morphological similarity. This is 
true, for example, of the Hawaiian Drosophila 
species D. silvestris and D. heteroneura, which are 
easily distinguishable morphologically but have 
only a small genetic distance (D) of 0.063 [370]. A 
similarly low molecular distance is shown by the 
approximately 300 species of the chequered perch 
(Cichlidae), which are found only in the African 
Malawi lake and are apparently the result of very 
rapid speciation [219], and the five North Amer
ican species of toothed carp, belonging to the 
genus Cyprinodon [415]. In Israel, the blind 
mouse, Spalax ehrenbergi, has several forms with 
different chromosome numbers (2n = 52, 54 or 
60) and these forms are sexually isolated due to 
behavioural characteristics, but they have only a 
very low genetic distance of 0.035 [366]. 

Two particularly convincing examples for the 
low correlation between molecular and mor
phological differences are the comparison 
between the anurans and the placental mammals, 
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and the comparison between man and the chim
panzee. The anurans, i.e. the frogs and toads, are 
a morphologically uniform group of 3000 species 
which arose about 159 million years ago and 
which can all be placed in the same order. The 
"placental mammals" with an age of about 
75 million years, include about 4600 species, 
amongst which are such diverse forms as cats, 
humans, bats and whales; they are, therefore, 
distributed over about 16-20 orders. Although, 
as can be seen from the above, the organismic 
evolution of the two groups has progressed at 
very different rates, the rate of molecular evolu
tion, as measured by, for example, the immunolo
gical distances of the serum albumins or the 
mtDNA sequences, appears not to be signifi
cantly different. Frog species which are similar 
enough to be placed in the same genus may differ 
at the molecular level to the same degree as the 
bat and the whale [123,205, 440]. Man and the 
chimpanzee differ in molecular characteristics 
more than sibling species of other animal groups 
(Table 4.7); however, on the basis of their mor
phological differences they are placed in different 
families (Hominidae and Pongidae) [115, 214,440]. 

Table 4.7. A molecular comparison of man and the chim
panzee [176, 214, 361] 

Amino acid sequences: 
Fibrinopeptide A and B; cytochrome c; and u-, ~- and y
globin chains are identical 
A single difference in myoglobin and the b-globin chain 

Immunological distance: 
Lysozyme = 0, carboanhydrase = 3, serum albumin = 6, 
serum transferrin = 8 

Electrophoretic data: 
For 31 intracellular and 13 extracellular proteins there 
are, on average, 2.4 amino acid exchanges per protein 
with an average length of 293 amino acids, i.e. a mean 
sequence difference of 0.8 % 

DNA data: 
12S rRNA genes in mtDNA show 3.7% sequence 
difference (compared with an average of 0.36 % between 
the mtDNA of different human individuals) 
The ~-globin gene differs in the region 1-1396 in 14-19 
positions (compared with differences at 9 positions 
between human individuals) 
According to different authors, unique DNA has ~Tm 
values of 0.7-1.5 °C, corresponding to an average 
sequence difference of 1.1 % (in comparison Xenopus 
laevis and X. borealis show ~Tm = 12°C, i.e. 12 % 
sequence difference) 

Genetic distance: 
For 44 loci, D = 0.62 (for a comparison, see Fig. 4.18; 
similar D values are found between sibling species of 
Drosophila; D = 1.76 for the species Rana pipiens and 
R. corrugata) 

The evolution of morphological characters, 
right up to the appearance of completely new 
forms of organisms, cannot be explained simply 
on the basis of evolutionary changes in the amino 
acid sequences of proteins. Morphological char
acters appear to be dependent not so much upon 
the coding sequences of structural genes as upon 
the regulatory processes that determine the 
expression of the structural genes at a particular 
time during development and at a particular site 
in the embryo. That organic evolution mainly 
concerns changes in regulatory mechanisms for 
gene expression is shown by the formation of spe
cies hybrids. The success of hybridization 
between various species of the genus Mus corre
lates to the evolutionary distance as estimated 
from molecular data [34]. However, crosses 
between anuran species are possible over a 10-
times larger immunological distance (of the albu
mins) than in the mammals [440]. Furthermore, 
in vitro fertilization experiments with eggs of the 
teleost Micropterus salmoides floridanus and 
sperms of other species showed that the incidence 
of non-hatching or deformed embryos was not 
always proportional to the genetic distance 
between the species [316]. The molecular basis of 
morphological evolution will only become acces
sible to research when it is known by what 
mechanism the molecules of the body substances 
are arranged into different species-specific, sup
ramolecular structures during morphogenesis. 
Molecular embryology has recently made import
ant progress, e.g. with the identification and anal
ysis of homeotic genes, and will undoubtedly 
have further success. When the DNA sequences 
responsible for guiding morphogenesis are known 
in more detail, it should also become possible, by 
comparing different animal species, to obtain an 
insight into the molecular mechanisms of the 
evolution of morphological characters. 

4.3 Protein and Nucleic Acid 
Polymorphism 

All evolutionary processes are manifested by 
changes in the gene stocks of populations. Until 
the middle of the 1960s, the genetic structure of a 
population could be assessed only indirectly by 
examining phenotypes. As phenotypically recog
nizable spontaneous mutations are rare events, it 
was generally held that the individuals of a 
population are homozygous at almost all loci for 



the "wild-type" gene, and heterozygous at only a 
few loci (about 0.1 %) for mutated alleles that, as 
a rule, would be lethal in the homozygous state. 
Orily with the introduction in 1966 of enzyme 
electrophoresis and the subsequent development 
of other methods for analysing information
carrying macromolecules did population genetics 
gain direct access to the genome. A complete 
assessment of the genetic differences between 
individuals requires the comparison of gene 
sequences. However, the methods of DNA and 
protein sequencing require too much effort for 
comparative investigations of many individuals. 
Therefore, popUlation genetics mainly makes use 
of the methods of protein electrophoresis and of 
DNA analysis by restriction endonuclease diges
tion. The relatively small amount of data 
obtained by the comparative sequencing of sev
eral individuals provides useful additional infor
mation. In 1966, the first enzyme electrophoretic 
investigations of Drosophila pseudoobscura, by 
Lewontin and Hubby, and of man, by Harris, 
revealed that the amount of genetic variability 
was so great that it was described as an "electro
phoretic revolution". Using this and other 
methods, it has since been demonstrated that a 
marked molecular polymorphism exists in almost 
all natural populations [17,21, 293,294]. The 
characteristic allele frequency for each popula
tion remains constant over many generations, as 
has been shown, for example, in Drosophila 
melanogaster [61]. 

There are two groups of opposing theories on 
the origin of protein polymorphism: The "selec
tionistic" theories see polymorphism as the out
come of particular forms of selection (balancing 
selection) [17], whereas the "neutral" theories 
assume that a large proportion of the mutations 
and the resulting amino acid substitutions are 
selectively neutral, and only by chance (drift) do 
they spread through the popUlation and become 
fixed. Although the controversy between "neut
ralism" and "selectionism" is by no means settled, 
the results of DNA-sequence analysis today leave 
no doubt that many molecular variants behave 
like neutral characters during evolution 
[210, 212]. 

4.3.1 Dermitions and Concepts 

Prakash, Lewontin and Hubby introduced in 1969 
the term "allozyme" for allelic sequence variants 
of enzymes; the IUB nomenclature commission 
used the name "allelozyme"; linguistically "alle-
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loenzyme" is to be preferred, or in general "aile
loproteins". Allelic protein variants usually differ 
in only one or a few amino acids. Particularly 
large differences of seven amino acids are found 
between the allelic variants A and B of the 
haemoglobin-~ chain of sheep and the types 1 
and 3 alkaline phosphatases from human placenta 
[169]. With proteins possessing internal periodi
cities, allelic length variants are also possible. 
Strictly speaking, the terms alleloenzyme or alle
loproteins should only be applied when evidence 
for allelic inheritance has been obtained from 
crossing experiments; however this condition is 
rarely fulfilled. It should also be remembered that 
the formation of certain post-translational modi
fications of proteins can, in some cases, be inhe
rited as Mendelian characters (p. 79). 

A protein locus is termed polymorphic when 
the proportion (frequency) of the most frequent 
allele is lower than a certain limit, which is usu
ally given as 0.99 and sometimes as 0.95. For the 
quantitative description of protein polymorph
ism, the proportion P of polymorphic loci at all 
the examined loci is often given; however, P is 
greatly dependent upon the defined limit and the 
genetic constitution of the individual under inves
tigation. Less influenced by this is the heterozy
gosity of a single locus h: 

(4.2) 

where Xl is the frequency of the allele i [115, 294]. 
Averaging h for all the investigated loci gives the 
mean heterozygosity, H. In an ideal bisexual 
population with random pairing, h corresponds to 
the proportion of animals that are heterozygous 
at a given locus, and H to the average proportion 
of heterozygous loci. In reality, the observed pro
portion of heterozygotes (Hobs) may deviate 
markedly from the expected value (Hexp). Hobs is 
heavily dependent upon mating behaviour; incest 
and self-fertilization lead to a reduction in Hobs ' 
In haploid species, hobs is zero by definition. 
Thus, only Hexp is suitable for the comparative 
assessment of protein polymorphism in different 
species, although this is not always accepted in 
the literature [148]. To define a protein poly
morphism, the actual number of alleles ne may be 
given: 

(4.3) 

The H values determined with enzyme electro
phoresis differ greatly even between closely 
related species or different populations of a spe
cies (Table 4.8). H is seldom greater than 0.3; the 
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Table 4.8. Protein polymorphism in various animal species and groups as represented by the average heterozygosity H 
(p. 131) of at least 20 loci 

Group 

Bacteria 
Nematoda 
Phoronida 
Echinodermata 

Mollusca 

Chelicerata 
Crustacea 

Insecta 

Agnatha 
Telostei 

Amphibia 

Reptilia 

Aves 
Mammalia 

188 
30 
38 
57 
31 
3 
9 
3 

25 
68 

_ Mean values. 

Species 

Escherichia coli 
Ascaris suum 
Phoronopsis viridis 
Asterias forbesi 
Nerchaster aciculosus 
Rumina decollata 
Tridacna maxima 
Limulus polyphemus 
Homarus american us 
Euphausia superba 
Gryllus integer 
Otiorhynchus scaber 
Drosophila paulistorum 
D. melanogaster 
D. simulans 
Musca domestica 
Lampetra planeri 
Fundulus heteroclitus 
Zoarces viviparus 
Mugil cephalus 
Gillichthys mirabilis 
Menidia menidia 
Sebastes caurinus 
Mylopharodon conocephalus 
Plethodon cine reus 
Bufo viridis 
Anolis gingivinus 
A.oculatus 
A. griseus 
Alligator missisipiensis 
Ardea herodias 
Calomys musculinus 
Rattus rattus 
Peromyscus maniculatus 
P. floridanus 
P. guardia 
P. interparietalis 
Myotis velifer 
Macaca tuscata 
Homo sapiens 

Insect species-
Hymenoptera species 
Drosophila species 
Invertebrate species 
Fish species 
Amphibian species 
Reptilian species 
Avian species 
Mammalian species 
Vertebrate species 

averages for all investigated animal species are H 
= 0.10 and P = 0.35. The probability that two 
individuals carry identical alleles at z loci is given 
by: 

W= (I-H)' (4.4) 

H value Reference 

0.472 [294] 
0.066 [233] 
0.094 [125] 
0.041 [125] 
0.195 [125] 
0.000 [331] 
0.209 [55] 
0.064 [331] 
0.040 [125] 
0.057 [125] 
0.145 [331] 
0.294 [125] 
0.228 [294] 
0.194 [52] 
0.135 [52] 
0.115 [30] 
0.076 [428] 
0.180 [331] 
0.090 [331] 
0.071 [331] 
0.054 [125] 
0.053 [125] 
0.018 [125] 
0.002 [125] 
0.044 [125] 
0.147 [125] 
0.100 [294] 
0.050 [294] 
0.020 [294] 
0.021 [294] 
0.007 [154] 
0.201 [127] 
0.044 [125] 
0.128 [294] 
0.062 [294] 
0.014 [294] 
0.000 [294] 
0.152 [125] 
0.013 [294] 
0.143 [294] 

0.107- [151] 
0.036- [151] 
0.157- [341] 
0.134- [17] 
0.058- [341] 
0.1OS' [341] 
0.043- [341] 
0.031- [341] 
0.039- [341] 
0.060- [17] 

With H = 0.10 and z = 10\ W = 10-458; thus, with 
the exception of identical (single-egg) twins, no 
two individuals can ever be genetically identical 
and therefore the genetic concept of the "wild 
type" is questionable. 
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4.3.2 Methodological Problems 
in the Determination 
of Protein Polymorphism 

Enzyme electrophoresis is carried out in the fol
lowing way: the soluble protein of the whole ani
mal or a single organ is fractionated using starch
gel or polyacrylamide-gel electrophoresis; en
zyme bands with a certain substrate specificity are 
visualized on the electrophoregram by use of a 
specific staining reaction (Fig. 4.5). This method 
only detects amino acid substitutions that lead to 
a change in charge. It can be easily calculated that 
in proteins of average composition only about 
one-third of all possible amino acid substitutions 
lead to a change in charge (Table 4.3). Thus, indi
vidual protein bands on a gel may contain several 
different sequence variants with the same electro
phoretic mobility; in 1975, these were termed 
"electromorphs" by King and Ohta. Various 
other methods are used to try to detect the 
("cryptic") variants which are not separated by 
standard electrophoresis: complicated electro
phoretic and chromatographic separation techni
ques, differentiation by differences in substrate 
specificity or sensitivity to high temperature, 
denaturing substances or inhibitors, and identi
fication by immunological methods or peptide 
patterns. 

The only direct evidence for the heterogeneity 
of electromorphs comes from sequence analysis. 
For example, there is a polymorphism 31-IleNal 
in carboanhydrase III of human erythrocytes 
which is not detectable by electrophoresis [171]. 
The sequential polyacrylamide-gel electrophore
sis introduced in 1976 attains a much greater 
separation by systematic variation of gel concen
tration and pH. This method allowed the detec
tion of, for example, 17 out of 20 anomalous 
human haemoglobins, compared with detection 
of only 8 using the standard technique [340]. A 
more recent method of isoelectric focusing, using 
very short pH gradients, e.g. of 7.20-7.55, can 
even separate proteins that differ by only one 
neutral amino acid [433]. Pre-incubation of the 
gel at high temperature can be used to distinguish 
between alleloenzymes of different temperature 
sensitivity. 

The extent of the cryptic protein polymorph
ism revealed by these refined techniques varies 
greatly between different loci [17], but is in many 
cases very impressive. The application of iso
electric focusing increased the number of known 
alleloenzymes of phosphoglucomutase from 
human erythrocytes from 3 to 10 [209]; varying 

a) - -- -
b) - - -- - -- - -
c) - --- -
d) - ----- -
e) - - c::::. 

Fig.4.5. Electrophoretic phenotype of the polymorphism 
of: a a monomeric protein, two codominant alleles; b a 
monomeric protein, three codominant alleles; c a dimeric 
protein, two codominant alleles; d a tetrameric protein, 
two codominant alleles; e a normal and a null allele [115] 

the gel concentration in studies of 14 loci of the 
butterfly Colias meadii gave an increase from 40 
to 103 [191]; sequential gel electrophoresis 
increased the number of distinct alleloenzymes at 
the esterase-5 locus of Drosophila pseudoobscura 
from 8 to 22-41 [204]. Heat inactivation exper
iments revealed eight variants within the two 
esterase-6 electromorphs of Drosophila melano
gaster, and these could be identified as alleles by 
crossing experiments [69]. Use of the same 
method increased the number of known variants 
at 14 mouse loci from 27 to 53 [34]; in human 
erythrocytes the total number of "heat" alleles is 
in fact more than three times higher than the 
number of variants separable by electrophoresis 
[279]. 

The combination of several methods reveals 
extreme polymorphism at some loci. For exam
ple, using various electrophoresis methods com
bined with heat inactivation, 35 variants of serum 
esterase-1 were described in the mouse Peromys
cus maniculatus [9]. Standard electrophoresis 
indicated 8 variants of xanthine dehydrogenase in 
Drosophila pseudoobscura and this estimate was 
increased to 27 variants by sequential electropho
resis and further to 37 using heat inactivation; 
thus, the apparent heterozygosity at this locus 
increased from 0.44 to 0.63. Similar results were 
obtained with D. melanogaster [46]. If the effec
tive number of alleles is increased by only 20 % 
by taking all the cryptic polymorphisms into 
account, the mean H values (Table 4.8) increase 
from 0.134 to 0.28 for the invertebrates, and from 
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0.06 to 0.21 for the vertebrates, i.e. there is a two
to threefold higher proportion of heterozygous 
loci [17]. 

Past investigations of protein polymorphism 
have almost all been carried out using the same 
three dozen enzymes which are easily stained and 
detected on gels (Table 4.9). The mean heterozy
gosity H, however, should really be determined . 
from a random sample of all protein loci. For this 
purpose one can use the method of 2-D electro
phoresis; this was introduced in 1975 and can dis
tinguish up to 1000 identifiable protein spots. The 
2-D method almost always indicates much less 
polymorphism than does 1-D electrophoresis. 
Studies of human fibroblasts, lymphocytes and 
brain and kidney cells [352], of various organs of 
both laboratory and wild Mus musculus [217], 
and of Drosophila [379] gave H values of 0-0.02. 
Only in the case of 2-D studies of human plasma 
proteins was an H value (0.062) found to agree 
with the 1-D electrophoresis H value (0.063) from 
104 human loci [352]. 

4.3.3 Dependence of Protein Polymorphism 
on Protein 1YPe 

The extent of polymorphism differs greatly 
between different proteins (Table 4.9). In con
nection with the controversy over neutralism and 
selectionism, there have been many investi
gations of which protein properties determine 
the extent of polymorphism. According to the 
neutral theories, polymorphism should increase 
with increasing molecular mass, because the 
probability of neutral amino acid substitutions 
increases with the number of amino acids; such a 
tendency was confirmed in studies involving a 
large amount of data [294]. Polymorphism is 
dependent upon the quaternary structure; it is 
larger for monomers than for di- or tetrameric 
enzyme proteins (Table 4.10). Neutral theories 
explain this relationship by restricted variability 
in the regions of contact. It should be noted, 
however, that amongst the proteins with marked 
polymorphism are several multimeric enzymes, 

Table 4.9. The heterozygosity (H values) of various proteins: (a) considering all Drosophila species examined; (b) con
sidering all invertebrate and vertebrate species examined [331] 

Protein Heterozygosity Function 
type" 

a b 

Xanthine dehydrogenase (XDH) 0.364 0.208 R 
Phosphoglucose isomerase (PGI) 0.353 0.134 R 
Esterase (EST) 0.341 0.277 U 
Acetaldehyde oxidase (AO) 0.321 R 
Amylase (AMY) 0.321 N 
Acid phosphatase (ACPH) 0.259 0.224 U 
Peptidases (PEP, LAP) 0.235 0.192 U 
Adenylate kinase (AD KIN) 0.215 0.136 R 
Phosphoglucomutase (PGM) 0.199 0.170 R 
Glucose-6-phosphate dehydrogenase (G6PDH) 0.168 0.121 N 
Alcohol dehydrogenase (ADH) 0.152 0.140 R 
lsocitrate dehydrogenase (IDH) 0.127 0.082 N 
Malate enzyme (ME) 0.117 0.131 R 
Hexokinase (HK) 0.077 0.087 R 
Aspartate transaminase (GOT) 0.075 0.057 N 
Non-enzymatic proteins 0.071 0.066 
Superoxide dismutase (SOD) 0.070 0.080 U 
Fumarase (FUM) 0.050 0.041 N 
Malate dehydrogenase (MDH) 0.037 0.083 N 
6-Phosphogluconate dehydrogenase (6PGDH) 0.037 0.039 N 
a-Glyceraldehyde-3-phosphate dehydrogenase (a-GPDH) 0.013 0.039 N (insects) 

R (others) 
Triosephosphate isomerase (TIM) 0.012 0.054 N 

Relatively unspecific enzymes 0.205 0.175 U 
Specific regulatory enzymes 0.210 0.161 R 
Specific nonregulatory enzymes 0.086 0.073 N 

" Function type according to Johnson: U, relatively unspecific enzyme; R, specific regulatory enzyme; N, specific non
regulatory enzyme. 
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Table 4.10. Dependence of the mean heterozygosity (H 
value) on protein quaternary structure [432] 

Quaternary 
structure 

Monomers 
Dimers 
Tetramers 

Heterozygosity 

Vertebrates 

0.113 ± 0.050 
0.040 ± 0.006 
0.Q15 ± 0.006 

Invertebrates 

0.186 ± 0.Q28 
0.124 ± 0.018 
0.067 ± 0.026 

e.g. esterases, xanthine dehydrogenases and alde
hyde oxidases. 

Less well supported is the notion of a depend
ence of polymorphism on protein function. There 
are several pieces of evidence that non-enzymatic 
proteins are less polymorphic than enzymes. On 
the other hand, the larval storage protein lucilin 
of the fly Lucilia cuprina is one of the most 
variable proteins known (p.192). In an attempt to 
relate function and polymorphism, Johnson 
(1971) suggested grouping enzymes into three 
classes, whose variability decreased in the follow
ing order: (1) relatively non-specific enzymes; (2) 
specific regulatory enzymes; and (3) specific non
regulatory enzymes. However, there are in reality 
large differences in heterozygosity within each of 
these three classes (Table 4.9). The frequently 
noted high polymorphism of esterases and other 
enzymes of low specificity is not based on the 
preference of different alleles for different sub
strates but on the lower structural conformity 
required for such low specificity. 

The same enzyme may show different levels of 
polymorphism in different species. The insect a
?lyceraldehydephosphate dehydrogenase shows, 
III general, little variability. In only 2 out of 175 
Drosophila species could any polymorphism be 
found for this enzyme by use of the standard 
methods, and in only 4 out of 65 species could it 
be found in combination with heat inactivation 
[223]. Furthermore, in five Notonecta species the 
mean h value of the Gdh locus was lower than 
0.01. In contrast, this locus was extremely 
variable in 11 species of the waterbug family Ger
ridae, with a mean h of 0.4; it is also very poly
morphic in the lepidopteran genus Colias [454]. 
The xanthine dehydrogenase locus in different 
Drosophila species has h values between 0 and 
0.8 [210]. 

4.3.4 Differences in Protein Polymorphism 
Between Different Animal Groups 
and Habitats 

The extent of polymorphism (H value) may differ 
greatly even between very closely related species, 
as is shown in Table 4.8 for the genera Droso
phila, Anolis and Peromyscus. Therefore, genera
lizations about protein polymorphism in different 
animal groups must take into account certain 
conditions. Protein polymorphism determined by 
standard methods is markedly less in the verteb
rates (means of H = 0.06 and P = 0.25) than in 
the invertebrates (H = 0.134 and P = 0.47) [17); 
within the vertebrates, the amphibians apparently 
have relatively high H values. In mammals, with 
the exception of man (see Table 4.8), H decreases 
with increasing body size [446]. According to the 
neutral theories these differences are explained 
by differences in population size, and according 
to the selectionist theories they are explained by 
local variation in selection conditions. Protein 
polymorphism appears not to be correlated with 
the type of habitat; no consistent differences are 
apparent between the tropics and temperate 
zones, or between the sea, freshwater and terre
strial biotopes. In comparison with most other 
insects, the Hymenoptera display significantly 
less protein polymorphism (Table 4.8). In the 
honey bee and other bee species there was at first 
no indication of any polymorphic loci; however, 
variability has since been shown at least for alco
hol dehydrogenase [262]. The limited protein 
polymorphism of the Hymenoptera has been 
associated with the haploid-parthenogenetic 
reproduction of the males [148]; however, high H 
values of 0.121-0.187 have been estimated for 
four parasitic species with haploid males 
[185, 375]. Species of solitary Hymenoptera show 
significantly more distinct protein polymorphism 
compared with the higher, social species [148). 

Self-fertilization should lead to a drastic reduc
tion in polymorphism because sexual recombina
tion, as a mechanism for the spread of mutations 
in a population, is missing. The self-fertilizing ter
restrial snail Partula gibba, which is indigenous to 
Tahiti and other Pacific islands, has not a single 
polymorphic locus; in contrast, the non-self
fertilizing species of the genus Partula that share 
the same habitat have normal polymorphisms and 
H values of 0.13-0.17 [192]. There are consider
able differences in the allele pattern between dif
ferent populations of the self-fertilizing terrestrial 
snail Rumina decol/ata in southern France and 
North Africa; however, the individual popula-
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tions are uniform and thus apparently founded by 
single animals. The populations in various sou
thern states of the USA, on the other hand, are 
completely identical and probably originate from 
the same population as that in southern France 
[294]. 

Single-sexed reproduction by diploid partheno
genesis is found in various animal groups. Here, 
the progeny of a single individual are genetically 
identical; the populations consist of one or more 
clones of genetically identical individuals. 
Because there is no segregation or recombina
tion, new alleles arising by mutation remain hete
rozygous. If a population changes from bisexual 
to parthenogenetic reproduction, the heterozy
gosity at first increases, but then decreases again 
in the course of evolution due to the accumula
tion of non-functional alleles. Occasional bisex
ual reproduction allows new alleles into the 
population. In island populations of the parthe
nogenetic Australian snail Thiara ballonensis, 
which has no bisexual neighbours, 41 electro
morphs were found for 12 enzymes, each of the 13 
examined populations displaying its own uniform 
pattern [396]. Protein polymorphism in popula
tions which alternate cyclically between bi- and 
monosexual reproduction has been studied in 
detail in waterfleas in the genus Daphnia 
[281, 358] and in aphids [413]. 

4.3.5 Dependence of Protein Polymorphism 
on the Size and History of a Population 

According to the neutral theories, the average 
heterozygosity should increase with the size of the 
population. However, the electrophoretically 
determined H value rarely exceeds 0.30, even in 
very large populations. On the one hand, this 
may be due to the occurrence of new variants 
which have the same electrophoretic mobilities as 
already existing electromorphs and therefore 
remain undetected, but, on the other hand, it is 
also predicted by certain of the neutral theories. 
In any case, reduced polymorphism is expected in 
a population founded by a few individuals (foun
der effect) or after the sudden reduction in size of 
a population (bottleneck effect); recovery of the 
H value will require many thousand generations 
[263]. Evidence for this theory is found in several 
cases where the history of particular populations 
is well known. For example, the population of the 
northern elephant seal Mirounga angustirostris 
decreased in 1890 to about 20 individuals; the 
effective population was in fact smaller than this 

because only certain males can participate in mat
ing. In 1974, investigations of the several thou
sand individuals of the newly expanded popula
tion showed no polymorphisms at 24 blood
protein loci [35]; in contrast, in the southern 
elephant seal, which has never been so greatly 
decimated, 5 out of 18 loci were polymorphic. 
The relatively limited extent of protein poly
morphism in the large mammals (with the excep
tion of man) is perhaps the result of frequent 
bottleneck effects. 

The founder effect explains many cases of 
unexpectedly low polymorphism [294]. The mos
quito Aedes aegypti first reached Asia in the nine
teenth century; the Asiatic population corre
spondingly shows significantly lower polymorph
ism (H = 0.086) than the African and American 
populations (H = 0.129-0.155) [401]. Animal 
populations from small islands, lakes or ponds, or 
from caves are usually less polymorphic than their 
parent populations. Thus, the island populations 
of the rodent Peromyscus polionatus on Santa 
Rose island, off the coast of Florida, has an H 
value of 0.018 compared with that of 0.067 for the 
mainland population [294]. Conspicuous in this 
regard is the relatively high polymorphism of the 
laboratory rat, the 300 strains and sub-strains of 
which were bred during the course of the century 
from a few wild animals; polymorphism was 
found in 9 of 22 loci examined [189]. 

4.3.6 Quantitative Genetic Variability 

The quantitative polymorphism of proteins has 
been relatively seldom investigated compared 
with structural polymorphism, because the anal
ysis using crossing experiments and concentration 
measurements of single protein species requires 
much more experimental effort. There is, how
ever, no doubt that heritable variation of enzyme 
activities or the concentration of non-enzymic 
proteins is widespread, and that null variants are 
the exception [70]. Thus, for example, in 26 out 
of a total of 35 examined enzymes from the labo
ratory mouse, heritable activity differences were 
found in proportions up to 1 : 8.8 [47]. At 14 loci 
of two natural populations of Drosophila melano
gaster, 58 variant alleles with lower or zero activ
ities were recorded; with one exception, these 
produced no reduction in viability or fertility in 
the heterozygous state [50]. The quantitative vari
ability of the alcohol dehydrogenase locus of 
D. melanogaster has been thoroughly examined 
[387]. The frequency of mutations which change 



activity was investigated on 1000 pure lines aris
ing from one Drosophila pair; within only 300 
generations, alcohol dehydrogenase activities 
were found to vary by a factor of 10-20 [283]. In 
various populations of D. melanogaster, a mean 
frequency of null alleles of about 0.25 % was 
observed at 20 autosomal loci [224]. Whilst 
sequence variants of proteins are often selectively 
neutral, quantitative variants especially when 
they are homozygous, do influence fitness and are 
thus subject to selection. Appropriate investiga
tions have been carried out, for example, on the 
a-amylase locus of D. melanogaster. Adults and 
larvae with higher amylase activities (Amy4,6) 

have a significantly greater life expectancy than 
those with lower activities (Amyl) when starch is 
the limiting nutrient [216]. 

Heritable differences in enzyme activity can 
arise by changes in either the catalytic properties 
or the synthesis or degradation, and therefore the 
concentration, of the enzyme protein. Changes in 
catalytic properties are always due to amino acid 
substitutions. These need not necessarily influ
ence the active centre directly but can change the 
physicochemical properties of the protein and 
thereby affect enzyme function indirectly. For 
example, in various Drosophila null variants, the 
ability to form active heterodimers with normal 
subunits has been lost. The three alleles of 
glucose-6-phosphate dehydrogenase in D. mela
nogaster code for enzymes of different quaternary 
structure: ZwA and ZwB , which are active dimers 
and tetramers, and ZWlO1, which is monomeric 
and of limited activity [50, 124]. 

Heritable changes in the rate of enzyme syn
thesis can involve very different types of muta
tion; for example, mutations in the signals for 
transcription and mRNA maturation, mutations 
in regulatory genes, or the influence of gene 
expression by rearrangements or translocations. 
The null allele adhnAH52 of D. melanogaster has 
been sequenced. It contains an insertion of 8 bp 
and an adjacent deletion of 2 bp in intron 2; as a 
result, the transcription rate is reduced to one
tenth of the normal [134]. The rate of synthesis of 
multiple genes can be influenced by the number 
of active genes. A frame-shift mutation, i.e. the 
addition or deletion of one or two nucleotides in 
a coding sequence, or a nonsense mutation, i.e. 
the production of a stop codon within a coding 
sequence, prevents formation of the normal 
enzyme protein; resulting anomalous polypepti
des are usually immediately degraded proteolytic
ally. Whether activity variants are based upon 
changes in enzyme concentration or catalytic 
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properties can mostly be determined from immu
nological measurements of protein concentra
tion; however, an amino acid substitution can 
also change immunological reactivity and cata
lytic activity. Unambiguous analysis requires a 
knowledge of the DNA sequence. 

4.3.7 DNA Polymorphism 

Protein comparison reveals only a part of the gen
etic variation present in a natural population; 
synonymous nucleotide substitutions and variants 
in non-coding sequences can only be recognized 
by analysis of the DNA itself. Protein polymorph
ism normally involves the substitution of single 
nucleotides in a coding sequence; DNA poly
morphism can also result from deletions, inser
tions or duplications of longer sequences and 
from other types of rearrangements. The widely 
found length polymorphisms of non-coding 
sequences are usually based on a variable number 
of short repetitive sequences; examples are the 
rDNA of D. melanogaster [71], the chicken vitel
logenin gene [329], and the human albumin, glo
bin and insulin genes [309]. In multi-gene fami
lies, the number of copies can vary or parts of a 
cluster may be duplicated or missing; examples 
include the rDNA of many animals, human a
and ~-globin genes, human immunoglobulin 
genes and the amylase genes of several rodents, 
and these are described in more detail elsewhere 
in this book. Polymorphism can also result from 
the exchange of partial sequences between the 
members of a multi-gene family, as described for 
the human y-globin gene (Fig. 4.6a). 

As DNA sequencing requires considerable 
effort, relatively few comparative investigations 
have been undertaken on sequences originating 
from the two homologous chromosomes of cells 
of an individual or from different individuals of a 
species or population. The most extensive data on 
the polymorphism of DNA sequences come from 
the genes for human haemoglobin [308, 443]. 
Two different nucleotides were found in each of 
eight positions at the B-globin locus, and in one 
position there were in fact three differences; the 
combination of these characters defines at least 
seven haplotypes that are distributed in human 
populations [361]. Two types (R and T) of the 
human o-globin gene found in all populations dif
fer from each other by 16 substitutions and two 
deletions, which are mainly in the non-coding 5' 
non-translated region; the sequences differ by 
almost 1 % in this region of 1. 7 kb [257]. 1\vo 
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variants of the human insulin gene are also known 
to differ by four substitutions, one each in the two 
introns and two in the 3' non-coding region [419]. 
There are also four variant nucleotides in the 
human 28S rRNA [139]. 

Amongst the genes of the invertebrates, the 
Adh locus of Drosophila melanogaster has been 
investigated most. Two electromorphs of this 
enzyme (ADHS and ADHF) , found in all natural 
populations, consistently display the same amino 
acid difference 192-LyslThr. In addition to the 
nucleotide substitution 1490-A to C, responsible 
for this amino acid exchange, a further 42 poly
morphic nucleotide positions have been found in 
five Adhs and six AdhF genes of five populations 
(Fig. 4.6b); apart from this, the first intron and 
the 3' terminal region have length polymorphisms 
at six positions with differences between 1 and 
37 bp [221]. The average nucleotide difference in 
the Adh locus of 11 D. melanogaster breeding 
lines was found to be 0.66 % [395]. The gene 
sequences of all ten esterase-6 alleles of D. mela
nogaster contain 52 nucleotide differences, of 
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which 16 produce amino acid exchanges but only 
3 result in electrophoretically measurable charge 
differences [78]. The histone gene cluster is also 
extremely polymorphic. Five repeats from four 
individuals of the sea urchin Strongylocentrotus 
purpuratus contained no fewer than 59 poly
morphic sites in the spacers, the non-translated 
regions of the mRNAs, and as synonymous. sub
stitutions in coding sequences [451]. 

Although the complete and unambiguous 
assessment of polymorphism requires the direct 
comparison of homologous DNA sequences, 
other less intensive methods are available for esti
mating DNA polymorphism; of importance for 
population genetics studies is analysis using 
restriction endonucleases. The reduction of the 
dissociation temperature Tm of artificial DNA 
hybrid molecules is often used in research into 
molecular relationships but has only occasionally 
been used for studies of genetic polymorphism. 
For example, heteroduplices, produced from the 
pooled single-copy DNA of different individuals 
of the sea urchin S. purpuratus and of the starfish 

Ex3 NT Fig. 4.6a, b. Two examples of 
the distribution of the 
sequence differences between 
allelic variants of the same 
gene between exons (striped 
or stippled), introns (blank) 
and non-translated DNA 
sequences at the 5' and 3' 
ends of the mRNA (blank). 
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a Ay-globin gene from the 
two homologous chromoso
mes of the same human indi
vidual [17, 382]; b the aver
age difference between five 
alcohol dehydrogenase genes 
Adhs and six AdhF of Droso
phila melanogaster [221]. LL, 
Larval leader sequence; AL, 
adult leader sequence Exl In 1 Ex2 



Pisaster ochraceus and compared with the reas
sociated DNA from one individual, showed a 
reduction in Tm of 4 and 5.3 °C, respectively; this 
corresponds to a sequence difference of 4-5 % 
between the individuals [151, 384]. Differences in 
the restriction endonuclease cleavage fragment 
pattern also suggest sequence differences. Such a 
restriction analysis can be carried out on isolated 
fragments of chromosomal DNA; mtDNA, 
which has exactly the right size of 15-19 kb and is 
easily obtainable in useful amount, is especially 
suitable for population genetics studies. A par
ticular advantage of mtDNA is that it is purely 
maternally inherited and, therefore, does not 
undergo recombination. If, as in many species, 
the males are more mobile than the females, then 
the genetic flux in the population is dependent 
largely on the migrations of males; the popula
tions are then much more clearly structured with 
regard to the mtDNA than the alleloproteins. 

Various mathematical and statistical processes 
have been suggested for evaluating restriction 
analysis data [108, 182,290]. However, a relation
ship between the polymorphism of a cleavage site 
and the total DNA sequence cannot be unam
biguously defined because, for example, longer 
insertions or deletions and the rearrangement of 
sequences, as are frequently found in non-coding 
DNA regions, cannot be detected. According to 
Ewens [108], the mean heterozygosity per nucleo
tide can be calculated as follows. In n DNA 
sequences there may be m cleavage sites of which 
k are polymorphic. Given the employment of sev
eral enzymes with recognition sequences of four 
or six nucleotides, the mean heterozygosity per 
nucleotide is 

8 = (k4 + k6/ [(8m4 + 12m6)logen] (4.5) 

Nei [290] defined a nucleon diversity analogous 
to the heterozygosity [Eq. (4.2)]. 

hn = 1 - Lp2i (4.6) 

By nucleon is meant any defined DNA sequence 
for which i different cleavage patterns (nucleo
morphs) are possible, each in the proportion Pi; 
this equation should take into account insertions 
and deletions. 

Restriction analysis has produced evidence for 
polymorphism of mtDNA in man and various 
mammals, birds and reptiles (Table 4.11), as well 
as the invertebrates Drosophila and the crusta
cean Panulirus argus [270] (Table 4.11). The nuc
leotide substitutions in man, for example, are 
evenly distributed over the whole mtDNA, so 
that between 2 and over 40 allelic variants were 
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detected for each of the 28 examined loci (13 pro
teins, 10 tRNAs, 2 rRNAs and 3 non-coding regi
ons) in 145 individuals [434]. As well as differ
ences in mtDNA sequences, there are also differ
ences in mtDNA size; the relative degree of these 
two forms of mtDNA polymorphism differ 
greatly between species. No fewer than 37 size 
variants of mtDNA were found amongst 92 indi
viduals of the lizard Cnemidophorus tess altus , 
whereas the sequence difference of 0.06 % was 
extremely small [158]. In contrast, the mtDNA of 
rats and other rodents, shows considerable 
sequence variability but very little size difference 
[162]. In the insects Drosophila melanogaster and 
Gryllus firmus, heteroplasmy is often observed, 
i.e. the existence in the same individual of two 
mtDNA variants [158,341]. If there is evidence 
of length polymorphism in the mtDNA, then not 
only the number but also the length of the cleav
age fragments must be taken into account during 
restriction analysis [41, 162, 226]. 

Intraspecific comparisons of chromosomal 
DNA sequences by use of restriction analysis 
have been less often reported. It should also be 
noted here that the observed polymorphism can 
be due just as well to rearrangements of the DNA 
as to nucleotide substitutions. Seventeen differ
ent restriction patterns of the human B-globin 
locus are frequently observed, of which 14 are dis
tributed worldwide and 3 are limited to certain 
populations. The sequence differences responsi
ble are located predominantly in the non-coding 
flanking sequences and the introns [309]. In 
D. melanogaster, restriction analysis has been 
mainly concerned with the Adh locus. The aver-

Table 4.11. The percentage differences, estimated by 
restriction analysis, in mtDNA sequences between differ
ent individuals or populations (*) of the same species 

Species Difference Reference 
(%) 

Man 0.36 [158] 
Chimpanzee (Pan troglodytes) 1.3 [117] 
Dwarf chimpanzee (Pan paniscus) 1.0 [117] 
Orangoutan (Pongo pygmaeus) 5.0 [117] 
Gorilla (Gorilla gorilla) 0.55 [117] 
Brown rat (Rattus norvegicus) 0.2-1.8 [41] 
House rat (R. rattus) 0.2-9.6 [41] 
Pocket mouse (Geomys pinetis) 0-0.047 [225] 
Field mouse (Microtus 0.1-0.9 [410] 
townsendii) * 
Hamster mouse (Peromyscus 3.0-6.0 [226] 
maniculatus) * 
Great tit (Parus major) 0.19 [409] 
Lizard (Cnemidophorus tesselatus) 0.06 [158] 
Drosophila melanogaster 0.8-1.4 [158] 



140 4 Molecular Evolution 

age sequence difference of about 0.6 %, found by 
use of this method, agrees with the value 
obtained by sequence comparison [221, 363]. 
Restriction analysis gave a value of 0.24 % for the 
variability of the heat -shock locus 87 A 7 of Droso
phila [40}. 

4.4 The Causes of Genetic Polymorphism 

It was mainly as an explanation of the unexpec
tedly high protein polymorphism of natural 
populations that in 1968-1969, Kimura and also 
King and Jukes independently developed the the
ories of molecular evolution that became known as 
the "neutral theories" or "non-Darwinian evolu
tion" [208, 213]. At the heart of these theories is 
the thesis that a large part of the nucleotide sub
stitutions and resulting amino acid exchanges that 
occur during evolution are selectively neutral and 
become fixed in populations by random processes 
(drift). In opposition to these revolutionary ideas, 
various attempts were made to explain protein 
polymorphism as the result of some selection pro
cess. Controversy ensued between "neutralism" 
and selectionism"; at one time this took on an 
almost ideological dimension and the argument 
continues to this day [210, 212, 294, 297]. 

The arguments sometimes led to misunder
standings. Quite obviously, the proponents of the 
neutral theories did not claim that all mutation 
was selectively neutral. They did not deny the 
effects of selection, but held more to the idea 
that, under constant internal and external condi
tions, selection worked mainly to stabilize in that 
it eliminated variants deviating greatly from the 
norm. At the same time, the random fixation of 
neutral mutations brought about a high level of 
variability within a population and this actually 
then made possible adaptation to changing condi
tions. If the phenotypic optimum is shifted, as the 
result of a change in the environment, then some 
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otherwise neutral variant may become advantage
ous; this spreads through the population because 
of positive selection and becomes "fixed" . 
According to this concept, it is not necessary to 
assign special importance to specific "adaptive" 
mutations, although some may arise [210, 212]. 

4.4.1 Neutral Theories 
of Molecular Evolution 

A significant advantage of the "neutral mutation 
- random drift" theory, proposed by Kimura in 
1968, is the possibility to make quantitative state
ments about the relationship between the neutral 
mutation rate Vo and the effective population size 
Ne, on the one hand, and the rate of evolution 
and the extent of polymorphism on the other 
hand [210,212]. The effective population Ne 
refers to an ideal population with random mating; 
for various reasons Ne in real populations is usu
ally considerably smaller than the total number of 
available individuals. In addition, it is assumed 
that the population size will significantly change 
several times during the period required for the 
development of the polymorphism. Ne is, there
fore, considered to have an abstract size in 
population genetics models, and the real value 
can be only roughly estimated [294]. A popula
tion of Ne individuals with a neutral mutation rate 
of Vo will accumulate 2Nevo neutral mutations per 
generation, and will have a fixation probability of 
1/2Ne. Thus, the fixation rate of neutral mutations 
is given by 

k = 2Nevj2Ne = Vo (4.7) 

This is therefore independent of the population 
size and identical to the neutral mutation rate: a 
neutral mutation will become fixed in the popula
tion every l/vo generations. Definite fixation 
consequently requires about 4Ne generations and, 
in contrast, elimination an average of 2·loge(2Ne) 
generations (Fig. 4.7). 

.. 

Time .. 

Fig.4.7. The fate of neutral alleles in a population with an 
effective size of Ne and a rate of neutral mutation Vo' About 
4 Ne generations intervene between the occurrence and the 

fixation of a neutral mutation; a new mutation is fixed every 
ltvo generations; the majority of neutral mutations are not 
fixed but are eliminated soon after their occurrence [209] 



Only a certain proportion Pn of all mutation is 
selectively neutral. P n may be estimated from the 
number and frequency of rare alleles, i.e. those 
whose frequency is lower than 0.01. Using this 
method, pn for various enzymes and other prote
ins of both vertebrates and invertebrates has been 
estimated as 0.14 ± 0.06 [211]. The value of pn 
can be used to calculate the rate of occurrence 
and fixation of neutral mutations from the total 
mutation rate VT, 

(4.8) 

A neutral mutation is one that has no significant 
effect on the fitness of an organism under a given 
set of selection conditions. In contrast to the clas
sical concept, according to which the strength of 
positive selection determines the rate of evolu
tion, the neutral theory maintains that it is the 
characters without any fitness value, all mutations 
of which are neutral, that show the maximal rate 
of evolution and the highest polymorphism. The 
more important a molecular character is for the 
maintenance of structure and function of a 
nucleic acid or protein, the greater is the restric
tion of its molecular evolution. As discussed in 
section 4.6, this concept has been confirmed 
many times. The highest rates of evolution are 
found amongst the pseudo genes that are no lon
ger expressed; non-coding DNA sequences 
change quicker and are more polymorphic than 
coding sequences (see Table 4.13, p.162), and 
synonymous substitutions predominate over 
amino acid exchanges in coding sequences. The 
more complex the interaction of individual pro
teins with other cell components and the more 
important their function for the whole organism, 
the lower is their rate of evolution (see Ta
ble 4.12; p.161); thus, the amino acids that are 
most frequently exchanged are those of lesser 
importance for the structural and functional prop
erties of the protein [440]. 

The following numerical example illustrates 
the process of formation and fixation or elimina
tion of neutral mutations. Consider a gene of 
approximately 1000 nucleotides that codes for a 
protein of about 330 amino acids; the effective 
population size is Ne = 105, and the neutral muta
tion rate Vo = 5 . 10-9 per nucleotide and genera
tion, corresponding to the value observed for 
pseudogenes. Thus, one neutral mutation occurs 
in this particular gene per generation and, in 
most cases, will be randomly eliminated in the 
course of about 24 generations. The probability 
that the mutation will be fixed in the population 
is approximately 1: 200000. It requires about 
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400000 generations for the mutation to spread 
throughout the whole population, and l/vo = 

200 million generations before the mutated nuc
leotide is finally replaced by another. Many 
speciation processes will, of course, occur within 
this period. Therefore, neutral mutations are 
usually very old, in fact mostly older than the 
species in which they are found. The nucleotide 
position (the mutation site) is polymorphic only 
during the 400000 generations required for fixa
tion; during the following 200 million genera
tions it will be monomorphic. The probability of 
polymorphy is correspondingly larger when the 
numerous nucleotides of the whole gene are con
sidered [210, 212]. The time required for the fixa
tion of a useful mutation is comparatively short; 
for a mutation with a selective advantage s (fit
ness = 1 + s), the time is given by (2/s)loge 
(2Ne); with s = + 0.01 and Ne = 105, the time 
required is 2900 generations. Thus, advantageous 
mutations in the phase of their fixation contri
bute very little to the polymorphism of the 
population [294]. 

If we make the assumption that, in reality, 
each mutation produces a new allele (the infinite 
allele model), then the mean heterozygosity is 
given by 

(4.9a) 

Taking into account the limited resolution of elec
trophoretic investigations (stepwise allele 
model), then 

H = 1- (1 + 8Nevotl12 (4.9b) 

Where Nevo < 1, the two models give very similar 
results, where Nevo is large, the value of H from 
Eq. (4.9b) will be smaller [210, 212]. Extremely 
low, almost undetectable heterozygosity results 
when the population is very small (Ne < 1000), as 
is often the case, for example, with large mam
mals [210, 212, 294]. According to Eq. (4.9a), in 
very large populations H should approach 1.0, 
whereas in fact the mean heterozygosity rarely 
exceeds 0.3. The relatively low value of H = 0.177 
in the tropical species Drosophila willistoni, 
which includes thousands of millions of individu
als, was used by Ayala as an argument against the 
neutral theory of polymorphism. However, it is 
also probably the case in this species that the 
effective population size is much smaller than the 
total number of individuals, and the polymorph
ism is heavily reduced by the frequent elimination 
of local populations [210,212, 294]. Polymorph
ism can also be reduced by highly selected sub
stitutions [201]. 
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During its further development, the neutral 
theory diverged from the classification of muta
tions into three groups (negative, neutral and 
positive) to take into account all intermediate 
stages between essentially neutral mutations and 
those that cause distinct phenotypic effects and 
are, therefore, subject to selection [210, 212]. The 
fixation probability of a mutation depends upon 
the selection coefficient s and the population size 
Ne. Very weak negative or positive mutations for 
which [Nes] < 1, i.e. where less than one indi
vidual will be selected per generation, behave like 
neutral mutations. Significantly positive muta
tions have a higher fixation probability and signifi
cantly negative mutations a lower fixation probab
ility. Even a mutation with a high selective advan
tage of 1 % (s = +0.01) has only a 2 % chance of 
fixation; in 98 % of cases it will be lost by chance. 
A weakly negative mutation which behaves neutr
ally in a small population will be subject to selec
tion in a large population [210, 212]. 

Based on the contribution of single amino 
acids to the biochemical and biological properties 
of protein molecules, Zuckerkandl has proposed 
a further theory of protein evolution. He distin
guishes between functions of individual amino 
acids, e.g. in the active centre of an enzyme, and 
general functions connected to solubility, charge 
density, isoelectric point and polarity of the pro
tein. Each amino acid has several general func
tions, and each general function involves several 
amino acids. The exchange of anyone amino acid 
may change a general function either positively or 
negatively, i.e. on balance such changes may be 
selectively neutral. As one of the general func
tions deviates more and more from the optimum 
by such gradual changes, the selective pressure 
increases. Thus, the protein fluctuates about the 
optimal value for any general function [458,459]. 
New insights into the importance of specific indi
vidual amino acids for protein stability support 
this concept [2]. 

4.4.2 Selection Theories of Polymorphism 

For the neutral theories, polymorphism is an 
obvious concomitant of molecular evolution 
(Fig. 4.7). Selectionism, on the other hand, 
attempts to explain stable polymorphism, which 
does not just represent a short transitional phase 
between different adaptive conditions; it does 
this by assuming special mechanisms of "balanc
ing" selection. Three of the most frequently 
quoted mechanisms are [135, 294, 300]: 

1. Over-dominance between two alleles, when 
the heterozygotes are superior to both homo
zygotes. 

2. A selection which is dependent upon the allele 
frequency or the population density, or which 
differs in consecutive generations. 

3. Diversifying selection, i.e. adaptation to the 
spatial or temporal variability of environ
mental parameters (niche theory of protein 
polymorphism) . 

Heterozygotic advantage is not infrequently 
observed in crossing experiments, but may be 
confused with the effect of a neutral allele 
coupled to a directionally or balanced selected 
gene (hitch-hiking effect and associated over
dominance). Perfect cases of over-dominance are 
otherwise quite rare. The classical case is human 
sickle-cell haemoglobin, which increases resist
ance to malaria in the heterozygotic state and, as 
a consequence, reaches frequencies of 20 % in 
some African populations. The increased resist
ance to malaria of heterozygotes is also thought 
to be responsible for locally increased frequencies 
of ~-thalassaemia, a heritable anomaly in which 
the ~-globin chain shows reduced synthesis. One 
argument brought against over-dominance as the 
explanation for all polymorphism is the high pro
tein polymorphism of natural populations of 
haploid organisms like E. coli, Neurospora sp. 
and certain moss species, in which no heterozygo
tes are possible [294, 448]. 

Frequency-dependent selection as a cause of 
protein polymorphism has been convincingly 
demonstrated, for example, for the amylase of 
Drosophila melanogaster larvae. Homozygotes 
for the null allele Amynull produce no active 
enzyme, and the higher the frequency of normal 
Amyl homozygotes, the higher is the chance of 
survival of the null mutants on starch-containing 
substrates. Amyl animals apparently release glu
cose andlor amylose into the substratum [156]. It 
is not known exactly which selective advantage 
protects the Amynull allele from complete elimina
tion. Frequency-dependent, and thus poly
morphism-producing, selection could also be 
involved in interactions, for example with preda
tors, parasites or competitors, but there are no 
really convincing examples of this [460]. 

Most important amongst the niche theories is 
the environmental grain hypothesis, which is 
based on the concept of the habitat of each 
population as a mosaic of regions with different 
properties. In the case of a "coarse-grained spe
cies", each individual is specifically adapted to 
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one of these niches; the population as a whole is 
highly polymorphic. In contrast, each individual 
of a "fine-grained species" can survive in each 
niche. In the latter case, there is little polymorph
ism as the same universal alleles are found in all 
individuals. Similar terms, but with variation of 
environmental parameters in time rather than in 
space, are used in the "environment amplitude 
variation" hypothesis to explain protein poly
morphism. As these hypotheses were later 
contradicted by the discovery of high polymorph
ism amongst deep-sea creatures and tropical 
invertebrates living in constant, homogeneous 
biotopes, Valentine and Ayala developed, in 1971, 
the "resource predictability variation" hypothe
sis: With a continuous, high food supply, special
ization is advantageous because it reduces intra
specific competition; this results in higher poly
morphism. During periods of food shortage, all 
individuals must be able to make use of any form 
of nutrient and they are, therefore, genetically 
similar [17, 294, 439]. Because it is never known 
exactly what selective value the time- or space
variable parameters have at anyone moment, 
clear confirmation or rejection of the niche the
ories is hardly possible. 

4.4.3 The Controversy Between Neutralism 
and Selectionism 

Neutralism and selectionism are not really altern
atives; the question is no longer whether 
(quasi-) neutral genetic alterations exist, but 
rather what proportion they represent of the total 
genetic variability. An irrefutable argument for 
the predominance of neutral alterations in mole
cular evolution is the fact that the lower their 
importance, the faster molecular characters 
evolve, and the more they vary. If one argues 
that characters of minor importance even react to 
weaker selection pressure [439], then with the 
assumption of very weak selection effects the 
selectionist and neutral theories are reconciled. 
The exact proportion of neutral genetic variation 
will in fact never be determined. Neutrality, i.e. 
the absence of selection, as a "negative property 
cannot be conclusively proven. The particular 
advantage of the neutral theories is that they 
allow relatively simple, quantitative models of 
molecular evolution and molecular polymorph
ism to be established. 

The following arguments are mainly brought in 
favour of selection as the cause of protein poly
morphism: 

1. The relative frequency of the alleles in natural 
populations does not agree with the predic
tions of the neutral theories. 

2. Protein polymorphism (in the terms of the 
niche theory) is correlated with variation in 
time and space of the environment. 

3. Selection can be shown directly for single gene 
loci: 
a) Alleloenzymes have different properties in 

vitro. 
b) Organisms with different alleloenzymes 

have different physiological properties and 
are subject to selection in the laboratory or 
the field. 

c) Allele frequencies are correlated with the 
geographical location or a site-dependent 
environmental factor. 

d) Reproductively isolated populations (e.g. 
different species) in the same biotope have 
matching allele frequencies. 

Many studies have used statistical methods to 
examine whether the allele frequencies in natural 
populations agree with the predictions of the 
neutralist theories [183, 254,294], and a negative 
result has often been interpreted as evidence for 
the correctness of the selectionistic explanation of 
protein polymorphism. There are, however, many 
basic problems with such studies. Most of the 
equations are only valid for equilibrium; how
ever, this can be disturbed by brief changes in 
population size and may not be immediately re
established. Phenomena such as coupling and 
epistatic interaction between genes are not taken 
into account. Finally, the models are always con
cerned with on the one hand, the relationship 
between deterministic forces, like the mutation 
rate v, the selection coefficient s or the migration 
rate m, and on the other hand, probability, which 
is proportional to lINe. Terms, such as Nev, Nes or 
Nem, are derived in which neither the very high 
value of Ne nor the very low values of v, s or m can 
be sufficiently accurately determined; almost any 
model can be "proven" with appropriate plaus
ible assumptions for these parameters [237]. 

According to the niche theories, protein poly
morphism should be correlated with the variabil
ity of living conditions [126]. Generalists, i.e. ani
mal species with large distribution areas, broad 
ecological niches and large populations, should 
have a higher mean heterozygosity than specia
lists; this trend is confirmed by the analysis of sev
erallarge collections of data [21]. The low hetero
zygosity of the mammals (Table 4.8) is also indi
cated by the niche theories; mobile mammals 
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must be able to survive under very different living 
conditions. However, a whole series of results, 
particularly on animals from deep-sea and tropi
cal biotopes with constant and homogeneous 
environments, contradict the niche theories. Dis
tinct protein polymorphism with H = 0.075-0.189 
(with a mean of 0.15) was found in ten deep-sea 
animal groups (one species each of gastropods, 
brachiopods and crustaceans, and seven echino
derms [80]. The giant mussel Tridacna maxima, 
which lives in the very constant conditions of the 
Great Barrier Reef, has an H value for 37 loci of 
0.209 [55]. There is also no evidence that periodic 
changes in environmental parameters have a sig
nificant influence on protein polymorphism; 
investigations over several years, of Drosophila 
pseudoobscura and D. persimilis revealed only a 
few cases of synchronous changes in polymorph
ism at several loci [282]. No correlation was found 
between the polymorphism at 21-30 loci of 13 
marine teleosts and the extent of the seasonal 
changes in water temperature, although the 
fluctuations ranged from about 1 °C (for antarctic 
species) to 20°C [389]. 

In vitro differences between aUeloenzymes in 
biologically important characters are often taken 
as evidence for balancing selection as a cause of 
protein polymorphism. However, it is always nec
essary to ask how far such in-vitro-determined 
differences are important for the fitness of the 
animal. Alleloenzymes show particularly high 
variability in their temperature stability; this is 
actually used as a distinguishing feature. For 
example, Notropis lutrensis possesses like other 
teleosts, two soluble malate dehydrogenases 
(sMDH) A and B, of which sMDH-B shows 
higher polymorphism with three alleles (F, M and 
S). The enzymes of homozygotes have different 
temperature optima: 20°C for FF, 25°C for MM 
and 30°C for SS; in each case incubation was for 
45 minutes. The temperature of the habitat varies 
between 11 °C and 29°C [346]. Variable tempera
ture dependency of alleloenzymes is also found in 
the lactate dehydrogenase (LDH) and glucose 
phosphate isomerase of fish [22,81]. Corre
sponding results have been obtained with Droso
phila, e.g. for xanthine dehydrogenases and 
esterases-5 of D. pseudoobscura [109,436], a
glycerophosphate dehydrogenases of D. virilis 
and D. melanogaster [285], and the superoxide 
dismutases of D. melanogaster [229]. The pH of 
body fluids also depends upon the temperature; 
an increase of 1 °C reduces the pH by 
0.015-0.020 pH units. Thus, the variable pH
dependence of the LDH-B alleloenzymes of the 

teleost Fundulus heteroclitus many be considered 
as an adaptation to temperature [330]. 

Many cases of variation in the catalytic proper
ties of alleloenzymes have also been established, 
for example of substrate affinity or specificity. 
The alleloenzymes of the larval esterase 4 of 
D. mojawensis show particularly high variability. 
The Km for 1-naphthylacetate of the esterase 4-
100a is ten times lower than that of the 4-86~ 
(28:284 Ilmolll), and the kcat is more than twice as 
high (832:367 min-1), giving an overall 23-fold 
increase in catalytic efficiency, kcatlKm' of the 4-
100a alleloenzyme (29.3: 1.3) [324]. Differences 
in the catalytic properties of alleloenzymes have 
also been recorded for the superoxide dismutase 
and alcohol dehydrogenase of D. melanogaster 
[167, 229] and the lactate dehydrogenase of vari
ous teleosts [315]. Various attempts have been 
made to find evidence for a heterozygote advan
tage in proteins by in vitro measurements. The 
bactericidal ovotransferrin of bird eggs is found in 
several allelic variants in the pigeon Columba 
livia and the pheasant Phasianus colchicus; the 
protein of the heterozygotes was more inhibitory 
against yeasts in vitro than was that of the two 
homozygotes. The rate of hatching was also 
increased in the heterozygotes [253]. In contrast, 
in vitro hybridization of the allelic subunits of 
esterase-5 of D. pseudoobscura did not increase 
either specific activity or temperature resistance 
[24]. 

Compared with the numerous results showing 
differences between alleloenzymes in vitro, there 
is little clear evidence for different functions in 
vivo. In D. melanogaster, the different rates of 
direct glucose oxidation depend mainly on the 
allelic variants of 6-phosphogluconate dehydro
genase (6PGDH). The 6PGDH alleles with lower 
activity or null alleles of this enzyme result in 
reduced viability. However, animals in which the 
activity of glucose-6-phosphate dehydrogenase 
(G6PDH) is also reduced are completely viable; 
this situation is probably due to the inhibition by 
accumulated 6-phosphogluconate of the enzymes 
of glycolysis and, in particular, of hexosephos
phate isomerase [100]. The significance of the 
heritable differences in a-amylase activity in 
D. melanogaster has already been mentioned 
(p. 137). The selection conditions for alleles of a
glycerophosphate dehydrogenase of Drosophila 
are quite complicated. Although the equilibrium 
concentrations of glycolytic intermediary prod
ucts are the same in FF and SS homozygotes of 
D. mercatorum during both rest and flight [66], 
SS flies of D. melanogaster have a 2-4 % higher 
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flight performance. Breeding at 15°C selects for 
the S allele and at 30°C selects for the F allele 
[18]. Systematic investigations of the influence of 
the alleloenzyme spectrum on mechanical flight 
performance in D. melanogaster showed no clear 
effects of any of the 15 enzymes of energy
converting metabolism tested [227]. In Mytilus 
edulis, the rate at which the intracellular concen
tration of free amino acids in the mid-gut gland is 
osmotically increased after transfer to 120 % sea 
water is significantly higher in animals with leu
cine aminopeptidase (Lap94) than in animals with 
any other allele [173]. In erythrocytes of the tele
ost Fundulus heteroclitus, found on the Atlantic 
coast of North America, there are two allelic vari
ants of the lactate B subunit, whose kinetic prop
erties involve different temperature sensitivities. 
Thus, Ldh-BbBb animals are superior to Ldh-BaBa 
animals in swimming performance and develop
mental rate at 10°C but not at 25 0c. The fre
quency of Ldh-bb alleles increases from south to 
north, reaching 100 % in the cold waters off 
Maine [92]. 

It should be possible to demonstrate direct 
selection for allelic enzyme variants that show dif
ferences in vivo, and the prime example here is 
that of the alcohol dehydrogenase (ADH) of 
Drosophila melanogaster [166]. This is a homodi
mer coded by a single gene, for which at least 
eight alleles can be distinguished by electrophore
sis and heat inactivation. Predominant in natural 
populations are the variants S (slow) and F (fast), 
which differ in only one amino acid; the rarer 
variant UF (ultrafast) differs from F and S by two 
to three amino acids (Fig. 4.8). Thermostable 
"fast" variants have been isolated from laborat
ories in three continents and are known as fast-
71k in Europe, fast-resistant in America and fast
Chateau Douglas in Australia. They apparently 
arose from the F allele; in any case, the fast
Chateau Douglas has the typical amino acid 192-
Thr in addition to the substitution 214-Pro to Ser 
[75]. The variant 71k has been shown to have a 
higher thermal stability and a deviant substrate 
specificity; it has activity also with sarcosine (N
methylglycine) and dihydroorotate, which appear 
as intermediates in choline metabolism and pyri
midine biosynthesis, respectively [105, 167]. 

The electrophoregrams of ADH show three to 
five sub-bands for each alleloenzyme, and these 
arise by reversible formation of abortive NAD+
carbonyl complexes. The specific activity depends 
upon the number of such complexes in the dimer; 
ADH-1 with two complexes is inactive, ADH-3 
with one complex is half-active, and ADH-5 with-
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Fig. 4.8. The allelic variants of alcohol dehydrogenase in 
Drosophila melanogaster differ at three positions [441] 

out any complexes is fully active [441,442]. The 
degradation rates for propane-2-01 and ethanol in 
homozygous larvae decreases in the allelic order 
Adh-71k > Adh-F > Adh-S; however, this has 
more to do with genetically regulated differences 
in the amount of enzyme than with the specific 
activity [166, 228]. Post-translational modifica
tion also plays a role in the regulation of enzyme 
activity. Thus, in FF animals the effect of the sec
ondary alcohol propane-2-01 in the medium is to 
increase complex formation and reduce the spe
cific enzyme activity, although, at the same time, 
enzyme degradation is inhibited and therefore the 
eqUilibrium enzyme concentration is increased; 
the overall effect is a reduction in enzyme activity 
and the formation of highly toxic ketones [8]. FF 
larvae survive better than SS animals on alcohol
containing substrates; the SS animals are only 
superior if the primary oxidation product of the 
alcohol is particularly toxic, e.g. in the case of 1-
pentene-3-01. Breeding on an ethanol-containing 
substrate selects the Adh-71k allele before the 
Adh-F and the Adh-S alleles [165]. 

ADH-SS in vitro is more heat-stable than the 
FF enzyme. SS and FS animals have a signifi
cantly higher temperature resistance than do FF 
animals in the presence of high alcohol concentra
tions. As evidence for a difference in temperature 
adaptability of the two ADH alleloenzymes, it is 
often pointed out that in the eastern USA the fre
quency of S increases north to south from 0.50 to 
0.90 [378]. On the other hand, a comparison of 
the ADH of different Drosophila species indica
tes that their temperature stability is not corre
lated with the habitat, i.e. it is not especially 
higher in tropical species than in those from more 
temperate climates [1]. In general, selection of 
the Adh locus appears to be very complicated. 
Whilst at high alcohol concentrations in the labo
ratory, the F allele is always selected, in natural 
populations, e.g. animals from wine cellars com
pared with those in the surroundings, there is 
often no difference in the F frequency; of course, 
the possibility of gene exchange between the sub
populations must also be considered. Drosophila 
melanogaster appears to be specifically adapted 
to ethanol-containing substrates, whereas many 
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other Drosophila species show less alcohol toler
ance [166]. Very similar ADH electromorphs are 
found in the flour moth, Ephestia kuhniella and 
in D. melanogaster, although the former never 
encounters alcohols in its natural habitat [231]. In 
experiments with the kelp fly, Coelopa frigida, 
the Adh allele frequency was not affected by 
0.2 % alcohol in the medium, perhaps because 
here, unlike in Drosophila, ADH has no detoxify
ing function [86]. 

Correlation of the allele frequency with the 
geographical site or ecological factors is often 
given as evidence for the effect of selection. The 
directed alteration of a gene frequency over a 
geographical distance is known as a cline, accord
ing to the concept derived by Huxley in 1939. 
Many environmental parameters also show direc
ted site dependency such that, for example, a 
north/south cline can be looked upon as an 
adaptation to temperature. However, which of 
the many site-dependent environmental parame
ters is really effective in the selection of a given 
locus can, at best, be presumed. Neutral alleles 
also form frequency gradients as they disperse 
from the site of the mutation. There are many 
examples of clines, and particularly of north/ 
south clines. In the sea anemone Metridium 
senile, found on the east coast of North America, 
the frequency of the alleloenzymes PGI-F of glu
cose phosphate isomerase declines from almost 
100 % in the south to only 50 % in the north. The 
explanation offered for this is that, based on the 
temperature dependency of its kinetic properties, 
PGI-F is better adapted than PGI-S to higher 
temperatures in the surroundings. As in many 
such conclusions, the question remains open as to 
exactly which selective advantage maintains the 
relatively high frequency of the PGI-S allele in 
the northern population [178]. In the mussel Gue
kensia demissa, the frequency of a cryptic phos
phoglucomutase allele, which was identified by its 
higher temperature sensitivity, is correlated with 
the average water temperature [145]. 

There are many particularly appropriate exam
ples in the insects. The cline of the alcohol dehyd
rogenase of Drosophila melanogaster in the eas
tern USA has already been mentioned (p. 145); a 
similar cline also exists in Australia but is corre
lated more with rainfall than with temperature. 
The 6-phosphogluconate dehydrogenase of the 
mosquito Culex pipiens is a dimeric enzyme for 
which two subunit alleles, F and S, are known. 
The frequency of S declines from 30 % in the 
north to below 10 % in the south. This may be 
pardy explained by the fact that the temperature 

stability increases in the order SS < FS < FF; 
however, the exact selective advantage of S is 
again not clear. Further enzymes of this species 
also show north/south clines [337, 338]. In vari
ous fish species, north/south clines have been 
found for lactate dehydrogenase and other en
zymes [330, 351]. Selection is indicated as the 
cause of polymorphism when parallel clines 
appear in closely related species existing in close 
proximity (sympatric), or the same cline is seen on 
different continents for widely dispersed species. 
Thus, the sympatric cricket species Gryllus veletis 
and G. pennsylvanicus, which are phenotypically 
very similar but sexually isolated, show the same 
type of site dependency in the frequency of glu
cose phosphate isomerase alleles [159]. A similar 
dependency on geographical range is found for a 
whole series of polymorphic enzymes in popula
tions of Drosophila melanogaster from all conti
nents [7]. If a protein polymorphism allows 
adaptation to climatic factors, it should show 
regular seasonal changes; however, no annual 
periodicity was detected, for example, in 12 
enzyme loci in D. melanogaster [61]. 

In several cases, a correlation of gene fre
quency with climatic or ecological factors has 
been directly demonstrated. Two populations of 
the barnacle Balanus amphitrite live in the inflow
ing and outflowing cooling-water canals of a 
power station in Haifa, with a temperature differ
ence of 9-12 °e. The animals in the cooler canal 
are three times larger and have a four-fold higher 
population density than those in the warmer 
canal. Differences in allele frequency were found 
at 8 out of 12 loci, and these may be looked upon 
as adaptation to the different conditions [299]. In 
Drosophila simulans, sequential electrophoresis 
distinguishes 27 alleles of esterase 6; the pattern 
relates more to the available fruit than to the 
location and thus represents ecological races [3]. 
The electrophoregrams of various enzymes of 
aphid species reveal host-plant-specific differ
ences [393]. Amongst different North American 
Drosophila species, whose larvae develop on 
cacti, D.longicornis, which is restricted to Opun
tia, shows only half as much polymorphism at 
four enzyme loci as the species D. mojavensis and 
D. arizonensis, which live on various cactus gen
era [345]. The mosquito species Anopheles aqua
salis, whose larvae require salt water for their 
development, have a significantly lower poly
morphism (H = 0.081) than five related species 
with H = 0.17-0.27 [284]. 

Coincidental electrophoretic patterns in sexu
ally isolated populations are commonly observed 
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and taken as evidence for selection at the relevant 
locus. However, this conclusion is not at all cer
tain. Firstly, identical electrophoretic mobility of 
proteins does not necessarily mean structural 
identity. Secondly, alterations in the frequency of 
neutral alleles occur so slowly that similarities 
between populations are maintained for a long 
time, e.g. up to 2 million years in Drosophila, 
after their separation, even in the absence of 
selection [240]. Finally, all gene exchange 
between the compared populations must be 
excluded as, independent of the population size, 
the migration of just a few individuals per genera
tion prevents the occurrence of large differences. 
It could be shown for D. pseudoobscura that 
intensive gene exchange occurred even between 
populations 15 km apart. Thus, the experimen
tally disturbed frequency pattern of esterase 5 in 
one oasis population was restored already after 
1 year; marked flies travelled up to 10 km in 
1 day [196]. 

Although conclusions cannot be drawn with 
any certainty from the coincidence of electropho
retic patterns of isolated populations, different 
allele frequencies in closely related, sympatric, 
but sexually isolated, populations are a convincing 
argument against selection as the cause of poly
morphism at any given locus. The nicest example 
of this is found in the salmon Oncorhynchus gar
buscha. This shows such a rigid biennial repro
ductive rhythm that two sexually isolated popula
tions exist side-by-side in many Alaskan rivers; 
these are known as "even-year" and "odd-year". 
These genetically separated populations living in 
the same habitat show large differences in allele 
frequencies of the malate dehydrogenases Mdh-A 
and Mdh-B and in a-glycerophosphate dehydro
genase [12]. Completely different heterozygosity 
values (H = 0.04-0.27) and variable frequency 
patterns were found at six enzyme loci in 12 sym
patric species of Drosophila [355]. Furthermore, it 
remains a mystery why, in human populations, the 
frequency of rare alleles at 21 erythrocyte protein 
loci varies between the English (0.07 %) and 
native inhabitants of Australia (1.1 %) [387]. 

4.5 Methods and Problems 
in the Molecular Approach 
to Evolutionary Relationships 

Homologous DNA regions in different organisms 
are always found to contain numerous substitu-

tions and rearrangements which can be used in 
the analysis of the genealogical relationships of 
individuals and species. Man and the chimpan
zee, which are considered to be closely related 
species, differ in about 2 % of their DNA sequen
ces, i.e. in approximately 60 million nucleotides, 
although, as it happens, the majority of the 
sequence differences have no phenotypic effects. 
Even individual humans differ in up to 5 million 
nucleotides [38]. Each human gamete has, on 
average, about 20 nucleotide substitutions [288]. 
The comparison of molecular characters need 
not always make use of the costly techniques of 
DNA or protein sequencing. There is a whole 
series of molecular properties which are corre
lated to the DNA or protein sequences and are 
easily compared in a large number of individuals 
or species; they often involve large parts of the 
genome. The following contains a description of 
these various methods for comparing molecular 
characters and their use in constructing phylo
genetic trees [175]. 

The reconstruction of phylogeny is closely 
associated with the classification of the orga
nisms; this latter is the task of a special biological 
discipline known as systematics or taxonomy 
[198, 347]. Basically, organisms may be grouped 
according to chosen characters and criteria, e.g. 
their usefulness or destructiveness towards man, 
their habitats or any other character appropriate 
to their identification. However, as a general 
frame of reference, a preferred system stems from 
the organisms themselves, i.e. it can be consid
ered a natural system. The three most important 
schools of systematics strive for such a system in 
quite different ways. 

1. "Phenetic systematics" organizes organisms 
according to the degree of their similarity. A 
particular advantage of this method is the pos
sibility for quantification. The results of a phe
netic analysis can be presented in the form of a 
branching scheme (a cladogram), which may 
be considered to be a picture of the most likely 
phylogenetic relationships. The founders of 
such "numerical taxonomy" were Sneath and 
Sokal [111, 385]. 

2. The development of "phylogenetic systemat
ics", mainly by Willi Hennig, is based entirely 
on the phylogenetic relationships of the spe
cies as depicted in a cladogram with dichotom
ous branching; the principle of this method is 
the identification of the sibling species or 
group of a particular species that share the 
most recent common ancestor [347]. 
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3. "Evolutionary systematics" is also based on 
phylogenetic relationships but takes into 
account phenetic similarity. The important 
proponents of this system are Simpson and 
Mayr [198]. 

A large problem in the analysis of phylogenetic 
relationships is the fact that similarities in a par
ticular character may not simply be due to a com
mon origin (homology), but rather to the devel
opment of similar characters in two independent 
evolutionary lines (paraUel evolution) or to the 
adaptation of characters to similar functional 
requirements (convergence). In the face of these 
difficulties, the phenetic school makes the 
assumption that the analysis of a large enough 
number of characters reduces the influence of 
parallel evolution or convergence on the results. 
The other two schools attempt to recognize the 
existence of parallel evolution and convergence, 
in particular by examining the agreement 
between cladograms constructed using different 
characters (congruence criteria) [198, 385]. 

The basic unit of biological systematics is the 
species. The definition of this term already pre
sents large problems. Comprehensible in real 
terms for bisexual organisms is the population, 
whose members form a reproductive community 
and can freely exchange genes. In this connection, 
a species may be defined biologically as a group of 
individuals that actually or potentially forms a 
reproductive community and which is reproduct
ively isolated from other such groups. As this 
definition applies only to organisms with bisexual 
reproduction, and as, furthermore, a "potential" 
reproductive community cannot be determined, a 
phenetic species concept is normally applied in 
practice, according to which the members of one 
species are distinguished from another species by 
particular (diagnostic) characters. Groups of spe
cies are brought together in higher taxa as genera, 
families, orders, classes, phyla and kingdoms; fur
ther classification may be into sub-orders or super
families. The assignment of a taxon to one of these 
categories is based on different rules in the differ
ent schools of systematics: according to the estim
ated degree of similarity in the phenetic school; 
based on the phylogenetic age in the phylogenetic 
school; and taking into account the number of 
species and the heterogeneity in the evolutionary 
school. Whatever the case, taxa of the same rank 
in different parts of the system are not directly 
comparable [198, 385]. 

In accordance with the international rules of 
nomenclature, each organism is known by a Latin 

name consisting of at least two parts, the genus 
and the species; where necessary, the name of the 
subspecies is also added. The genus name is 
always written with an initial capital letter, 
whereas the species or subspecies name starts 
with a lower-case letter. In order to refer complet
ely and unambiguously to a species, the name of 
the first describer should be given. Unfortunately, 
biochemical texts frequently break the rules of 
biological nomenclature and the organisms in 
question are often very carelessly named. Trivial 
names, such as "frog", "toadfish" or "locust", are 
often applied to very different species and in no 
way clearly define the species actually under exa
mination. Because considerable biochemical dif
ferences can exist between various species, bio
chemical results lacking exact reference to the 
organisms involved are quite worthless. 

4.5.1 The Evolutionary Distance Between 
Amino Acid or Nucleotide Sequences 

The simplest measurement of the difference 
between two amino acid sequences is the number 
of varying amino acids. If, however, by evolution
ary distance is meant the number of nucleotide 
substitutions that have become fixed during the 
diversifying evolution of two structural genes, 
then it must be taken into account that one, two 
or three substitutions may be required for one 
amino acid exchange, depending on the degree of 
difference in the codons. The minimum sum of 
substitutions, calculated from the genetic code, to 
explain the transformation of one amino acid 
sequence into another was described by Fitch in 
1967 as the "minimum mutation distance" 
(MMD) [120]. The MMD, however, gives only an 
incomplete estimate of the genetic distance 
between the structural genes. It takes no account 
of synonymous substitutions that do not lead to 
amino acid exchange, and cannot deal with multi
ple, parallel and back mutations (Fig. 4.9). 

In the last two decades numerous methods 
have been developed for the determination of 
evolutionary distances between proteins, and the 
relative suitability of these has been the subject of 
vigorous debate. Conclusions drawn from differ
ences in two amino acid sequences about the cor
responding structural genes are questionable, 
because information is clearly lost during transla
tion; the information content decreases from 
3 . log24 = 6 bits for a triplet to log220 = 4.32 bits 
for one amino acid. On the other hand, it is not 
only the selection pressure on the protein that is 
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Fig.4.9. Faulty reconstruction of the evolutionary rela
tionship between different characters (A, B and C); this 
can result from back mutation (1 and 4), multiple mutation 
(2) or parallel mutation (3). The true process is illustrated 
in the upper part of the diagram and the mistaken recon
struction is shown in the lower part. The asterisks each 
represent a mutation 

effective in the evolution of a structural gene but 
also the selection for particular structural/func
tional properties of the DNA and mRNA. Syn
onymous nucleotide substitutions can, of course, 
only be recognized by investigation of the DNA 
or mRNA. The number of multiple and back 
mutations can be calculated on the basis of a 
mathematical model of evolution, the accuracy of 
which remains questionable because it cannot 
take into account the effect of selection and other 
non-stochastic factors. Conclusions drawn about 
genes from protein sequences are decreasing in 
importance in the wake of advances in nucleic 
acid sequencing. The problem of how to include 
multiple and back mutations, however, also 
applies to nucleotide sequences. To take account 
of multiple and back mutations in estimates of 
genetic distance using amino acid sequences, 
Zuckerkandl and Pauling suggested, in 1965, the 
use of a Poisson correction. Accordingly, the 
average number of exchanges per amino acid 
between two sequences is given by 

Kaa = -loge[l-(daa/naa)] = -loge(l-Pd) (4.10) 

and the rate of protein evolution is given by 

kaa = Kaal(2T) (4.11) 

In these equations, Pd is the proportion of varying 
amino acids, calculated from the number of 

amino acid differences (daa) and the length of the 
sequences (naa) and Tis the separation time of the 
evolution lines of the two sequences. The equa
tion gives usable results for up to approximately 
40 % sequence difference (Pd :5 0.40) [210, 212]. 
For the determination of genetic difference in the 
case of larger differences, Margaret Dayhoff 
derived a matrix using 1572 amino acid exchanges 
in closely related proteins; this gives the relative 
probabilities of individual amino acid exchanges 
("mutation data matrix" MDM78). With the help 
of this matrix it is possible to calculate a genetic 
distance for each sequence pair of the amino acid 
differences, and for this purpose the distance 
measurement PAM ("point accepted mutations" , 
defined as substitutions per 100 co dons ) is intro
duced [87]. The procedure has been recently 
improved [435]. Numerically similar values are 
obtained with the following equation [210]: 

(4.12) 

A new matrix (EMPAR, exchange matrix derived 
from parameters) similar to the MDM78 , has now 
been suggested and makes use of certain physico
chemical parameters of the amino acids, instead 
of observations on amino acid exchanges. As 
evolution prefers conservative amino acid 
exchanges in which the physicochemical proper
ties are only slightly altered, the EMPAR and the 
MDM78 matrices assign individual amino acid 
exchanges similar probabilities [342]. Since 1972, 
Holmquist and Jukes have been working on the 
development of a measurement of distance 
(REH, "random evolutionary hits") from a sto
chastic model of evolution; this makes allowance 
for all substitutions, including synonymous, 
multiple and back substitutions. This model assu
mes that at any point during evolution only some 
of the co dons vary, and these "varions" change 
after each substitution [141]. The maximum parsi
mony method, developed by Goodman and 
Moore from 1972 to 1976, starts with a phyloge
netic tree of minimal total length ("maximum par
simony tree"). The lower the "density" of any 
part of this tree, i.e. the lower the amount of 
sequence information to be evaluated, the more 
the frequency of multiple and back mutations will 
be underestimated. This is taken into account by 
the calculation of an "augmented distance" (AD) 
[141]. 

The AD method always makes use of a directly 
determined nucleotide sequence, or one derived 
from an amino acid sequence. The REH method 
in a modified form can also use nucleic acid data 
[141]. In addition to the possibility of multiple 
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and back mutations, the comparison of DNA 
sequences presents further problems due to: (1) 
differences in base composition; (2) variable fre
quencies of the 12 possible substitutions; (3) 
unequal distribution of the substitutions between 
the codons of a gene; and (4) unequal distribu
tion between the three codon positions. 
To calculate the number of substitutions per nuc
leotide (K) from the proportion of variant nucleo
tides (A) in two compared DNA sequences, taking 
into account multiple mutations, an equation, 
which was suggested by Jukes and Cantor in 1969, 
is now frequently used: 

(4.13) 

Equation (4.13) assumes equal frequencies for all 
possible substitutions. Based on the observation 
that the ratio of transition to transversion is much 
higher than that expected by chance, especially in 
closely related sequences, Kimura (1980) 
developed an equation which includes separate 
terms for nucleotide differences of the transition 
type (P) and the transversion type (Q) [210]: 

K = -lhloge[(1-2P-Q)y(I-2Q)] (4.14) 

Since then, other methods have been suggested 
that allow not only two but four or more different 
substitution probabilities to be considered [31], 
and even include the influence of deletions and 
insertions on the nucleotide differences [238, 402]. 
As many gaps are required in non-coding sequen
ces to obtain the optimal alignment, because of the 
high frequency of deletions and insertions, the 
evolutionary distance calculated from the above 
equations therefore depends very much upon the 
evaluation of such gaps [210]. From the sequence 
differences and the separation time of the com
pared sequences, it is possible to calculate the sub
stitution rate per nucleotide and year [210]: 

knuc = K/(2T) (4.15) 

There are also methods for calculating the rate of 
evolution which, unlike Eq. (4.15), do not assume 
that the two sequences are equally distant from 
the common ancestral sequence [31]. It is desir
able to distinguish between synonymous and 
amino acid-exchanging substitutions in the deter
mination of sequence differences and substitution 
rates for coding DNA sequences. Whilst rates of 
evolution of different proteins calculated from 
amino acid exchanges are highly variable, the rate 
of synonymous nucleotide substitution is remark
ably constant, and thus particularly suitable for 
specifying evolutionary distance. As synonymous 
substitutions almost exclusively affect the third 

codon position (Table 4.3), K and knuc are often 
separately calculated for each of the three codon 
positions. 

The number of synonymous substitutions and 
those that alter amino acids in two compared 
DNA sequences can usually be determined by 
direct observation. If, however, the compared 
codons differ in more than one nucleotide, then 
more than one evolutionary route is possible. For 
two or three nucleotide differences there are two 
or six routes, respectively, with different probabil
ities due to variability in the order with which 
synonymous and amino acid exchanging substitu
tions must occur. This is taken into account in sev
eral methods for determining the distance 
between DNA sequences [210,243, 296]. Poly
morphism can lead to substantial errors in the 
determination of sequence differences and sub
stitution rates, and methods have also been 
developed to deal with this situation [403]. There 
are special methods that use the detection of clus
ters of associated nucleotide exchanges as evid
ence for conversion events [394]. Amongst the 
further sequence comparison methods published 
very recently is one which uses an unsimilarity 
measure, the calculation of which does not 
require optimal alignment of the sequences [32]. 
A new form of multi-variance analysis, known as 
"correspondence analysis", has become available 
and is used, for example, for analysis of the 5S 
rRNA sequences in numerous prokaryotes and 
eukaryotes [258]. There are, of course, computer 
programs for all these methods, and these are 
constantly updated [29, 96,202, 323]. 

4.5.2 Determination of Evolutionary Distance 
from the Amino Acid Composition 
of Proteins 

Each amino acid exchange leads to an alteration 
in amino acid composition. Consequently conclu
sions may be drawn about the extent of sequence 
differences between closely related proteins by 
considering differences in their amino acids 
spectra. However, the probability of reciprocal 
alterations increases concomitantly with an 
increase in the number of amino acid exchanges 
and can lead to an underestimate of sequence dif
ferences. Of the various equations suggested for 
determining evolutionary distance from the 
amino acid spectrum, that of Cornish-Bowden is 
the simplest [79, 344]: 

(4.16) 



where njA and niB indicate the number of amino 
acids of type i in two proteins A and B with the 
same length N. For technical reasons, Asp/Asn 
and GlulGln are not distinguished and therefore 
only 18 amino acids are considered. S~n is an 
estimate of the number of positions at which the 
compared sequences disagree. Values for S~n/N 
of up to 0.42, i.e. an estimated sequence differ
ence of up to 42 % , can be taken as clear evidence 
of homology; in several thousand comparisons of 
proteins with known sequences, only one excep
tion was found [79]. The S~n value for protein 
pairs of differing length can also be calculated 
using quite a complicated equation [344]. Accord
ing to Ghiretti-Magaldi, the variable probabilities 
for the origin of an amino acid i, dependent upon 
the number of synonymous codons, should be 
taken into account thus: 

(4.17) 

In this equation, XjA and XiB indicate the propor
tions of the amino acids i in A and B; nj is the 
number of triplets coding for i. The values 
obtained in this way for 15 homologous proteins 
were found to be strongly correlated with the 
sequence differences [133]. 
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4.5.3 Immunological Distance 
Between Proteins 

The most widely used immunological method for 
the quantitative determination of protein similar
ity is that of microcomplement rlXation (MC'F). 
MC'F exploits the competition between two dif
ferent complement reactions: on the one hand, 
the irreversible binding to antigen-antibody com
plexes and, on the other hand, the ability to lyse 
sheep erythrocytes previously treated with an 
anti-sheep antiserum (haemolysin). To carry out 
MC'F, the relevant antiserum is allowed to react 
with the homologous and heterologous proteins. 
In immunology, the homologue is the antigen 
protein used to produce the required antiserum; 
the heterologue is the other protein on which this 
antiserum is tested. Of course, in the terminology 
of research into molecular relationships, the two 
proteins under investigation would be homolo
gues. Depending upon the strength of the 
antigen-antibody reaction, a larger or smaller 
proportion of the introduced complement will be 
bound to the antigen-antibody complex. The 
excess of complement lyses the sensitized sheep 
erythrocytes and the released haemoglobin is 
measured photometrically (Fig. 4.10). Allowing 
for the dependence of the reaction on the antigen 
concentration, the calculation is made of how 
much higher the antiserum concentration must be 
in order to obtain the same degree of complement 

Antigen 

Fig.4.10. The method of microcomplement fixa
tion [115]. See text for further description 
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binding with the "heterologous" as with the 
"homologous" protein. The resulting factor is ter
med the "index of dissimilarity" (ID), and the 
value 100 . log ID represents the immunological 
distance [115]. The distances determined in this 
way are independent of the antiserum used. A 
radio-immunological method has recently been 
developed which gives results similar to those 
from the MC'F, but is about 1000-times more sen
sitive and requires only a few nanograms of pro
tein [251]. 

Theoretically, the immunological distance is 
proportional to the percentage difference in the 
sequences [267] and this has been confirmed for 
many proteins. Thus, an immunological distance 
of 100 corresponds to a sequence difference of 
20 % in bacterial azurines, tryptophan syntheta
ses, and avian egg lysozymes, and of about 14 % 
in pancreas RNases [334]. However, the error 
may be as large as 60 % with small distances and 
the accuracy of immunologically determined 
evolutionary distances should not be overestim
ated [289]. On the other hand, MC'F is particu
larly suitable for phylogenetic studies in which as 
many species as possible must be compared. The 
method has been used in investigations of several 
hundred vertebrate species, in particular for com
parisons of serum albumin, which is easy to 
obtain, contains a lot of information in its 580 
amino acids, and shows a relatively high rate of 
evolution. Despite the problems referred to 
above, these data are still of great importance 
today to the discussion of central questions in 
molecular evolution research: the concept of the 
molecular clock, which is sometimes even termed 
the albumin clock; the problem of the missing 
correlation between molecular evolution and the 
evolution of complex phenotypic characters; and 
finally, in the solution of individual phylogenetic 
problems and the construction of phylogenetic 
trees. Other immunological methods, e.g. immu
noprecipitation, immunodiffusion and immuno
electrophoresis, as well as radio- and enzyme
immunological procedures, have mainly been 
used qualitatively, e.g. as evidence for the homo
logy of proteins, and only rarely for quantitative 
determination of evolutionary distance. The 
enzyme-linked-immunosorption-assay (ELISA) 
should give accurate results for sequence differ
ences of up to 60 %, whereas MC'F is only useful 
for differences of up to 40 % [177]. 

4.5.4 Genetic Distance Given 
by Electrophoretic Data 

Comparisons of amino acid or nucleotide sequen
ces, amino acid composition and immunological 
properties give information of the evolutionary 
distance of only single genes. In contrast, electro
phoretic data on a large number of loci can be 
used, with a few reservations, to derive the aver
age evolutionary distance of whole genomes. The 
valid objections here are the same as those for the 
determination of genetic variability from electro
phoregrams: 

1. Standard electrophoresis detects only amino 
acid-exchanging substitutions, and only those 
which result in a change in charge; equal elec
trophoretic mobility cannot be taken uncondi
tionally as evidence for sequence identity. In 
addition, in the determination of evolutionary 
distance between distantly related organisms, 
the probability of opposite charge change, 
which cannot be recognized, increases with 
increasing distance. Thus, electrophoretically 
determined distances become more unreliable 
the further apart the compared taxa. It is 
therefore recommended that the more effi
cient method of 2-D electrophoresis be used 
for the determination of genetic similarity 
between different groups of animals 
[278,457]. 

2. The commonly investigated proteins (Tab
le 4.9) should not be looked upon as represen
tative of the whole genome. 

There exists a whole series of distance measures 
derived from electrophoretic data. By far the 
most frequently used is the "standard genetic dis
tance" D ofNei [292]. D corresponds to the mean 
number of electrophoretically recognizable codon 
differences per locus between two animal groups, 
X and Y, minus the mean codon difference within 
the groups. D is equivalent to the negative natu
rallogarithm of the standard gene identity I: 

D = -logeI 

I = Jx/(JXJy)Y2 

therein Jx = (l/r) LP:iXi/ 

Jy = (l/r) LjL;yl 

Jxy = (l/r) LjLiXijYij, 

(4.18a) 

(4.18b) 

(4.18 c) 

(4.18 d) 

(4.18 e) 

where r is the number of the compard loci, and Xij 
and Yij are the frequency of the allele i at locus j in 
the animal groups X and Y. Thus, Jx and Jy are the 
probabilities, averaged for all the loci, that two 
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given genes from groups X and Y, respectively, 
are identical; Jxy refers then to the comparison of 
a gene from group X with one from group Y. I can 
have values between 0 and 1; I = 1 if identical 
alleles occur with the same frequency at all loci of 
X and Y, and I = 0 if this occurs at no locus [292]. 
The estimation of genetic distance using electro
phoretic data is not free of problems: 

1. D depends upon the choice of the loci to be 
compared, and increases as the heterozygosity 
of the chosen loci increases; thus, highly poly
morphic loci also show large interspecific dif
ferences [62, 381]. 

2. Even otherwise insignificant gene exchange 
between two populations X and Y hinders the 
development of a large genetic distance. 
Assuming that per generation mx individuals 
migrate from X to Y and my migrate in the 
opposite direction, then, according to the 
neutral theory, the genetic identity is given by 

I = (mx + my)/(mx + my + v), (4.19) 

where v is the number of mutations arising per 
generation at the relevant locus [292]. 

The measurement of distance DR of Roger (1972) 
is also relatively frequently applied; in contrast to 
Nei's D value, DR conforms to the so-called tri
angle condition that is important for the construc
tion of phylogenetic trees, i.e. the estimated three 
distance values between three animal groups 
form a triangle: 

DR = (lIr) Lj [Y2Li (Xij - Yij)2]"'2. (4.20) 

DR can have values between 0 and 1 and is usually 
somewhat smaller than D [292]. 

The evolutionary distance values obtained 
from electrophoretic data agree fairly well with 
distances determined immunologically or by 
DNA hybridization, but are inevitably subject to 
error because different loci usually have different 
rates of substitution [175]. D and I values 
obtained from I-D electrophoresis are mainly 
suitable for intraspecific comparisons or those 
between closely related species; 2-D electropho
resis is more suitable for the comparison of dis
tantly related taxa [391]. 

4.5.5 Comparison of DNA Sequences from 
the Thermostability of Heteroduplices 

DNA double helices dissociate on heating into 
single strands which reassociate on cooling; the 
value of the dissociation or melting temperature 

(Tm) depends upon the strength of the interaction 
of the complementary strands. A heteroduplex 
made up of DNA single strands from different 
species has a lower Tm than fully complementary 
DNA; the difference dTm is a measure of the 
sequence difference. Until recently, it was 
accepted that a d T m of 1 °C corresponded to a 
sequence difference of about 1 % ; however, new 
measurements suggest 1.7 % [53]. Reassociation 
of total eukaryotic DNA only really involves 
repetitive DNA which, because of its limited 
information content and rapid rate of evolution, 
is unsuitable for the analysis of relationships. 
Therefore, since 1970, fragmented single-copy 
DNA has been used for such measurements. 

The estimation of DNA sequence differences 
by these methods is associated with several diffi
culties and sources of error [44]: 

1. An error arises in d T m determination because 
the latter is dependent upon the base composi
tion; however, this effect can be mitigated by 
careful choice of the buffer. 

2. Tm is dependent upon the length of the DNA 
fragments; this can be corrected for mathe
matically. 

3. Distinct DNA polymorphism, e.g. in the echi
noderms, leads to the situation whereby reas
sociated DNA from two or more individuals 
already shows a 2-4 °C lower T m compared 
with duplex DNA from one individual [151]. 

4. Reassociation is never complete; this can also 
be corrected for mathematically. However, in 
some Drosophila species, one-third of the 
DNA takes no part in duplex formation, 
whereas the remaining two-thirds shows great 
sequence similarity; in some starfish, only 
one-third of the DNA reacts at all. In such 
cases, and generally for high dTm values, the 
accuracy of this form of sequence comparison 
should not be overestimated. 

The genetic distances derived from DNA hybrid
ization are usually significantly larger than those 
obtained by other methods. Thus, in the case of 
four Drosophila species from three neighbouring 
Hawaiian islands, enzyme-electrophoresis and 
d T m determinations gave the same picture of 
relationships during colonization of the islands 
(Fig. 4.11), but the electrophoretically deter
mined genetic distances were significantly 
smaller, perhaps as the result of selection at the 
investigated loci [186]. Amongst the various 
methods for the analysis of relationships by 
investigations of the DNA, the sequencing of 
individual genes stands at one extreme and Tm 
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Fig.4.ll. The spread of the four Hawaiian Drosophila spe
cies and their relationships [186]. The genetic distance 
derived from enzyme electrophoresis, and data from the 
melting point depression LlTm of DNA heteroduplices 

measurements stand at the other. In between, 
there are methods such as the analysis of limited 
DNA regions with the help of restriction endo
nucleases, or the relatively new procedure of Sou
thern analysis of total chromosomal DNA, i.e. 
the digestion of the DNA by restriction enzymes 
into defined fragments, their electrophoretic 
separation, transfer to a solid phase and, finally, 
hybridization with DNA probes [250]. 

4.5.6 DNA Restriction Analysis 

Restriction endonucleases cut double-stranded 
DNA at certain recognition sequences of 4-6 bp 
in length; many enzymes of different specificity 
are commerically available. The DNA fragments 
can be separated by gel electrophoresis according 
to their lengths, and conclusions can be drawn 
from the restriction patterns about the extent of 
the differences between compared DNAs. 
Restriction analysis of different individuals of the· 
same species allows the determination of DNA 
polymorphism, and comparisons of two species 
allows the calculation of genetic distance. The 
method can be applied to parts of the chromoso
mal DNA, but for the analysis of relationships it 
is most often applied to mtDNA, which has on 
optimal size of 15-19 kb and is easily isolated. If 

allow the same species family tree to be constructed; this 
agrees with the supposed migration routes. However, the 
length of the branches of the phylogenetic trees con
structed by the two methods do not agree 

the mtDNA shows a significantly higher rate of 
evolution than the chromosomal DNA, as in the 
vertebrates, then it is particularly suitable for 
analysing close relationships. 

The mathematical evaluation of restriction pat
terns is based entirely on the fundamental 
investigations of Upholt (19n) , and the equa
tions of Nei and Li are frequently used [291]. 
According to these, the mean fraction of identical 
recognition sequences for two compared 
mtDNAs, X and Y, is given by 

S = 2nxy/(nx + ny), (4.21) 

and from this, the mean number of substitutions 
per nucleotide as 

b = - (1/r)logeS, (4.22) 

where nx, ny and nxy are the number of restriction 
sites in X, Y or both mtDNAs, and r is the length 
of the recognition sequence. Nei has produced a 
less time-consuming method especially for use in 
population genetics studies [298]. For larger 
sequence differences (where b > 0.20), complic
ated equations must be applied in order to correct 
for back mutations. Errors that can arise in these 
calculations stem from variability in the propor
tions of different nucleotides, differences in the 
frequency of the various types of substitution, 
and the non-random distribution of substitutions 
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in the DNA. From the wealth of discussion and 
large number of suggestions for solutions in the 
literature [29], it is clear that the numerical 
accuracy of genetic distance values obtained by 
mtDNA restriction analysis should not be overes
timated; with very large genetic distances 
(6 > 0040) the method is completely unusable. 
The use of mtDNA in the analysis of relationships 
presents some special problems. Thus, the consi
derable polymorphism of mtDNA has a disturb
ing effect. By the chance crossing-in of a foreign 
female, the mtDNA can be replaced by that of 
another species, and because mtDNA is passed 
on maternally this situation then persists in the 
population (pp.166 and 168). 

DNA relationship analysis with the potential of 
extremely high resolution has now become pos
sible through the introduction of DNA finger
printing. This method uses as a probe a certain 
type of repetitive DNA that is widely dispersed in 
the genome, the so-called mini-satellite. Total 
DNA of suitable cells (e.g. leukocytes) is cleaved 
by restriction enzymes into defined fragments, 
the fragments are separated electrophoretically 
and hybridized on a Southern blot with a radio
actively labelled mini-satellite. The resulting pat
tern is specific for each individual; the similarity 
increases with increasing relationship, being 
highest between parents, children and siblings. A 
greater degree of separation, as is required, for 
example, for parenthood analysis or forensic pur
poses, can be obtained by 2-D electrophoresis 
[418]. Highly variable mini-satellites are appar
ently widespread and the method is, therefore, 
increasingly used for population genetics 
investigations on vertebrates of all classes 
[155, 255, 343, 416]. 

4.5.7 Construction of Phylogenetic Trees 
from Molecular Data 

The evolutionary relationship between homolog
ous genes or proteins can be represented by a 
phylogenetic tree. This can be looked upon as a 
genealogical tree of the molecules but also of the 
species from which the molecules were obtained. 
A molecular phylogenetic tree describes which 
nucleotide substitutions or amino acid exchanges 
have occurred in the course of evolution. This, on 
the one hand, provides data from which the laws 
of molecular evolution may be derived and, on 
the other hand, can be viewed as a natural experi
ment that allows conclusions to be drawn about 
the functions of the individual components of the 

macromolecules. A species phylogenetic tree pre
sents special possibilities because macromolecu
les can be compared more widely than morpholo
gical characters, in fact, often right across the 
whole animal kingdom or across all organisms. 

A particular form of molecular relationship ari
ses through gene duplication, which is a common 
event in molecular evolution. The genes resulting 
from duplication are, of course, homologous but 
may become quite different during the course of 
further evolution. It is therefore necessary in 
comparing homologous genes or gene products to 
distinguish between paralogous genes, which 
belong to two different evolutionary lines arising 
by gene duplication, and orthologous genes, 
which are of the same evolutionary line. Whereas 
a molecular phylogenetic tree may include both 
paralogous and orthologous molecules, only 
orthologous molecules may be used in the con
struction of a species phylogenetic tree. A confus
ing situation may arise when only one of two gene 
lines, arising by duplication, is retained in a par
ticular species. The best-known example of this is 
the lysozyme of avian eggs; this is very different 
in the goose and the chicken despite the close 
relationship of these species. This puzzle was only 
solved when the enzymes of the goose and the 
chicken type were discovered together in the 
black swan, Cygnus atratus, presenting evidence 
for a duplication of the lysozyme gene (p. 504); 
thus, the lysozymes from eggs of the goose and 
chicken are paralogous. 

Qualitative variation in individual characters 
may be used for the construction of molecular 
phylogenetic trees, as in classical phylogenetics, 
or quantitative data, as in numerical taxonomy. 
Numerical methods are preferred in studies of 
molecular relationships for two reasons: (1) only 
phylogenetic trees constructed with the help of 
quantitative methods can be tested statistically; 
and (2) according to prevalent ideas, the influ
ence of selection can be largely neglected in phy
logenetic tree construction using molecular char
acters, and the rate of evolution may be taken to 
be constant over long periods (molecular clock 
hypothesis). Thus, the expression: "the more 
similar, the more closely related", which is easily 
refutable for morphological characters, is actually 
more appropriate for the molecular analysis of 
relationships. Many of the molecular data are 
quantitative from the outset, e.g. immunological 
distance, amino acid composition or ilTm values. 
Whenever essentially qualitative data, e.g. from 
sequencing, restriction analysis or electrophore
sis, are converted to a quantitative measure of 
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distance, information tends to be lost and events 
such as parallel or back mutations are difficult 
both to recognize and to include in the calcula
tions. 

The very successful method of Willi Hennig, 
which is based on morphological characters and 
results in dichotomously branched phylogenetic 
trees, involves the search for the sibling species or 
groups sharing the most recent, common ances
tor. This requires evidence of the joint possession 
of derived (apomorphous) characters (synapo
morphy). The occurrence of an apomorphous 
character in only one taxon (autapomorphy) or 
the joint possession of plesiomorphous charac
ters, i.e. those also found in other taxa 
(symplesiomorphy), are not relevant to the anal
ysis of relationships. Hennig's method has, up to 
now, only rarely been applied using molecular 
characters and then with only modest success, 
e.g. with electrophoretic data [322] and data on 
the disulphide bridges of transferrins [437]; it 
would be interesting to apply the method to 
sequence data. 

With the aid of numerical methods, surviving 
forms can be arranged in a network (Wagner net
work) according to their degree of similarity. The 
endpoints constitute the surviving forms, and the 
internal intersections the ancestral forms 
(Fig.4.12). A dichotomously branched network 
of N surviving forms has N-2 ancestral forms and 
2N-3 connecting lines. Such a network can be 
converted to a phylogenetic tree so that an origi
nal form or root is defined on one of the connect
ing lines (Fig. 4.12); however, this requires fur
ther information or assumptions that are not pre
sent in the surviving sequences: 
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Fig.4.12. The network of four present-day species (A-D) 
and two ancestral forms (X and Y), together with the phy
logenetic tree derived by defining a root along the line con
necting X and Y 

1. The direction of the evolutionary change is 
known; this is generally not the case for mole
cular characters. 

2. If the molecular clock hypothesis is correct, all 
routes from the root to the surviving forms are 
equal in length. 

3. If the surviving forms can be reasonably 
placed in two groups (e.g. animal/plant or glo
bin a-/non-a-chain), the root lies between the 
two groups. 

The number of possible networks for N surviving 
forms is given by 

rr~=3 (2n-5) = 1 ·3 . 5 ·7 ... (2N - 5). (4.23) 

This means that for 10 surviving forms there are 
2027025 different networks, for 20 forms the 
number is 2.2· 1020 , and for 40 forms it is 
4.5 . 1053 [325,424]. From this enormous number 
of possible networks, it is necessary to find that 
which is correct or at least optimal; of course, 
computers are used here, but an increasing num
ber of species can quickly tax the potential of 
even the most powerful machine. The evaluation 
of the alternative networks involve several differ
ent criteria, of which the most frequently used are 
goodness of fit, the parsimony principle, and the 
compatibility principle. In goodness of fit [120] 
the distance between the surviving forms (input) 
is compared with the total length of the connect
ing lines in the network (output); an effort is 
made to minimize the difference between input 
and output. In the parsimony principle (economy 
principle) an attempt is made to minimize the 
total length of the network. This principle, which 
was suggested by Camin and Sokal in 1965 [385], 
is not based on the assumption that evolution 
always follows the shortest path; it is much more 
a question of the methodological principle of con
sidering only that which is necessary for evalu
ation of the data and accepting only events for 
which there is evidence. The parsimony criterion 
is advantageous, for example, for sequence data 
from which distances in genealogical trees can 
only be under- and not overestimated; in input! 
output comparison, on the other hand, is to be 
preferred if distance data could include errors in 
both directions, i.e. with immunology or electro
phoresis data and ~Tm values [335]. The compat
ibility principle can also be used for the optimiza
tion of phylogenetic trees. Character sets which 
lead to different phylogenetic trees are incompat
ible. This can be demonstrated by means of a 
table of paired events (Fig. 4.13). The compatibil
ity principle serves particularly for the recogni-
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a) 

A B 

Fig. 4.13 a, b. A test of compatibility 
[153]. The sets of characters A and B 
and X-Z occurring in species 1-9 
could be a incompatible or b compat
ible. To test compatibility, the charac
ters are entered pair-wise into a table 
(left). The are incompatible when con
nection of all the entries results in a 
right-angle (a), and compatible whe
never that is not the case (b). The 
right side of the figure shows possible 
networks and character changes for 
the nine species. A change of charac
ter A to B, or the converse, is shown 
as A-B. In the case of incompatibility 
of the character sets, at least one 
change in a character (here X-Z) must 
be assumed to occur twice 
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tion of parallel substitutions. Pair-wise compari
sons with the help of a computer program are 
used to determine for which species incompatibil
ity appears to be most prevalent. A parallel sub
stitution is then assumed for these species, e.g. 
that character A was replaced by A'; the pro
cedure is repeated with character A' and so on 
until all the parallel substitutions have been local
ized [153]. In simple cases, the characters found 
to be compatible can be used directly in the con
struction of a phylogenetic tree. 

The problems of genealogical tree construction 
from molecular data are especially well illustrated 
by the following descriptions of classical procedu
res; these in effect form the starting point for the 
development of the present-day, more effective 
computer methods [112, 163, 164]. The ancestral 
sequence method of Eck and Dayhoff (1966) not 
only connects the surviving sequences to a net
work but also derives the ancestral sequence. In 
both steps, the minimization of the network is 
attempted by means of the following procedure: 
The three possible networks are drawn for the 
first four sequences. Here, the surviving sequen
ces form the end-points and the ancestral sequen
ces the internal intersections. To derive the 
ancestral sequence, amino acids are sought which 
are present in more than one of the branches aris
ing at the intersection; such amino acids are 
assumed to be at the intersection (Fig. 4.14). Of 
the possible networks, the one that requires the 
least number of alterations (e.g. amino acid 

AX BX 
3.4 

5 >---"+---5 BY 

8,9 

AZ BZ 

B 
AX 3 BY 

3,4,5 

8,9 

AZ 8 BZ 

exchanges) is chosen. The fifth sequence is now 
introduced at all possible positions and the shor
test network is again chosen; this is continued 
through to the last sequence. The resulting net
work is then rearranged in that each branch is 
removed and transferred to another position 
(branch exchange or shuffling). Each still shorter 
network that is found is then the subject of fur
ther shuffling. Considerable calculation is 
required and, furthermore, simulation exper
iments have shown that with sequences differing 
by more than 50 %, the construction of phyloge
netic trees by use of matrix methods gives better 
results [87]. 

Matrix methods are based on a distance mat
rix. The first large molecular phylogenetic tree 
was constructed, using a matrix method 
developed by Fitch and Margoliash in 1967, from 
21 cytochrome c sequences [120]; the same 
method was in fact later used to calculate a better 
tree from the same data [386]. The Fitch
Margoliash method is still in use today (Fig. 4.15). 
The "unweighted pair group" method (UPGM), 
which was invented by Sokal in 1958 as a gener
ally applicable method for numerical taxonomy, is 
the simplest of the matrix methods. In contrast to 
the Fitch method, the first step here always invol
ves the combination of the two most similar spe
cies (Fig. 4.16). The construction of trees from a 
Wagner network of minimal total length was 
described by Farris in 1970 and is also a fre
quently used method (Fig. 4.17). The subsequent 
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development of these mathematical procedures 
has been aimed at deriving as much phylogenetic 
information as possible from the molecular data 
in the shortest possible time [29, 222, 357]. The 
problem of finding the shortest possible network 
from a given set of data can only really be solved 
empirically. There is a whole series of calculation 
methods (algorithms) which include this search 

B C A 
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B 

Fig. 4.15. The construction of a phylogenetic tree accord
ing to Fitch [120]. From the distances between the sequen
ces A, Band C (given in the matrix), the length of the 
branches a, band c of the corresponding network, assum
ing a + b = AlB = 24, a + c = AlC = 28, and b + c = B/C 
= 32, are a = 10, b = 14 and c = 18. When more than three 
species are involved, individual sequences such as A and B 
are compared, in all possible combinations, with the com
bined, remaining sequences C. Branch lengths are calcul
ated from the mean distances from A and B to all the 
sequences included in C. The two sequences A and B with 
the lowest distance are united as (A, B) and the process 
is repeated. Therefore, all sequences are inserted into 
the network one after the other in order of decreasing 
similarity 

A 

Pos. 8 

A Fig. 4.148, b. The construction of a phylo-
genetic tree by the ancestral sequence 
method of Eck and Dayhoff (1966). The 

A 
example makes use of amino acid positions 
8,15 and 104 of the cytochrome c of green 
plants (AAA), fungi (AAT) , insects (AKA) 

Pos.15 and vertebrates (-KA). 8 The three possible 
networks between the four groups. The 
uppermost network requires three and the 

A other two networks four amino acid 
exchanges (marked with*). b Amino acids 
in the individual positions of the ancestral 

A sequence of the upper network in 8; any 
amino acid which occurs in more than one 
of the lines originating with the ancestral 

Pos. 104 sequence is assumed to belong to that 
sequence; thus, the ancestral sequence of 
vertebrates and insects is AKA and that of 

T fungi and higher plants is AAA 

process but none can guarantee that the auto
matically produced, final phylogenetic tree is 
optimal in the sense of the criteria described 
above [357]. 

The parsimony method, which was developed 
in Goodman's group and has been used for the 
construction of numerous genealogical trees, 
attempts to construct the tree with the smallest 
total length and to define the ancestral sequence 
[141]. Nucleotide sequences are used here, either 
directly determined or derived from amino acid 
sequences using the genetic code. A tree is first 
constructed by the Fitch or the Farris method and 
is then rearranged by branch exchange until the 
total number of substitutions no longer decrea
ses. The process is repeated with trees begun in 
other ways to find those of even smaller total 
length. Quite often the phylogenetic trees pro
duced in this way contradict in some places the 
confirmed ideas of relationships between some 
species. Assumptions are made about gene 
duplication or changes in gene expression in 
order to correct for these deficiencies. The tree of 
minimal total length is that obtained by branch 
exchange, which assumes the least number of 
nucleotide substitutions, gene duplications and 
changes in expression. In the less dense areas of 
the tree, the length of the branches is underestim
ated because of the greater probability of multi
ple substitutions. To correct for this error, an 
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Fig. 4.16a-d. The construction of 
a phylogenetic tree according to 
the unweighted pair group 
method (UPGM) [115]. a The 
method starts with an identity 
matrix of all species. b In the first 
step, the two most similar species 
are combined and a new matrix is 
calculated; thus, the identity 
value of (Be) to another species 
X is given by (BC)/x = 1;2 (B/x + 
C/X), e.g. (BC)/A = 1;2(48 + 36) 
= 42. c In the second step, the 
next most similar species D and E 
are combined and the matrix is 
calculated. In the third step, A is 
united with BC; this gives a simi
larity value (ABC)/(DE) = 18. 
d The dendrogram illustrates the 
relationships schematically 
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"augmented distance" is calculated by extrapolat
ing information from denser regions of the tree 
[141]. Neither the theoretical nor the practical 
problems of phylogenetic tree construction from 
molecular data have yet been satisfactorily 
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solved, and new methods are continuously being 
suggested [405, 412]. 

The critical evaluation of molecular phyloge
netic trees requires a test of how far the tree con
structed by these methods is correct, i.e. how far 

B B 
M, 

A 
Mo M, 

0 

C C 

Character 1 

Fig. 4.17. The construction of a phylogenetic tree with the help of a Wagner network [385]. The distance d( J ,K) between 
two species J and K is calculated from the extent of expression X of all the considered characters J(Xij) and K(Xik) accord
ing to 

d(J ,K) = Li Xij - Xik• (4.24) 

The distances between all possible pairs of species are determined in this way. The two species A and B with the greatest 
distance are chosen. For each of the other species J, the distance to the nearest point M on the connecting line AB is cal
culated according to 

d(J,M) = 1;2[d(A,J) + d(B,J) - d(A,B)]. (4.25) 

The species C with the largest distance d(C,M) is chosen; the ancestral form Ml corresponds to the median value of the 
character expression in A, Band C. Next, species D with the second-largest distance d(D ,M) is taken; the distances from 
D to the connecting lines AM), MIB and M1C are calculated using Eq. (4.25); Mzlies on the line with the shortest distance 
from D. The process is continued until all species are connected in the network 
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it represents the true phylogenetic relationships 
between the genes and the corresponding species. 
Of critical importance to the discussion of the 
molecular clock hypothesis is the reliability of the 
conclusions about the evolutionary distance 
between ancestral forms and their successors that 
can be drawn from the lengths of tree connec
tions. However, because the real course of the 
phylogenetic history is unknown, the usefulness 
of the methods used clearly cannot be judged 
from the actual relationships. There is also no jus
tification for any assumption that particular char
acters of the living organism are a priori superior 
for the construction of phylogenetic history such 
that the trees based on them could be used as a 
standard for the evaluation of other methods. 
Consequently, there is no reason at the outset to 
assign trees constructed by classical methods, 
using morphological characters, any special 
degree of correctness. Each phylogenetic tree 
represents a hypothesis about the course of evolu
tion, and the plausibility of this hypothesis must 
be judged against alternative hypotheses. The 
best possible results from attempts to reconstruct 
the history of life on earth can actually only be 
expected when all available data have been evalu
ated, be they palaeontological, biogeographical, 
morphological or molecular [318]. 

One way out of the dilemma that the real 
course of evolution is unknown and cannot be 
used to judge the accuracy of the various recon
struction methods is offered by the application of 
the above methods to sets of data obtained in pre
cisely known ways from simulated evolution. 
Against such a procedure it can be argued that 
simulation of evolution must involve certain basic 
assumptions which possibly deviate from the laws 
operating in nature. Investigations of simulated 
sequences have so far shown that, depending 
upon the character of the data, different methods 
produce the best results, but also that these 
results, even under favourable conditions, may 
often be a false branching scheme and involve 
large errors in distances [112, 358, 390]. On the 
basis of such investigations, particularly heavy 
criticism has been levelled against Goodman's 
parsimony method [180, 190]. 

In the ideal case, the same phylogenetic tree 
should always emerge for any given species, irre
spective of the method used. In actual fact, quite 
different trees are often produced when different 
methods are applied to the same data or the same 
method is used for different sets of molecular 
data from the same species [326]. With many 
methods, several phylogenetic trees of the same 

length (parsimony) are produced from exactly the 
same set of data; the introduction of more mod
ern forms changes the branching scheme for the 
previously considered species, and the family 
relationships between closely related forms 
become particularly uncertain. There are various 
reasons for these deficiencies [153]: 

1. The information contained in the available 
data is insufficient. For example, at least 22 
characters are required to define a dichotom
ously branched family tree of 25 species, and 
singular (only available for one species) or 
incompatible characters are not appropriate. 

2. A lack of clarity, caused by polymorphism, 
particularly affects the determination of gen
etic distance between closely related species 
[314] . 

3. The evolutionary rate plays a significant role. 
Where it is low, there are usually too few 
evaluable differences; where it is too high, 
evolutionary events may be superimposed and 
therefore not distinguishable. A variable rate 
of evolution complicates the mathematical 
process. 

4. The largest problem is that of parallel substitu
tion which, contrary to previous notions, 
seems to be very frequent. Tests using the 
method shown in Fig.4.13 have shown that 
sets of molecular data may contain up to 50 % 
parallel substitutions [153]. This only applies, 
however, to the evaluation of the individual 
positions in a sequence; the fear that "almost 
or completely identical sequences" may be 
found in distantly related species [350] will 
probably not be realized. 

4.6 The Rate of Molecular Evolution 

4.6.1 The Rate of Protein Evolution 

The rate of evolution of proteins can be expressed 
in several ways: (1) as the rate of amino acid 
exchange per amino acid per year; (2) as the time 
required for the development of 1 % sequence 
difference between two evolving lines (unit 
evolutionary period, UEP); and (3) as "accepted 
point mutations" (PAM) per 100 amino acids per 
100 million years [87, 115, 210,212]. Individual 
proteins evolve at very different rates (Tab
le 4.12), with the extremes differing by more than 
two orders of magnitude. The neutral theory 
explains these differences, in that only certain 



Table 4.12. The rate of evolution of different proteins 
[440] 

Protein 

Histone H4 
Histone H3 
Histones H2A and H2B 
Glutamate dehydrogenase 
Glucagon 
Collagen-a1 
Corticotropin 
Crystallin-aA 
Glyceraldehyde-P-dehydrogenase 
Triosephosphate isomerase 
Lactate dehydrogenase H4 
Cytochrome C 
Insulin 
Lactate dehydrogenase M4 
Thyrotropin p-chain 
Lipotropin p-chain 
Histone H1 
Lutropin a-chain 
Myoglobin 
Trypsinogen 
Prolactin 
Parvalbumin 
Carboanhydrase B 
Growth hormone 
Haemoglobin a-chain 
Haemoglobin p-chain 
Albumin 
Lutropin p-chain 
Lysozyme 
Ribonuclease 
a-Lactalbumin 
Carbo anhydrase C 
Insulin C peptide 
Immunoglobulin-Cy , -CA 

Fibrinopeptide A 
x-Casein 
Fibrinopeptide B 
Immunoglobulin-Cx 
Short snake neurotoxins 

UEP 

400 
330 
60 
55 
43 
36 
24 
22 
20 
19 
19 
15 
14 
13 
9 
8 
8 
7 
6 
6 
5 
5 
4 
4 
3.7 
3.3 
3 
3 
2.5 
2.3 
2.3 
2.1 
1.9 
1.7 
1.7 
1.4 
1.1 
0.9 
0.8 

Exchange 
rate 

0.013 
0.015 
0.08 
0.09 
0.12 
0.14 
0.21 
0.23 
0.25 
0.26 
0.26 
0.33 
0.36 
0.38 
0.56 
0.6 
0.6 
0.7 
0.8 
0.8 
1.0 
1.0 
1.3 
1.3 
1.4 
1.5 
1.7 
1.7 
2.0 
2.2 
2.2 
2.4 
2.6 
2.9 
2.9 
3.6 
4.5 
5.6 
6.0 

UEP (unit evolutionary period), the time (in millions of 
years) in which a 1 % sequence difference occurs between 
two evolutionary lines. Exchange rate, the number of 
exchanges per amino acid per year multiplied by 109 • 

amino acids may be exchanged in a given protein 
without unduly changing the properties of the 
protein, and the organism places various 
demands on each individual protein. For exam
ple, the rate of evolution of the C peptide is 
higher than that of the A and B chains of insulin 
because the former functions only to bring the 
future A and B chains together in the correct 
orientation to each other during folding of the 
pro-insulin chain. The relatively rapid evolution 
of serum albumin relates to the fact that this pro-
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tein, as a whole, is dispensable; analbuminemia 
in humans causes no clinical symptoms [210, 212, 
440]. The lowest rate of evolution is shown by the 
histones, which are involved in complex interac
tions with other chromatin proteins and DNA. 
Surprisingly, amongst the most conserved of pro
teins is thymidilate synthase, which is required for 
dTMP synthesis in rapidly dividing cells; the 
enzymes from mouse and E. coli agree in not less 
than 55 % of their amino acids [327]. 

The rate of evolution may differ not only 
between proteins but also between different parts 
of a protein. So, for example, amino acid exchan
ges in the globins are lO-fold more frequent on 
the surface of the molecule than in the region of 
the haem pockets. Various models of evolution 
have been derived from the differing substitution 
rates encountered for individual codons, accord
ing to which only a fraction of all co dons are 
available for amino acid-exchanging substitu
tions, which itself changes at each stage in evolu
tion; this somewhat variably defined fraction has 
been referred to as "covarions" by Fitch in 1970 
and as "varions" by Holmquist and Jukes in 1972. 
Four classes can be distinguished amongst the 114 
co dons of cytochrome c: 25 non-variable, 53 
variable with an average of 3.7 substitutions, 33 
hypervariable with an average of 11.1 substitu
tions, and the 3 most variable codons, 44, 58 and 
100, each with 25-26 substitutions [121]. Differ
ences in the rate of evolution of individual prote
ins may therefore be explained by their differing 
contents of covarions: 10 % in cytochrome c, 
30 % in the a-globin chain, and almost 100 % in 
the fibrinopeptides [210]. 

The relationship between function and evolu
tionary variability of individual amino acids is 
especially clear in cases where the exchange of 
one amino acid is compensated by the exchange 
of another. For example, there is a stabilizing salt 
bridge in the myoglobin molecule and in most 
mammals this consists of a glutamic acid at posi
tion 27 and a lysine at position 118. In whale 
myoglobin, however, the pair 27-Asp ... 118-Arg 
is found; the greater length of the aspartic acid is 
compensated exactly by the smaller size of the 
arginine. The sterically unfavourable combina
tion 27-Asp ... 118-Lys occurs in only 2 out of 43 
mammals (the galago and the kangaroo), and the 
combination 27-Glu ... 118-Arg is never found. 
In vertebrate myoglobin, the amino acid in posi
tion 45 is always basic, whereas that in position 60 
is always acidic; in the myoglobin of the snail 
Aplysia, the reverse pairing 45-Asp ... 60-Lys is 
found [58]. 
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4.6.2 The Rate of Evolution 
of the Nucleic Acids 

The rate of nucleic acid evolution is normally 
given as the mean number of substitutions per 
nucleotide per year; for coding sequences, a dis
tinction is often made between the rates of amino 
acid-exchanging and of synonymous substitu
tions. According to the neutral theory of evolu
tion, there is a relationship between the fixation 
rate and the selective value of mutations, and this 
can be described mathematically [Eq. (4.8), 
p. 141]. Thus; the substitution rate increases with 
the proportion Pn of mutations which behave as 
selectively neutral. When all mutations have no 
influence on fitness (Pn = 1), the rate of evolution 
reaches a maximum which is equal to the muta
tion rate. The rate of amino acid-exchanging sub
stitutions differs between different genes by more 
than two orders of magnitude, as has already 
been shown by comparison of the proteins. The 
rate of synonymous substitution is approximately 
the same for all genes and is always significantly 
higher than that of amino acid-exchanging sub
stitution; most recorded values are around 5 . 10-9 

per nucleotide per year, with extremes of 
1.3 . 10-9 and 7.4 . 10-9 • The variability in the rate 
of synonymous substitution is at least partly due 
to codon preference; the more the use of the vari
ous synonymous codons deviates from random, 
the lower is the substitution rate [38, 210, 
212,277]. If the rate remains constant, the num
ber of synonymous substitutions that can be 
detected on comparing two sequences will 
eventually reach a saturation value; for the actin 
genes this occurred after 30-40 million years. 
Synonymous substitutions may be used only for 
estimations of phylogenetic relationships and the 
evolution rate before the point of saturation [4]. 

The frequency of mutation is actually quite 
similar in all parts of the genome, but the probab
ility of fixation of a mutation depends upon its 
consequences; thus, the changes (substitutions) 
that become fixed during evolution are not sto
chastically distributed throughout the genome. In 
coding sequences, there are large differences in 
substitution rate between the three codon posi
tions. For example, the distribution of substitu
tions between the three positions in the globin 
genes of man, the mouse and the rabbit is 
24:21:55, showing a higher proportion of syn
onymous mutations in the third position 
[210, 212]. In the non-coding sequences of genes 
there are also characteristic differences in sub
stitution rate in different regions which are 

related to function; similar tendencies are found 
in different genes (Table 4.13 and Fig. 4.5). The 
substitution rate in the introns and in the 5' sec
tion of non-coding 3' regions [3' non-translated 
(NT) regions] corresponds approximately to the 
rate of synonymous substitution. In contrast, the 
substitution rate in 5'-NT regions and the 3' sec
tions of 3'-NT regions has only about half that 
value; these regions include important signals for 
transcription and mRNA maturation. Conservat
ive evolution of 3' -NT regions with relatively low 
substitution rates has been detected, for example, 
in the genes of isotypic actins and tubulins of vari
ous species and in the genes for human and 
mouse epithelial growth factors; it is much more 
pronounced here than in the globin genes [450]. 
The observation that the substitution rate is lower 
in smaller than in larger introns is due to differ
ences in the degree of restriction. Sequence com
parisons between homologous genes of closely 
related species of Drosophila have revealed large 
differences in the substitution rate between differ
ent introns or neighbouring sections of non
coding gene regions [101, 259]. Substitutions in 
pseudo genes should be completely selection 
neutral (Pn = 1); the substitution rate of 12.6 . 10-9 

per nucleotide per year calculated for the globin 
pseudo gene should correspond to the mutation 
rate. The rate of synonymous substitutions in glo
bin genes is 1.7- to 1.9-fold lower, suggesting that 
synonymous mutations are also subject to selec
tion pressure [210, 212]. Comparison of the Adh 
loci of Drosophila pseudoobscura and D. mauriti
ana also shows that not only amino acid
exchanging but also synonymous substitutions 

Thble 4.13. The percentage sequence differences between 
gene regions of various gene pairs [209] 

Regions 1 2 3 4 

Coding 
amino acid 8 19 11 15 
exchanging 
synonymous 48 51 49 30 

Introns 
small 40 31 
large 49 53 

5' non-coding 32 23 24 6 

3' non-coding 
5' section 44 48 50 21 
3' section 19 23 22 22 

1, prepro-insulin genes man/rat; 2, ~-globin genes rabbit! 
mouse; 3, a-globin genes rabbit!mouse; 4, a-globin gene 
mousehpa-pseudogene mouse 



are unevenly distributed between the exons [364]. 
The chorion genes of Hawaiian Drosophila spe
cies show extremely high rates of evolution. The 
amino acid exchange rate of 21 . 10-9 per site per 
year is the highest yet recorded (Table 4.12). The 
rate of amino acid-exchanging substitutions is 
twice that of synonymous substitutions [261]. 

Extremely high rates of synonymous substitu
tion have been observed in vertebrate mtDNAs. 
The mtDNAs of various mammals, with syn
onymous substitution rates of 35 . 10-9 to 94 . 10-9 , 

have a rate of evolution 10-20 times greater than 
that of chromosomal DNA; similar results have 
been obtained with the mtDNAs of different 
Xenopus species [57,360]. There is, as yet, no 
explanation for these differences in rates of syn
onymous substitution, except that in the vertebra
tes mtDNA possibly has a higher mutation rate 
than chromosomal DNA. The results from ver
tebrates, however, may not be used as a basis for 
generalization. In various Drosophila species, the 
rate of mtDNA evolution is at most only twofold 
higher than that of chromosomal DNA [332, 360, 
373]; in some sea urchins, the mtDNA substitu
tion rate is just as high as in the vertebrates but 
that of single-copy DNA is also high, i.e. about 
five times the rate of the mammals [422]. The 
mtDNA of higher plants evolves very slowly, the 
substitution rate being 100-times lower than that 
of vertebrate mtDNA and three- to fourfold 
lower than chloroplast DNA [312]. 

4.6.3 Is There a Molecular Clock? 

Based on the random character of mutation, 
Zuckerkandl and Pauling expressed, at the 
beginning of the 1960s, the idea that the 
sequence of amino acid exchanges in a line of 
evolution must be so regular that it could be used 
as a molecular clock. The sequence differences 
between homologous polypeptides would then 
allow conclusions to be drawn about the time 
that has elapsed since their separation. This con
cept has subsequently been applied to evolution
ary distance derived from data other than mole
cular data and has proved to be very profitable. 
On the occasion of the 25th anniversary of the 
idea, the Journal of Molecular Evolution devoted 
the whole of a special issue to the molecular 
clock [200, 236]. In order to apply the principle 
of the clock, the relevant molecular data are used 
to construct a phylogenetic tree, the branch 
lengths of which reflect the evolutionary dis
tance. Then, with the help of the fossil record, 
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the time from at least one branch fork to the pre
sent is determined and related to the evolution
ary distance. The molecular clock is thus calib
rated, and all evolutionary distances in that par
ticular tree can be converted to units of time. 
This process includes two obvious and significant 
sources of error. One is to be found in the separa
tion time used for the calibration. Although the 
age of fossils can now be determined with great 
accuracy, it is usually the case that no available 
fossil corresponds exactly to any branch point in 
the tree being investigated. The second source of 
error involves the problems, which have already 
been mentioned, of the estimation of evolution
ary distance and the construction of family trees 
from molecular data. Clearly, only orthologous 
and not paralogous sequences may be used for 
age determination. Statistical methods may be 
used to estimate the range of error for the branch 
points of the tree [295]. In view of the variable 
evolution rates determined within the mamma
lian phylogenetic tree, the question has been dis
cussed of whether the number of generations, 
rather than absolute time, should be used as the 
time scale of evolution; in general, however, 
molecular evolution is proportional to time 
[102,440,447]. 

The largest amount of data, related to the 
molecular clock, that has so far been analysed 
consists of the thousands of immunological dis
tances determined by micro complement fixation 
of serum albumins. The calibration of the "albu
min clock" gives 1.7-1.9 units of immunological 
distance per million years [440]. Other sets of 
molecular data obtained by other methods have 
shown constant rates of evolution corresponding 
to a molecular clock, e.g. immunological data 
from turtles, crocodiles and other vertebrates, 
and hybrid DNA melting points (i\Tm values) 
from rodents [43, 88,303]. Convincing arguments 
for the functioning of the molecular clock may be 
found in evolutionary events that are clearly 
defined in terms of time, as, for example, the 
separation of sibling species between the Pacific 
and Atlantic sides of the isthmus of Panama. 
According to Nei, the genetic distance, calculated 
from electrophoretic data, of such fish species, 
had a value of 0.234; this would indicate a separa
tion time of about 3.5 million years, which fits 
quite well to the geologically determined age of 
the isthmus. The mean immunological distances 
for the serum albumins of 103 and 114 for marsu
pials and tree frogs, respectively, from South 
America and Australia, given 1.7 units per million 
years, suggest a separation time of 70 million 
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years; this also agrees with the geological data on 
the separation of the two continents. 

The relative constancy of the rate of evolution, 
together with the great extent of genetic poly
morphism, was one of the main arguments in the 
development of the neutral theory of evolution. 
In connection with the controversy between neut
ralism and selectionism, the concept of a molecu
lar clock was, therefore, questioned from the very 
beginning. Criticism was also levelled at certain 
results obtained using the molecular clock 
approach, in particular those related to the evolu
tion of man and the anthropoids (p.169). As 
arguments against the claimed constancy in the 
rates of molecular evolution, examples have been 
quoted where varying rates were observed in dif
ferent evolutionary lines or at different moments 
in the evolution of a line. Up to fivefold differ
ences in the rates of synonymous substitution 
were cited for different animal groups, with the 
lowest value of about 1.3 . 10-9 for the primates 
and birds, and the highest value of about 6.6 . 10-9 

for the rodents, sea urchins and Drosophila 
[38, 59, 373]. The rates of synonymous substitu
tion can vary by as much as twofold within a spe
cies [373]. 

There are also many results showing variable 
rates of evolution within an evolutionary line. For 
example, the molecular phylogenetic trees con
structed by Goodman and colleagues by use of 
the maximum parsimony method, consistently 
show strongly variable rates of amino acid 
exchange, with an extreme difference of 1 :32 
[141, 142]. Kimura, however, challenged these 
results, quoting deficiencies in the maximum par
simony method and errors in the choice of separa
tion time used for calibration of the phylogenetic 
trees [210,212]. Goodman also found that indi
vidual proteins were not usable measures of time, 
but considered that using the combined data from 
several proteins, "the hypothesized protein clock 
does not perform too badly" [141]. A comparison 
of the globin genes of sheep and goats showed 
that the rates of amino acid-exchanging substitu
tions increased after each gene duplication; this 
increase is especially distinct in functionally less 
critical parts of the sequence, and is therefore 
related more to the reduced effect of eliminating 
selection than to an increase in positive selection 
pressure [242]. An increased rate of evolution due 
to positive selection is shown by the ruminant 
lysozymes, which have assumed the function of a 
digestive enzyme [194]. A variation in the sub
stitution rate may therefore be explained by 
changes in the fraction of nucleotide positions 

that are variable without negative consequences 
during different periods of evolution [313]. The 
rate of substitution is dependent upon the base 
composition of the DNA region (isochore) and is 
lower in GC-rich regions [444]. Thus, constant 
rates of substitution are only to be expected so 
long as the gene remains in a stable state, i.e. the 
base composition of its surroundings does not 
change. Non-stable genes show significantly 
higher rates of substitution [356]. 

Because the molecular clock is a probabilistic 
and not a metronomic clock, there is already the
oretically a minimum standard deviation of size 
yM, where M is the number of evolutionary 
events used for measuring time, e.g. the number 
of amino acid exchanges or nucleotide substitu
tions. In reality, the standard deviation of the 
molecular clock is found to be two- to fourfold 
larger [210, 212, 440]. This increased variability is 
also compatible with the neutral theories [404]. 
First, the rare, significantly selection-positive 
substitutions will be fixed at an increased rate. 
Second, in the course of, and as the result of, the 
evolution of a protein, the proportion pn of the 
neutral evolutionary changes can vary. Finally, 
the further developed neutral theory assumes 
that whether a certain substitution behaves neut
rally is dependent upon the population size Ne 
(p. 140); changes in the population size, which of 
course occur frequently during evolution, will 
therefore lead to changes in the rate of evolution 
[210, 212]. Because, according to the neutral the
ory, the greater and more variable the influence 
of selection, the greater will be the variation in 
the rate of molecular evolution, synonymous sub
stitutions confer a particular reliability on a mole
cular clock; however, due to their high rates they 
may be used only in the most recent phases of 
evolution. 

4.7 Some Results of Molecular Research 
into Evolutionary Relationships 

Biochemical characters vary in their suitability 
for the different tasks of biological systematics. 
They are not basically superior to other charac
ters for species diagnosis, i.e. for determining 
whether an animal belongs to a particular species 
or subspecies, but are often the last resort if, for 
example, insufficient morphological characters 
are available. It is mostly only possible with the 
help of molecular characters to recognize whether 



morphologically indistinguishable groups of ani
mals living in the same biotope are sexually isol
ated, i.e. represent "true" species (sibling spe
cies), or whether gene flow exists between given 
species (hybrid species). Enzyme electrophoresis 
allows the process of species formation (speci
ation) to be followed directly. The initial expecta
tion that molecular analysis of relationships 
would bring a breakthrough in systematics and, 
for example, the phylogenetic relationships 
between the animal phyla would be clearly 
defined, has not proved to be the case. Neverthe
less, compared with morphological characters, 
proteins and nucleic acids possess certain advant
ages for the analysis of relationships and the 
reconstruction of phylogeny (p.11l). Further
more, the comparison of molecular characters has 
provided insights into the early phases of evolu
tion; these are amongst the most fantastic results 
of molecular biology but can only be listed, and 
not dealt with in depth in a book on the compar
ative biochemistry of animals. They are as fol
lows: 

1. The mitochondria and plastids of the eukaryo
tes have their origins in symbiotic prokaryotes. 

2. In addition to the two classical organism king
doms of the (Eu-)bacteria and the Eukaryo
tes, there is at least one more kingdom, that of 
the Archaebacteria. 

3. The unicellular organisms possess a hetero
geneity that had been unimaginable before the 
era of molecular biology and which cannot be 
described by the traditional concepts of fun
gus, plant or animal. 

In the following, a few examples will serve to 
illustrate the different possibilities for the mole
cular analysis of evolutionary relationships. 

4.7.1 Molecular Phylogenetic Trees 

Amino acid sequences have been more-or-less 
systematically collected since the 1960s and used 
for the construction of phylogenetic trees; par
ticularly extensive comparative material is avail
able for the globins, cytochrome c, a-crystallin, 
immunoglobulins, pancreas RNases and fibrino
peptides. The knowledge of phylogenetic devel
opment gained in this way will be presented in 
each case by the individual proteins. Phylogenetic 
considerations must, of course, be restricted to 
the evolution within single protein super-families; 
how these came into being in the early phases of 
life on earth is at present beyond our knowledge. 
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The analysis of DNA sequences, which began in 
the 1980s and has constantly increased in inten
sity, has already made available, in terms of the 
total length of analysed sequences, more exten
sive material than protein sequencing did; how
ever, comparative data on homologous sequences 
from a large number of species is required for the 
analysis of relationships and, as yet, is only avail
able for the globin genes as well as for the rRNAs 
and the tRNAs and their genes. 

4.7.2 Species Systematics 

For species diagnosis, i.e. the assignment of 
single individuals to a certain species or a taxon 
below the species level, biochemical characters 
can be applied just as well as morphological or 
other characters. Here also, macromolecular 
materials appear particularly suitable because of 
their high information content, but low molecular 
weight substances are also used, although more 
frequently in botanical than in zoological syste
matics. The substance used need not necessarily 
be identified chemically, e.g. unidentified spots 
on a chromatogram can also have taxonomic 
value so long as they are only "diagnostic", i.e. 
exclusively present in the members of a particular 
species and preferably also in all individuals. 
Because, in general, the analysis of biochemical 
characters requires a greater technical effort, they 
are usually only taken into account for species 
diagnosis when suitable morphological features 
are unavailable. This applies in particular to ani
mal groups, like amoebae, trypanosomes, sporo
zoans or nematodes, that are relatively poor in 
characters, to eggs and early developmental 
stages, and, finally, to isolated tissues whose ori
gin is of interest, for example, in the fields of 
foodstuffs or crime. Numerous such examples are 
presented in the book by Ferguson [115], and 
recent investigations have been carried out, for 
example, on the protozoans and the muscle tissue 
of fish [27, 432]. 

Even in animals that are rich in characters, spe
cies may be so similar to each other that they are 
indistinguishable using morphological features 
alone (sibling species). In such cases, the method 
of enzyme electrophoresis has been used with 
particular success, e.g. to subdivide several 
groups of sibling species of Drosophila [25, 90], 
and for the separation of the brachyuran Uca spe
ciosa and U. spinicarpa [359], the nematodes Cae
norhabditis elegans and C. briggsae [51], the sea 
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urchins Echinostreptus aciculatus and E. molaris 
[265], the cephalopods Eledone massyae and 
E. gaucha [235], the New Zealand species of 
mackerel Trachurus declivis and T. novaezelandiae 
[128], and the field-mouse species Microtus arva
lis and M. subarvalis [453]. The ciliates of the 
genus Tetrahymena can be divided into a complex 
of more than 30 sibling species on the basis of 
their rRNA sequences [336]. Species diagnosis in 
the disease-transmitting mosquitoes of the genus 
Anopheles, which are morphologically difficult to 
distinguish, has made use of electrophoretic 
methods as well as gas chromatographic analysis 
of the cuticular hydrocarbons [56]. 

Of particular interest are cases in which appar
ently true species were first recognized after elec
trophoretic analysis as being pairs or groups of 
sibling species. For example, the marine poly
chaete Capitella capitata, which as an indicator of 
water pollution is of practical importance, turned 
out to be really a complex of at least six sibling 
species [147]. The Hawaiian teleost Albula virgata 
could, by electrophoretic analysis, be separated 
into two completely isolated populations, for 
which only later diagnostic morphological differ
ences were found [371]. The leopard frog Rana 
pipiens, used in numerous experimental in
vestigations, is apparently a complex of at least 
eight sibling species which mostly live in separate 
habitats (allopatric) and, in addition to possessing 
electrophoretic differences, are also distinguish
able by their mating calls [174]. Enzyme electro
phoresis can also help to clarify the taxonomic 
situation when morphologically quite different 
individuals are mistakenly assigned to different 
species. An example here is provided by the ant 
species Formica rufa, R polyctena and R praten
sis, which all have the same pattern of 68 protein 
bands and 18 esterase bands. The morphological 
variability in this case is so great that even ani
mals from the same nest appear to belong to dif
ferent species [408]. 

A further interesting biological-taxonomic 
application of biochemical characters is the iden
tification of hybrid species. Because, in contrast 
to most morphological characters, molecular fea
tures are inherited co-dominantly, i.e. both alleles 
are always recognizable, hybrids can be clearly 
recognized by electrophoretic investigation. Cros
ses between true species are rarely found in the 
field, even when they are easy to achieve in the 
laboratory. Thus, at least 159 different hybrid spe
cies of Drosophila have so far been bred in the 
laboratory, although only eight cases are known 
in nature [152]. In most cases hybrid species are 

sterile or, at least, show reduced fertility. In spite 
of this, naturally occurring hybrids have been 
detected for a whole series of species pairs using 
electrophoretic methods. It turns out that on 
average 0.4 %, and locally up to 5.9 %, of the 
"salmon" caught in Irish rivers and lakes are 
hybrids between the salmon species Salmo salar 
and the trout S. trutta [82]. Hybrids occur espe
cially in the overlap zone between neighbouring 
habitats of two species as, for example, in the 
case of the toads Bufo boreas and B. punctatus in 
California, and Bombina bombina and B. varie
gata in Poland, and the marine turtles Eretmoche
lys imbricata and Caretta caretta on the coast of 
Brazil [n, 110]. Hybrid species are more frequent 
in fish and amphibians than in the reptiles, birds 
and mammals. This is at least in part related to 
the different rates of morphological and molecu
lar evolution (p.129). Naturally occurring hybrid 
species are also known in the invertebrates, e.g. 
between the ants Solenopsis geminata and S. xy
loni in Texas, or between the mussels Mytilus edu
lis and M. galloprovincialis on the English coast 
[184, 380]. Molecular methods may also allow the 
correction of false conclusions, which are based 
on mistakes in the interpretation of morpholo
gical data, relating to hybrid species. For exam
ple, it was previously claimed that up to 29 % of 
the populations of the darter (perch) Etheostoma 
spectabile and E. caeruleum, living in the same 
habitat (sympatric), were hybrid species. Tests 
with enzyme electrophoresis, however, gave no 
indication of hybrids but showed instead that 
single individuals of E. caeruleum could be easily 
confused visually with E. spectabile [271]. 

By far the most interesting example of natur
ally occurring hybrid species is that of the Euro
pean aquatic or green frogs. In the course of the 
evolution of these species, special genetic mecha
nisms arose by which the normal problems of 
chromosome pairing during meiosis in hybrids 
were overcome. The central European aquatic 
frog Rana esculenta, which was originally 
described by Linnaeus and has since been used in 
innumerable physiological investigations, is really 
a hybrid between the species R. ridibunda and 
R.lessonae; this has been shown in various 
investigations since 1968, above all by the electro
phoretic examination of serum albumins and vari
ous enzymes and also by restriction analysis 
of mtDNA. In southern France, R. ridibunda 
hybridized with R. perezi, and in Italy and the 
Balkans it hybridized with lessonae-like species; 
hybrids between R. nigromaculata and R. brevi
poda have been found in Japan [392]. The central 



European populations consist mostly of R. lesso
nae and R. esculenta, but both parental species 
never occur together. The hybrid species known 
as R. esculenta shows increased vigour compared 
with the parental species, e.g. it has a greater 
resistance to oxygen shortage at lower tempera
tures. Selfing R. esculenta results in progeny with 
defective meiosis, reduced fertility and increased 
lethality; in contrast, crosses of R. esculenta x 
R.lessonae give normal R. esculenta. Further
more, electrophoretic investigations of oocytes 
show that most of the lessonae genome is elimin
ated during gametogenesis in R. esculenta and 
only the ridibunda genome is passed on to the 
progeny. The same is true for the populations of 
the green frog in southern France and Italy; how
ever, the mechanism by which the non-ridibunda 
genome is eliminated has not been fully ex
plained. Only about 7 % of hybrids are found in 
the Balkan populations and these are apparently 
hardly fertile; in this case the mechanisms of spe
cies hybridization appear to be not so far 
advanced [392]. The analysis of mtDNA provides 
more detailed information about the pairing 
behaviour of green frog populations. As a rule, a 
male pairs with a larger female; the average body 
size increases in the order R. lessonae < R. escu
lenta < R. ridibunda. Pairing of an R.lessonae 
male with an R. esculenta female results in an 
R. esculenta individual with ridibunda mtDNA; 
the rarer pairing of a large R. lessonae female 
with a small R. esculenta male produces R. escu
lenta with lessonae mtDNA. There are two types 
of mtDNA in R. ridibunda: the A form shows 8 % 
difference to lessonae mtDNA and is apparently 
typical for ridibunda; the B form is only 0.3 % 
different to lessonae mtDNA and probably found 
its way into the R. ridibunda population via occa-
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sional crosses between R. esculenta females and 
R. ridibunda males [392]. 

Molecular data also provide answers to the 
interesting question of the extent of the genetic 
changes that occur during species formation 
(speciation). In this respect, electrophoretic 
methods have in particular been used to deter
mine the genetic distance between taxa of differ
ent rank that represent successive stages in speci
ation. Especially instructive data are available for 
flies of the American Drosophila willistoni group 
and for mice from the genus Peromyscus (Tab
le 4.14). The rule derived here, that the distance 
increases with increasing taxonomic rank, has 
since been confirmed by numerous investigations, 
especially with all classes of vertebrates [15, 16]; 
however, an overview of all the available data 
shows a marked overlap of the distances between 
the different taxonomic ranks (Fig. 4.18). In the 
vertebrates, the lowest species distances are 
found amongst the birds and the largest amongst 
the amphibians (Table 4.15). This results from the 
determination of taxon rank, e.g. the classifica
tion into different subspecies, species, etc., 
mainly on the basis of morphological differences 

Table 4.14. The genetic distances, according to Nei, 
between taxa of different levels in the Drosophila willistoni 
group [16] and the rodent genus Peromyscus [456] 

Populations 
Subspecies 
Semi-species 
Sibling species 
Easily distinguishable 
species 

Drosophila 

0.031 ± 0.007 
0.230 ± 0.016 
0.226 ± 0.033 
1.056 ± 0.068 
1.056 ± 0.068 

Peromyscus 

0.03 ± 0.014 
0.052 ± 0.014 
0.178 
0.334 ± 0.043 
0.334 ± 0.043 

Populations ~----I 

Fig.4.18. The average genetic dis
tances, according to Nei, between 
taxa of different rank [115] 

Subspecies H 

Sibling species 

Species 

Genera 

o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Genetic distance D 
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Table 4.15. The average genetic distances, according to 
Nei, between species of a genus and species of different 
genera in the classes of vertebrates, weighted according to 
the number of pair-wise comparisons [15] 

Class 

Osteichthyes 
Amphibia 
Reptilia 
Aves 
Mammalia 

Genetic distance between 

species genera 

0.60 0.76 
1.75 
0.67 
0.08 0.24 
0.41 1.10 

which are not strongly correlated to the magni
tude of molecular differences (p. 129). 

The increase in evolutionary distance during 
the course of species formation is also clearly 
shown by restriction analysis of mtDNA: in North 
American rodents, the sequence differences 
between populations of the species Geomys pine
tis amount to 0-4.7 %, between the sibling spe
cies Peromyscus polio notus and P. maniculatus to 
15 %, and between the morphologically quite dis
tinct species of the genus Peromyscus to consis
tently more than 20 % [225]. The mtDNA differ
ences in local races of the house mouse, Mus 
musculus, are at most 0.4 %, and between sub
species are up to 7.1 % [452]. The relationship 
described above allows testing of the taxonomic 
rank in critical cases. For example, in mussel tax
onomy it was controversial whether two species 
groups should be designated as the independent 
genera of Musculium and Sphaerium; the D 
values between the two groups of 1.10-2.11 are 
much higher than those within the groups and 
support the classification as genera [181]. In con
trast, the butterflies Brenthis daphne and B. ino, 
which exist in spatially separate populations on 
different forage plants, have such a low genetic 
distance, with D = 0.048, that doubts about their 
status as species are quite justified [264]. 

With the aid of molecular data it is also pos
sible to reconstruct, in some appropriate cases, 
the evolutionary events in the history of indi
vidual species. Because of its purely maternal 
inheritance the mtDNA provides hints about the 
ancestors of parthenogenetic species, e.g. in the 
fish genus Menidia or in the lizard genus Cnemi
dophorus [89, 103]. Restriction analysis of 
mtDNA has also shown that the inbred line of 
mice Mus musculus, now widely distributed 
throughout many laboratories, is derived from a 
single female. Fifteen different mtDNA types 
were found in 20 examples of this species cap-

tured in the wild; in contrast, BALB/c, C57BLl6 
and seven further established inbred lines all have 
the same mtDNA, whereas new lines bred from 
wild animals have variant mtDNAs. It is possible 
that with time different wild males were crossed
in so that the gene pool of the chromosomal DNA 
could, nevertheless, be very extensive [118]. In 
another example, comparative investigations of 
the mtDNA of different races of the domestic pig 
provide evidence for the introduction of various 
European as well as Asiatic wild-pig females 
[429]. The brown rat, Rattus norvegicus, is 
derived from the house rat, R. rattus, which, how
ever, occurs worldwide in several subspecies. The 
highest similarity of mtDNA (an mtDNA differ
ence of 2.3 % and the same chromosome number 
of 2n = 44) is found between the brown rat and 
the Asiatic house rat, R. rattus [laviceps, whereas 
other subspecies of R. rattus show 8-9 % mtDNA 
difference to the brown rat and have variant 
chromosome numbers [161]. Molecular data can 
also give information on the history of human 
populations. Protein and DNA polymorphisms 
show that the first phylogenetic branching was the 
separation of African and non-African popula
tions, and that the non-African populations then 
split into two clusters, from one of which there 
arose the Caucasian, East Asian, Arctic and 
native American populations, and from the other 
arose the populations of Southeast Asia, the 
Pacific islands, New Guinea and Australasia. Lin
guistic data are in good agreement with this 
scheme [60]. 

4.7.3 Molecular Taxonomy 
Above the Species Level 

Whilst only sequence data are suitable for the 
construction of molecular phylogenetic trees, all 
the other types of data mentioned above can be 
used for species phylogenetic trees. As the reliab
ility of the tree should increase with the informa
tion content of the data, species phylogenetic 
trees are often constructed using the combined 
data from several proteins. Such trees have, of 
course, also been constructed for invertebrates, 
especially for the more than 1000 species of the 
genus Drosophila [28]. However, the vertebrates, 
and especially humans, are particularly suitable 
for demonstrating the possibilities and limitations 
of molecular taxonomy. 

Related to humans (hominoids) are the chim
panzee (Pan troglodytes), the dwarf chimpanzee 
(P.paniscus), the gorilla (Gorilla gorilla), the 
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orang-utan (Pongo pygmaeus) and the seven spe
cies of gibbons (Hylobates sp.). In order to clarify 
the family relationships between man and the 
various anthropoids, various sets of molecular 
data have been applied, in particular DNA 
sequences from the 'Y]-globin pseudogenes, f

immunoglobulin pseudogenes, various non
coding DNA regions and mtDNAs, ATm values, 
restriction data, amino acid sequences, and 
immunological and electrophoretic data. All the 
molecular family trees first separate the gibbons 
and the orang-utan from the evolutionary line. 
The branching scheme between man, chimpanzee 
and gorilla, however, remains controversial; the 
difference in time between the splitting off of the 
two anthropoids is apparently so short that the 
molecular data do not allow a statistically certain 
conclusion to be drawn about the sequence of 
events. The majority of authors assume a closer 
relationship between man and the chimpanzee, 
with the branch point between them given as 4-6 
million years ago, depending upon which data are 
used; the dwarf chimpanzee arose later. This 
conclusion has now been accepted by the palae
ontologists, who initially proposed a much 
greater phylogenetic age for man [54, 140, 
143, 160, 180,354,417,438]. Man and the chim
panzee together present a particularly instructive 
example of the fact that the rate of evolution of 
complex phenotypic characters is not strongly 
correlated with the substitution rate for DNA, 
and that the evolution of complex features cannot 
simply be explained by gradual, randomly distrib
uted changes in DNA sequences. It only became 
possible to solve the puzzle of the taxonomic 
position of the giant panda or bamboo bear (Ailu
ropoda melanoleuca) with the use of molecular 
data; this had not been possible with morpholo
gical and palaeontological data alone. Does the 
giant panda belong to the family of bears (Ursi
dae) or the racoons (Procyonidae), or should it be 
assigned to a unique family (Ailuropodidae)? 
What exactly is its relationship to the lesser panda 
(Ailurus fulgens)? DNA hybridization data, elec
trophoretically determined D values, and the 
immunological distance of the albumins and 
transferrins clearly placed the giant panda close 
to the brown bears and the lesser panda with the 
raccoons. However, it is not yet decided whether 
the giant panda should be classified as a separate 
family or as a subfamily of the Ursidae [302]. 
From the sequences of a-crystallin and a- and ~
globin, it was concluded that the Procyonidae is a 
sibling group of the Mustelidae (martens) and 
should not, as has often been attempted, be 

placed close to the Ursidae and Canidae (cani
nes) [197]. The phylogenetic origin of the South 
African aardvark Orycteropus afer was previously 
a complete puzzle; however, a family tree con
structed from data on the lens protein a-crystallin 
indicated as close relatives the manatee (Sirenia), 
hyrax (Hyracoidae) and elephant (Proboscoidae) 
[195]. From the immunological data on albumin 
for 34 of the 37 existing cat species (Felidae), a 
family tree may be constructed that coincides 
with the karyotype data and the fossil record: 
about 12 million years ago the small South Amer
ican species, such as the ocelot, first separated; 
8-10 million years ago the relatives of the 
domestic cat separated; 4-6 million years ago the 
cheetah, serval and puma diverged; and the lines 
to the lynx and the Panthera species of the lion 
and tiger separated only about 2 million years ago 
[76]. Restriction analysis of the mtDNA of the 
seven species of the Equidae points to there hav
ing been a common ancestor about 3.9 million 
years ago [130]. 

Immunological investigations on various egg 
and serum proteins have shown that the southern 
and central American curassow (Cracidae) are 
not more closely related to the chicken (Gallifor
mes) than to the duck (Anseriformes) and should 
not be placed in the Galliformes family; these 
methods have also indicated that the penguin, 
whose evolution was hitherto a complete mystery, 
is apparently quite closely related to the grebes 
(Gaviiformes and Podicipediformes), the petrel 
(Procellariiformes), and the bawler (Ciconiifor
mes) [333]. The urodelan family Plethodontidae, 
with 23 genera and more than 200 species, is 
widely distributed in the New World; only two 
species from this group, Hydromantes italicus and 
H. genei are found in southern Europe. Enzyme 
electrophoresis and the immunological distances 
of the serum albumins show that these two spe
cies migrated from North America in the Oligo
cene and further developed in isolation [425]. 
Immunological albumin comparisons carried out 
on numerous species of the tree frog (Hylidae) 
have assisted in the clarification of a whole series 
of phylogenetic-taxonomic questions. In this way, 
it was shown that the morphological similarity of 
Hyla regilla to other species of the Hyla genus is 
a case of convergence, that Anotheca spinosa 
belongs to the Hylinae rather than to the pouched 
frogs (Amphignathodontinae), and finally that 
the branch frog Phyllomedusa is not more closely 
related to Hyla than to Bufo and should, there
fore, not be counted amongst the Hylidae but 
placed in its own family [266]. The approximately 
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200 species of speckled perch (Cichlidae), which 
are found only in the 1-million-year-old Victoria 
Lake in Africa, are monophyletic according to 
their mtDNA sequences, i.e. they originate from 
a single common ancestral species [273]. Molecu
lar data have also helped to solve the problem of 
the roots of the terrestrial vertebrates. Impressed 
by the discovery of Latimeria chalumnae as the 
surviving representative of the lobe-finned fish 
(Crossopterygii), it was thought likely that here 
was the origin of the tetrapods. However, the fact 
that the mtDNA of Xenopus is more similar to 
that of the three lungfish species than is that of 
Latimeria speaks more for the Dipnoi as the fore
runners of the tetrapods [272]. 

4.7.4 Molecular Data and the Large-Scale 
Classification of Organisms 

Molecular data provide evidence that all present 
living organisms have a common origin, but they 
do not allow unambiguous conclusions to be 
drawn about the genealogical relationships of the 
various groups of organisms. Protein phyloge
netic trees may, in many cases, represent 
authentic phylogenetic relationships between 
higher eukaryotes; however, several authors 
doubt that these may be expanded to include the 
prokaryotes. It may well be the case that evolving 
amino acid sequences come up against the limits 
of difference that are set by structural-functional 
restrictions and no longer represent evolutionary 
distance [274]. The many attempts to evaluate the 
nucleotide sequences of the 5S rRNAs in a broad 
taxonomic frame are of questionable worth, 
because such small rRNAs contain too little infor
mation [157]. More suitable are the rRNAs of the 
small ribosomal subunit (SS-rRNAs), the sequen
ces of which are now known completely or in part 
for about 400 organisms [138, 421]. Phylogenetic 
trees constructed from these data allow the three 
lines of the Archebacteria, Eubacteria and Euka
ryotes to be distinguished and indicate the path 
from the (various) Eubacteria to the mitochond
ria and chloroplasts [311]. 

However, the attempts to use these data in the 
construction of a clear branching scheme that 
leads to the different groups of the eukaryotes 
[65, 119] are not convincing. The evolution of the 
eukaryotes appears at present not to be a tree 
whose branches arise from the stem at clearly 
defined intervals but a bush in which the origins 
of the individual branches from the common 
roots cannot be defined. The classical division of 

the organisms overvalued the morphological 
diversity of the multicellular organisms and 
undervalued the molecular diversity of the unicel
lular eukaryotes and the prokaryotes. This is illus
trated by the finding that three of the five algal 
species assigned to the genus Chlorella are more 
similar to other algae than to Chlorella vulgaris in 
their SS-rRNA sequences [187]. Results continue 
to accumulate which indicate that various groups 
of unicellular eukaryotes had already split off 
from the common evolutionary line before the 
separation of the fungi, plants and animals 
[19, 20, 388, 423]. There are particularly convinc
ing arguments for a special position for the Cilia
tes: They have a deviant genetic code; they pos
sess the most unusual cytochrome c of all eukary
otes; their histone H4 differs by more than 20 % 
from that of all other eukaryotes, the H4 of which 
differs without exception by less than 10 %; and 
the other histones, the 5.8s rRNA and the tRNAs 
of the Ciliates all differ markedly from those of 
other eukaryotes. 

4.8 Palaeo biochemistry 

Quite understandably, the examination of fossils 
plays only a minor role in molecular research into 
animal evolution. The macromolecular bio
substances retained in fossils consist mainly of 
insoluble scleroproteins which can be identified 
by hydrolysis and amino acid analysis. Such sub
stances include collagen in fossil bones and teeth 
and also in invertebrates (brachiopods) since the 
Palaeozoic, ceratin in turtle shells, conchiolins in 
mussel shells, and other proteins in the remains of 
extinct graptoliths, in the calcareous bodies of the 
foraminifers and in the silicic acid skeletons of the 
radiolarians. The egg shells of dinosaurs contain 
proteins with a high glycine content and which are 
similar to the calcium-binding proteins of bird 
eggs [220]. The amino acids of fossil proteins are, 
however, subject to change through spontaneous 
chemical reactions; thus, L-aspartate is converted 
to the D-isomer at the rate of 0.1-0.25 % per 
year; D-allo-leucine is formed from L-Ieucine at 
the much slower rate of 0.001 % per thousand 
years [84]. In spite of these age-related chemical 
changes, proteins extracted from 60- to 80-
million-year-old mussel shells still show immu
nological cross-reactivity with the corresponding 
proteins of present-day mussels [431]. Unfortun
ately, little phylogenetically useful information 



may be expected from the collagens, which are 
made up of repetive structures that are low in 
information and coded by many genes, and the 
conchiolins, which are a mixture of proteins of 
poorly defined structure [310]. The frozen speci
men of mammoth (Mammuthus primigneius) , 
found in Siberia in 1977-1979, presented a unique 
opportunity for biochemical studies on an animal 
species which became extinct thousands of years 
ago. Particularly interesting was the completely 
preserved baby mammoth "Dima", whose age 
was determined as 40000 years using 14·C dating. 
However, the planned DNA analysis turned out 
to be unavoidably difficult. Fossil DNAs disin
tegrate through ageing processes into fragments 
of a few hundred base pairs; become heavily 
altered chemically by loss of bases, oxidation of 
pyrimidines and the growth of cross-links; and 
are often contaminated with foreign DNA. Only 
the polymerase chain reaction (PCR) , which 
facilitates sequencing starting from minute 
amounts of DNA, was able to provide molecular 
evidence for the close relationship of the mam
moth to the present elephant species [310]. It was 
much easier to examine museum materials from 
more recently extinct species. Steller's sea cow 
(Hydrodamalis gigas) was discovered in 1741 on 
the coast of the Komandor Islands off Kamchatka 
and was already extinct by 1768. Immunological 
comparisons of albumins extracted from bone 
with those from the fourliving sirenians show that 
Hydrodamalis separated 4-8 million years ago 
from its nearest relative, Dugong dugong of the 
Indo-Pacific, whilst the three manatee species of 
the genus Trichechus split off 17-20 million years 
ago [339]. The quagga was once the most abund
ant zebra species in Africa; the last specimen died 
in captivity in 1883. Until recently, it was not clear 
whether the quagga should be considered a sepa
rate zebra species or the southern type of Equus 
burchelli. Proteins extracted from quagga skin in 
fact showed much more similarity to plasma pro
teins of E. burchelli than to the other two zebra 
species, E. zebra and E. grevyi [252]. Whereas 
partial sequences of quagga and E. burchelli 
mtDNA are identical, those of the horse E. cabal
Ius contained 11 synonymous substitutions [172]. 
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5.1 The Variety of Plasma Proteins 

The extracellular fluid of the metazoans is not 
only a transport vehicle but also, for the majority 
of the body's cells, their growth environment. 
Proteins play an important role here, providing 
colloid-osmotic pressure and acting as buffers. 
The most important parameter in this respect is 
their concentration which, depending upon the 
species, the developmental stage and the physio
logical conditions, can vary from less than 1 to 
more than 200 mg/ml (Table 5.1). In addition to 
these general functions, individual plasma prote
ins have various specific roles, e.g. in the trans
port of substances, in defence reactions, in blood 
clotting or in the solution of clots. At least in the 
case of the more highly developed animals, the 
plasma proteins may be looked upon as a well
defined extracellular system with certain general 
functions and regulation mechanisms; in all ani
mals, they exist as a mixture of proteins of very 
different structures and functions. 

5.1.1 Plasma Proteins of Vertebrates 

The analysis of vertebrate plasma proteins is 
based upon investigations of man. The number of 
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Table 5.1. Protein concentrations (mg/ml) in the blood 
plasma or haemolymph of various animals (after Prosser 
1961) 

Group Species Concentration 
(mg/ml) 

Annelida Pheretima sp. 0.13 

Mollusca Mytilus edulis 1.5 
Anodonta sp. 3.0 
Sepia officinalis 109 

Crustacea Nephrops norvegicus 42 
Maja verrucosa 53 
Callinectes sapidus 20-231 

Insecta Samia cynthia pupae 43 
Bombyx mori 60 
Gastrophilus sp.larvae 108 

Vertrebrales Scomberscombrus 35 
55 different reptile species 29-78 
Rattus norvegicus 59 
Canis vulgaris 58 
Homo sapiens 75 

known plasma proteins has steadily increased in 
parallel with the resolution and sensitivity of the 
detection methods. In the previous century, a dis
tinction was already made between albumin, 
which remains in solution even after substantial 



dilution of the blood plasma, and the globulins, 
which are insoluble under these conditions. The 
first electrophoretic investigations carried out in 
the 1940s produced the well-known separation at 
pH 8.6 of the fastest, anodic albumin fraction and 
the slower globulin fractions ab az, ~ and y. Fif
teen years later, 20 components could be distingu
ished by gel electrophoresis and as many as 30-35 
by immunoelectrophoresis. Today, detailed know
ledge is available on more than 100 different pro
teins from 14 super-families in human blood 
plasma (Table 5.2), not including either the pro
tein hormones or the enzymes originating in body 
cells, and without taking into account the genetic 
variability of the immunoglobulins and other 
plasma proteins. More than 95 % of the total 
plasma protein is accounted for by just eight com
ponents (Table 5.3). 

Electrophoresis also reveals complex patterns 
of the plasma proteins in other vertebrates, 
although in cartilaginous fish the plasma proteins 
are at much lower concentrations and show less 
variety than in the higher vertebrates [25]. The 
further the animal is from the mammals, the less 
directly comparable are individual bands with 
those of human plasma proteins. For example, in 
the agnathans the fastest fraction is not an albu
min but rather a mixture of glycoproteins that is, 

Table 5.2. Protein super-families in the blood plasma of 
mammals [63, 147] 

1. Albumin, a-fetoprotein, vitamin D-binding 
protein 

2. Immunoglobulins, ~z-microglobulin 
3. Fibrinogen chains: a, ~ and y 
4. Serine proteases of blood clotting, fibrinolysis, 

the complement system, including haptoglobin 
5. az-Macroglobulin, pregnancy zone protein (az

glycoprotein), complement factors C3, C4 and 
C5 

6. ~z-Glycoprotein, complement factors B (non
enzymatic region) and H, ~-chain of the blood 
clotting factor XIII 

7. Retinol-binding protein, armicroglobin, a2u
globulin (rodents), apolipoprotein apoD 

8. Antithrombin III, aI-antitrypsin, al
antichymotrypsin, angiotensinogen 

9. Caeruloplasmin, clotting factors V and VIII 
10. Lipid-binding proteins: A, B, C, etc. 
11. Kininogens, ~rmicroglobulin, acute-phase 

proteins, cysteine-proteinase inhibitors 
12. Transthyretin (pre-albumin), glucagon, 

glycentin 
13. ~-Thromboglobulin, platelet factor 4 
14. Serum amyloid protein (SAP) components, C

reactive protein (CRP) 
15. Transferrins 
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Table 5.3. The major plasma proteins of man and other 
mammals [63]. These eight proteins and protein classes 
consistently make up more than 95 % of the total plasma 
protein 

Component 

Albumin 
Immunoglobulins 
Lipoproteins 
Haptoglobins 
Fibrinogen 
Transferrin 
aI-Antitrypsin 
az-Macroglobulin 

Concentration 
(mg/ml) 

45 
15 
10 
6 
3.5 
3.0 
2.9 
2.6 

if anything, more comparable to human a
globulin; many other fish, amphibians and repti
les also present similar problems of protein iden
tification [73]. With the exception of the albu
mins, all plasma proteins are glycoproteins. The 
carbohydrate portion increases the solubility of 
the plasma proteins due to the presence of many 
polar groups and the negative charge of the sialic 
acid; cleavage of the sialic acid serves as an indi
cator of degradation. 

The classification of the plasma proteins 
according to function in man, and presumably all 
other vertebrates, recognizes the groups of the 
multi-enzyme systems (complement, blood clot
ting, fibrinolysis, kinin production), antibodies, 
lipoproteins, transport proteins and protease 
inhibitors, as well as numerous a- and ~
glycoproteins and trace components of unknown 
function. The antifreeze proteins of fish living in 
cold seas are a specific adaptation to an extreme 
environmental condition. The concentration of 
the individual proteins in humans varies across 
seven orders of magnitude, from 50 mg/ml for 
albumin to 5 ng/ml for IgE. In fact, this latter 
protein was only discovered because its concen
tration is 50000 times higher than normal in pati
ents with multiple myeloma. Essentially the same 
proteins are to be found in the extravasal space as 
in the blood; a few of the plasma proteins, e.g. 
fibrinogen, are almost entirely restricted to the 
blood itself. The concentration of proteins in the 
tissue and body-cavity fluids is 5-103 times lower 
than in the blood; however, as the extravasal 
space has a much greater volume than the blood 
plasma, it contains an equivalent amount of total 
plasma protein. In addition to the plasma prote
ins, the extracellular space contains other specific 
proteins, e.g. the coelomic fluid-specific protein 
(CFSP) in the body cavity of the salmon Oncor-
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hynchus keta, a dimeric protein with 16-kDa sub
units that is synthesized in the coelomic epithe
lium and the mesovarium. The function of CFSP 
is not known; immunologically similar proteins 
are found in all Oncorhynchus species but not in 
other salmon [160]. 

All plasma proteins are already present in the 
embryo, e.g. in humans from the 6th week, but in 
relative amounts that ate different to those found 
in the adult. In pig foetuses, however, about one
third of the plasma proteins are not cross-reactive 
with the antisera against adult plasma [137]. 
Thus, there are specific foetal proteins, of which 
a-fetoprotein and fetuin have received particular 
attention. The synthesis of the majority of plasma 
proteins occurs in the liver; in embryos, the yolk
sac is also always involved. Whilst in humans, 
plasma protein synthesis in the yolk-sac ceases at 
about 12 weeks, it continues in rats and chickens 
up to the moment of birth or hatching, respec
tively. In contrast to the human and chicken yolk
sacs, that of the rat produces no albumin; 
investigations in other species have unfortunately 
not been carried out. Many vertebrates produce 
specific plasma proteins when in certain physio
logical states. For example, the body reacts to 
infection, inflammation or tissue damage by pro
ducing acute-phase proteins. Also relevant here 
are the mammalian pregnancy proteins, and the 
precursors of the yolk proteins that appear during 
the development of yolked eggs. 

5.1.2 Plasma Proteins of Invertebrates 

By means of high-resolution electrophoretic 
methods, more than 100 different polypeptides 
with molecular masses of 15-200 kDa have been 
demonstrated in the haemolymph of the mussel 
Mytilus edulis [245]. In insect haemolymph, 
10-30 protein fractions can be electrophoretically 
separated and grouped, according to function, 
into the vitellogenins, lipoproteins, hormone
binding proteins, storage proteins, defence prote
ins and enzymes. The haemolymph proteins show 
species-specific changes during each developmen
tal stage. In the haemolymph of older larvae, 
however, there are usually only a few protein 
types, in particular the larval haemolymph prote
ins (LHPs) and the lipid-transporting lipopho
rins. Their concentration is low (10-20 mglml) at 
the beginning of each developmental stage but 
reaches high values at each ecdysis, e.g. in Lepi
doptera 60-100 mglml and in bluebottle larvae as 
much as 200 mglml [87,217]. Synthesis of the 

haemolymph proteins occurs mainly in the fat 
bodies; it has been shown, however, in tracer 
experiments with caterpillars of the butterfly Cal
podes ethlius that the mid-gut and epidermis cells 
are involved in the synthesis of arylphorins and 
other haemolymph proteins [197, 198]. 

In animal species with haemoglobin or haemo
cyanin freely dissolved in the plasma, these two 
substances make up the largest fraction of the 
plasma proteins. Other non-respiratory proteins 
are found in many chelicerates and decapod crus
taceans but, as yet, little is known about either 
their structure or function. There is no real basis 
for the assumption that they are mainly copper
free "apohaemocyanins". The coelomic fluid of 
the annelids and the haemolymph of the molluscs 
[3] also contain up to 20 proteins that are detect
able by gel electrophoresis (30-60 are seen on 
2-D electrophoregrams) but about which little is 
known. 

5.2 Serum Albumin and «-Fetoprotein 

Albnmin is the most easily identifiable plasma 
protein of the higher vertebrates due to its solu
bility at low ionic strength, low molecular mass, 
high charge, particular binding characteristics 
and paucity of carbohydrates. At a concentration 
of 35-50 mglml, it makes up about 60 % of 
human plasma protein; it also forms the largest 
fraction in the lower vertebrates. Because of its 
relatively high concentration and low molecular 
mass, albumin is the main factor determining the 
colloid-osmotic pressure of the plasma. In the 
tadpoles of Rana catesbeiana, its concentration is 
less than 1 mglml and only increases markedly 
during metamorphosis. Serum albumins have 
also been isolated from non-mammalian species; 
they appear to correspond broadly in their mole
cular masses and electrophoretic behaviour to 
those of the mammals and man [30, 57, 92, 154]. 
In the agnathans and cartilaginous fish no plasma 
protein has so far been found which corresponds 
to albumin in its physicochemical and functional 
properties, such as the ability to bind fatty acids 
[73]. The so-called pre-albumins of many verteb
rates appear to have nothing in common with real 
albumins, except a high electrophoretic mobility. 

Complete sequences have been obtained, 
either directly or via cDNA, for human, bovine, 
sheep, pig, rat and mouse albumins and the two 
albumins of the clawed frog Xenopus laevis. The 
albumins consist of a single polypeptide chain of 



581-584 amino acids corresponding to a molecu
lar mass of about 66 kDa. The long, strung-out 
molecule has dimensions of 4 X 14 nm and is 
subdivided into three domains which, despite 
similarities in structure, appear to have differ
ences in function [36, 92]. The significant 
sequence homology between the three domains 
indicates that albumin arose by the triplication of 
a polypeptide of about 190 amino acids. Of 
physiological importance is the binding capacity 
of albumin for organic anions like gall pigments, 
steroid and thyroid hormones, fatty acids and 
drugs. A high-affinity fatty-acid-binding site is 
found in domain III; evolutionary rudiments in 
the form of low-affinity fatty-acid-binding sites 
are detectable in domains I and II. The binding 
site for bilirubin lies on domain II and that for 
indole on domain 1. There is a marked species
specifity in the binding properties of the albu
mins. For example, bilirubin binds much more 
strongly to human and chicken albumin than to 
bovine or rabbit albumin; frog albumin, in con
trast to the others, cannot bind tryptophan. Albu
min, like almost all other plasma proteins, is syn
thesized in the liver. The prepro-albumin formed 
initially has an N-terminus which bears a signal 
sequence of 24 amino acids as well as a Pro
peptide of 5-6 amino acids; pro-albumin has 
been isolated from the liver of various mammals 
and birds. 

Serum albumin belongs to the proteins that 
show a high rate of evolution (see Table 4.12, 
p. 161). This fact, and the ease with which albu
min can be isolated, makes it especially suitable 
for immunological studies of relationships by the 
method of microcomplement fixation (p.151). 
Such investigations have now been carried out on 
many hundreds of vertebrate species. Positive 
immunological cross-reactions between serum 
albumins, corresponding to sequence differences 
of not more than 40 % , are only obtained 
between vertebrates of the same class; one excep
tion is the positive reaction between the alligator 
and the chicken. Thus, an albumin comparison is 
suitable, above all, for clarifying relationships at 
the level of the family or order. Multiple albumins 
are known from the polyploid species of the 
genus Xenopus (see Table 4.6, p. 126): tetraploid 
species have two, octaploid species two or three 
and the dodecaploid X. ruwezoriensis three albu
mins, which apparently can differ significantly in 
size and sequence. The peptide cleavage patterns 
are species specific; thus, it is seen that the tet
raploid species X. andrei possesses two fraseri and 
one vestitus albumin and is actually an allopoly-
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ploid that arose by hybridization of these latter 
two species [90]. Genetic variants of serum albu
mins are known from man and several vertebra
tes. There are human and rat "analbumin" indivi
duals whose blood plasma, however, still contains 
5-25 fLg albumin/ml. Although this is a 1000 times 
less than the normal concentration, it should not 
be concluded that serum albumin is dispensable. 
The heritable analbumin in one rat line is the 
result of a failure to transcribe exon H because of 
a 7-bp deletion in the preceding intron [228]. 

The predominant plasma protein of all mam
malian embryos is a-fetoprotein, which on elec
trophoregrams, appears in the region of the ac 
globulins, but belongs to the same super-family as 
the serum albumins. In humans, the maximal 
concentration of ca. 3 mg/ml is reached in the 
13th week of embryo development; in adults it is 
found at only ng/ml concentrations, except in 
cases of liver regeneration or liver tumours when 
higher values are recorded. The a-fetoprotein is 
apparently not just a passive plasma protein but 
has various immunological and growth-regulating 
functions [170]. The amino acid sequences, 
obtained from cDNA or gene sequences, of 
human, rat and mouse fetoproteins agree to 
about 35 % with those of the albumins. The rate 
of evolution of the a-fetoproteins is even higher 
than that of the albumins and is comparable with 
the rates for the pseudo genes [86]. In contrast to 
the non-glycosylated albumins, a-fetoprotein car
ries at least two oligosaccharide chains. Serum 
albumin and a-fetoprotein are each encoded by 
single genes which lie close to each other on the 
same chromosome. Both genes consist of 15 
exons; exons 3-14 are subdivided into three simi
lar sets of four exons, each of which makes up a 
domain. In mammalian foetuses, the a
fetoprotein is made in the yolk-sac, the liver and 
the gut wall. This tissue-specific expression is con
trolled in the mouse by three enhancer sequences 
in the 5' flanking gene region [183]. Artificial 
"minigenes" with enhancer I are expressed only 
in the gut cells, those with enhancer II in the liver 
and yolk-sac, and those with enhancer III in the 
yolk-sac and the gut [94]. Small amounts of 
mature albumin and a-fetoprotein mRNAs are 
also detectable in rat kidney and pancreas [184]. 

In the neighbourhood of these two genes is a 
further gene of similar structure which encodes 
the very important vitamin D-binding protein 
(DBP) of the blood plasma; this is also known as 
group specific component (Gc). Serum albumin, 
a-fetoprotein and DBP belong to the same super
family; they have about 20 % identical amino 
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acids and the same periodicity of structure with 15 
exons and 3 mutually homologous protein 
domains. It has been calculated from sequence 
comparisons that the separation of DBP occurred 
560-600 million years ago, and the separation of 
albumin and a~fetoprotein about 280 million 
years ago, i.e. shortly after the separation of the 
reptiles from the amphibians. Accordingly, one 
should find larval a-fetoprotein in the reptiles but 
not in the fish or amphibians; up to now this 
hypothesis has only been tested in Xenopus tad
poles, where a-fetoprotein is, in fact, not present 
[92]. A further protein, fetuin, is found in the foe
tal plasma of the ungulates (cattle, sheep, goats, 
pigs) at concentrations up to 5 mg/ml but it is 
only present in trace amounts in adult animals. 
Immunological analysis has demonstrated the 
presence of fetuin in all mammals tested. In 
sheep and bovine embryos, fetuin is also found at 
high concentrations in the cerebral cortex, and it 
is detectable immunologically in trace amounts in 
the brains of human embryos. In the latter case, 
significantly greater amounts are found of the 
azHS glycoprotein, which has 70 % amino acids 
in common with fetuin [66]. 

5.3 Plasma Proteins with Special Binding 
and Transport Functions 

Plasma proteins are involved in many ways in the 
transport activities of the blood. Relatively non
specific binding of organic anions to serum albu
min occurs in vertebrate blood, and, in addition, 
there are specific plasma proteins binding iron 
(transferrin), copper (caeruloplasmin), haemo
globin (haptoglobin), haem (haemopexin), thy
roxin (thyroxin-binding protein), steroid hor
mone (transcortin), vitamin B (transcobalamin) 
and lipids (lipoproteins). Corresponding trans
port proteins are also present in the invertebra
tes, although these have been less thoroughly 
investigated, e.g. the juvenile hormone and 
ecdysone-binding proteins of the insects, and the 
lipoproteins of various arthropods. 

5.3.1 Transferrin 

Free Fe3+ ions cannot exceed a concentration of 
ca. 10-17 mo1/1 in neutral solution without forming 
insoluble ferric oxide. In vertebrates, which exhi
bit a very intensive iron metabolism in connection 
with haemoglobin synthesis, iron is transported 

between the sites of resorption, storage, use and 
elimination by specific transport proteins. The 
most important are the serum transferrins; these 
are glycoproteins of 65-85 kDa which are red in 
an iron-saturated condition (I.'max = 470 nm). 
Under normal physiological conditions they are, 
for example in humans, up to only 30 % satur
ated, and thus only 3-5 mg of iron, which repre
sents 1/1000th of the total body iron, is found dis
solved in the blood plasma. In female birds, more 
than 50 % of the serum iron is bound to vitelloge
nino Each transferrin molecule can bind two iron 
atoms. This process is unique in so far as one 
bicarbonate is bound per iron. The affinity of 
transferrin for iron is extraordinarily high and 
varies very little between different mammalian 
species [271]. 

The transferrins also have antimicrobial activ
ity, denying microorganisms essential iron by vir
tue of their high affinity. The uptake of iron, e.g. 
into haemoglobin-synthesizing reticulocytes, 
occurs via receptor-mediated endocytosis at 
coated pits. The primary structure of human 
transferrin receptors has been determined from 
the mRNA sequence. It is a dimeric transmem
brane protein with two polypeptides of 90 kDa 
and three N-bound oligosaccharide chains, as 
well as phosphoric acid and fatty acid residues. 
Of the 760 amino acids in each chain, the first 62 
form the cytoplasmic region, the following 26 the 
transmembrane part, and the remaining 672 
make up the extracellular domain [254]. The 
binding of transferrin to the receptor is not spe
cies specific, but it is, to a limited extent, group 
specific. Thus, the receptors of higher mammals 
(placentals) bind transferrin of other Placentalia 
but not that of pouched animals (marsupials), 
birds or amphibians [148]. 

There are three types of vertebrate transferrin: 
in addition to serum transferrin (siderophilin), 
which is found in all vertebrates, there is the ovo
transferrin (conalbumin) of bird eggs, and lacto
transferrin (lactoferrin), which occurs in the milk 
of all mammals and also in tears and leukocytes. 
Ovo- and lactotransferrin are probably mostly 
antimicrobial in function. The three transferrins 
comprise a protein super-family. The ca. 700-
amino-acid-Iong polypeptide chain of human lac
to transferrin shows about 59 % agreement with 
human serum transferrin and about 49 % with 
chicken ovotransferrin. The serum transferrin and 
ovotransferrin of the chicken differ only in the 
carbohydrate components and not in the amino 
acid sequence. Whilst human and bovine milk 
transferrins differ markedly from those of the 



blood plasma, in the rabbit they are identical, 
apart from differences in the sugar residues 
[119,201,271]. 

The polypeptide chains of all transferrins are 
subdivided into two domains which agree in 
37 -40 % of their sequences and each carry one 
binding site. These binding sites consist of three 
tyrosine and two histidine residues as well as an 
HC03- ion bound electrostatically to an arginine 
residue. The internal periodicity of the amino 
acid sequence indicates that all transferrins arose 
by the duplication of a short ancestral sequence; 
this is recognizable from the spatial structure and 
from the gene sequence [11, 119]. The sequences 
of the two domains in human serum transferrin 
and in chicken ovotransferrin have, in each case, 
only about 40 % identical positions and thus dif
fer to a greater extent than the homologous 
domains of both proteins, which share 50 % 
identity. Thus, the duplication of the ancestral 
transferrin appears to have occurred before the 
separation of the different types. The evolution
ary advantage of the gene duplication may stem 
from the failure of the kidneys to retain the 
ancestral form of transferrin because of its low 
molecular weight [271]. Comparative investiga
tions of numerous fish, birds and mammals show 
similar molecular masses of the serum transferrin 
polypeptide chains, ranging from 61 to 87 kDa 
[24]. Transferrin belongs to the proteins with a 
high rate of evolution; the sequence agreement 
between human and pig transferrin is 70 %, and 
between human and Xenopus laevis is only 46 % 
[15, 176]. The ovotransferrins and serum transfer
rins of all vertebrate classes show unusually high 
variability. This is due in part to differences in the 
carbohydrate fraction (sialic acid content) and in 
part to allelic variation in the amino acid 
sequence [47]. The polymorphism of the transfer
rins has often been exploited for studies of 
population genetics. 

Although the problem of Fe3+ transport also 
exists for the invertebrates, little is known about 
iron transport proteins. They have been detected, 
for example, in the ascidian Pyura stolonifera, the 
spider Dugesiella hentzi and the pocket crab Can
cer magister. A haemolymph protein of 280 kDa, 
isolated from the horseshoe crab Limulus polyphe
mus, consists of ten subunits each with two iron
binding sites. In the butterfly Manduca sexta an 
80-kDa monomeric haemolymph protein contain
ing one iron atom is present together with an iron
rich protein of 490 kDa; this latter protein has sub
units of 24 and 26 kDa and is very similar structur
ally and functionally to ferritin [16, 111, 258]. 
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5.3.2 Haptoglobin and Haemopexin 

Haptoglobins (Hp) are az-glycoproteins which 
bind in a ratio of 1: 1 to the haemoglobin released 
from disintegrated erythrocytes. The whole 
haptoglobin-haemoglobin complex is taken up 
and metabolized by cells of the reticulo
endothelial system; the haptoglobin molecules 
are not recycled. Haptoglobins are widely distrib
uted in mammals and birds but have not yet been 
definitely identified in amphibians. In the urode
Ian Taricha granulosa, the haemoglobin in hae
molysed blood binds to albumin. Whilst a dra
matic increase in az-glycoproteins, including hap
toglobin, can be induced in higher vertebrates by, 
for example, the injection of turpentine, this 
acute-phase reaction is absent from Taricha [77]. 

The haptoglobin molecule is a tetramer with 
two types of subunit bound by disulphide bridges: 
smaller a-chains of 9 or 17 kDa and larger, glyco
sylated ~-chains of 40 kDa. Canine Hp lacks the 
disulphide bridges between the dimers and the 
rabbit Hp molecule has no disulphide bridges; 
therefore, in SDS or urea the canine Hp splits 
into dimers and the rabbit Hp into single chains 
[136]. There are three allelic variants of the 
human a-chain, one of which is increased in 
length from 83 to 142 amino acids [152]. In the 
neighbourhood of the human hp gene there is a 
related gene, hpr (hp-related), which contains a 
retroviral element in the first intron. Anthropoids 
and Old World apes have three hp genes (hp, hpr, 
hpp) but New World apes have only one. There is 
also a retroviral element in the first intron of the 
chimpanzee hpr gene and a further one in the 
spacer between hpr and hpp. The triplication of 
the hp gene apparently occurred after the separa
tion of the apes of the Old World and the New 
World; in humans, a gene was lost during unequal 
crossing-over between hpr and hpp [162]. 

The amino acid sequence of the human hap
toglobin ~-chain has ca. 30 % agreement with dif
ferent serine proteases (see Fig. 3.6, p. 91). There 
is 10-20 % difference between the N-terminal 
sequence of the human haptoglobin ~-chain and 
those of various other mammals. Immunologic
ally, the haptoglobins of different Artiodactyla 
show strong mutual cross-reactivity but only weak 
interaction with human Hp; thus, haptoglobin 
shows a medium rate of evolution similar to that 
of haemoglobin. Chicken haptoglobin is very dif
ferent, both structurally and functionally, from 
that of mammals; full sequence analysis is needed 
in order to determine whether it belongs to the 
same protein super-family: it is a 68-kpa mono-
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meric protein with 11-12 disulphide bridges in the 
chain. It binds haemoglobin from bird and reptile 
blood but not from human blood; conversely, 
however, mammalian haptoglobin binds chicken 
haemoglobin [60] 

The haemopexins are ~-glycoproteins that bind 
free haem and transport it to the liver cells, where 
it is degraded to gall pigments and the iron is 
bound to ferritin; the haemopexin returns to the 
bloodstream. Human haemopexin has a native 
molecular mass of about 600 kDa with 20 % car
bohydrate; the polypeptide chain of 439 amino 
acids contains at least eight repeats of ca. 45 
amino acids [4]. Haemopexin appears to exist in 
all classes of vertebrates and apparently has a 
relatively low rate of evolution. Antisera against 
human haemopexin react with the haemopexins 
of all placental mammals but not with those of the 
marsupials or other vertebrate classes. As in the 
case of haptoglobin, chicken haemopexin differs 
markedly from that of man and the mammals: it 
migrates in the al instead of the ~ fraction during 
electrophoresis and contains different carbo
hydrate components [194]. 

5.3.3 Caeruloplasmin and Pre-Albumins 

Human caeruloplasmin is a blue az-glycoprotein 
of 132 kDa which carries over 90 % of the copper 
transported iIi the blood plasma. There are six or 
eight copper-binding sites with a high affinity and 
a further ten with a lower affinity. In addition, the 
caeruloplasmin molecule has the enzyme activ
ities of a ferroxidase, aminoxidase and superoxide 
dismutase. It is synthesized in the liver and 
increases in concentration as an acute-phase pro
tein in response to inflammation. The polypep
tide chain of human caeruloplasmin consists of 
1046 amino acids and is subdivided into three 
domains. There is 93 % agreement with the pro
tein from the rat. A similar domain structure is 
found in the clotting factors V and VIII, which 
belong to the same protein super-family [75, 133]. 
Caeruloplasmins appear to be generally distrib
uted throughout the vertebrates and are also 
identifiable in the cartilaginous fish on the basis 
of their copper content and aminoxidase activity 
[25,34, 105]. 

'fiansthyretin or pre-albumin, which runs in 
front of albumin on electrophoregrams of verte
brate plasma, has been identified in man and 
other mammals as a protein with a double trans
port function: it binds thyroxin and also the 
retinol-binding protein. The protein is a homotet-

ramer with 14-kDa subunits of 127 amino acids 
that form a central canal containing the thyroxin
binding site. The amino acid sequences from 
man, sheep, rabbit, rat and mouse have been 
determined either directly or via cDNA; they 
show 80 % agreement and also have significant 
homology to human thyroxin-binding-protein, a 
further, functionally more important transport 
protein for the thyroid hormone [114,246, 260]. 
Transthyretin is made in adult and foetal livers 
and in the yolk-sac of early embryos. Large 
amounts of transthyretin mRNA are also found in 
the chorioid plexus on the inner surface of the 
neural canal; thus, transthyretin is apparently 
important for the transport of the thyroid hor
mone from the blood to the brain and the spinal 
cord. Transthyretin made in the retina is possibly 
involved in the transport of retinal [81, 158]. 

5.4 Acute-Phase Proteins 

One response to bacterial infection or certain 
irritants by man and many mammals is a drastic 
increase in the concentration of several plasma 
proteins (acute-phase reaction). In the human 
acute phase, 100- to 1000-fold increases in con
centration occur for the C-reactive protein (CRP) 
and the serum amyloid protein (SAP), and four
to ten-fold increases, for example, in the case of 
the acid arglycoprotein or orosomucoid, al
antitrypsin, az-macroglobulin, haptoglobin, hae
mopexin, fibrinogen and several complement fac
tors. An acute-phase reaction is also observed in 
many mammals but both the spectrum of proteins 
and the increases in their concentration vary with 
the species [50]. The most important regulator of 
the acute-phase reaction is interleukin-6. 

The C-reactive protein (CRP) gets its name 
from its ability to precipitate the C-poly
saccharide of Streptococcus pneumoniae in the 
presence of Ca2+. It has a very unusual molecular 
structure in which five identical subunits of 22.5 
kDa are associated non-covalently into disk
shaped pentamers. The evolution of CRP is rela
tively slow; the 205 amino acids of the mouse and 
rabbit CRPs agree 70-80 % with human CRP 
[270]. A CRP induced by pathogenic bacteria has 
also been found in the trout Salmo gairdneri 
[178]. The protein super-family (pentraxine), of 
which CRP is a member, also includes the serum 
amyloid protein (SAP), which is constructed of 
two pentameric disks, and the SAP-related, 
female-specific protein (hamster female protein, 



HFP) of the Syrian golden hamster [206]. The 
known mammalian pentraxins share 69 invariant 
amino acids [270]. CRP and SAP can be easily 
identified on the basis of their binding specifi
cities: CRP shows specific affinity for phospho
rylcholine and SAP for agarose. Both proteins 
are found in a wide range of very different verteb
rates, including the cartilaginous and the bony 
fish; the CRP of the dogfish Mustelus canis is 
even cross-reactive with that of the rabbit [210]. It 
is noteworthy that CRP-like proteins have also 
been detected in an invertebrate, the horseshoe 
crab Limulus polyphemus. The CRP in this case 
has a concentration of 1-5 mg/ml and is a consti
tutive, major component of the haemolymph; in 
contrast to the vertebrate protein, it consists of 
non-identical, 24-kDa subunits in a 2 X 6 
arrangement. Three CRP genes from Limulus 
have been sequenced. The encoded polypeptides 
of 218 amino acids differ from each other by up to 
10 % but agree to about 25 % with human CRP, 
and even more so in two conserved regions. 
Limulus possesses more than three CRP genes 
compared with the one gene of man [191, 192]. 

5.5 Larval Haemolympb Proteins 
of Insects 

A type of haemolymph protein was discovered in 
1969 in the fly Calliphora vicina (identical to 
C. erythrocephala); this protein appears only in 
older larvae and the pupa, and disappears again 
during metamorphosis to the imago. Sub
sequently, similar proteins were demonstrated in 
other dipterans, various lepidopterans, the bug 
Rhodnius prolixus and the cockroach Blatta 
orientalis [121, 128, 129, 207]. Their function is 
apparently that of amino acid storage during the 
periods of ecdysis and metamorphosis when there 
is intensive metabolism but no nutrient intake. 
Initially, these proteins were named according to 
their source, e.g. calliphorin, lucilin, manducin 
etc.; today, they are generally known as larval 
haemolymph proteins (LHPs) or, in view of their 
high aromatic amino acid content, as arylphorins. 

LHPs are synthesized in the fat bodies of older 
larvae and secreted into the haemolymph. In the 
Lepidoptera, the arylphorin genes are also 
expressed in other tissues, although at lower 
levels than in the fat bodies [121, 165]. At the end 
of the feeding phase, LHPs make up 60-80 % of 
the total haemolymph proteins, i.e. up to 6 % of 
larval fresh weight. During the migration phase 
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or shortly before pupation, the LHPs are taken 
up again by the fat bodies and stored in 1.5- to 
3.0-!.lm-Iarge granulae. The recovery of LHPs 
into the fat bodies has been studied in Sarco
phaga peregrina and Musca domestica. There is a 
characteristic sequence in the house fly with a 
maximum at larval migration. The LHPs from 
Drosophila melanogaster and Rhynchosciara 
americana can also be taken up by the fat bodies 
of Musca, although that of R. americana in fact 
shows no cross-reactivity with the Musca LHP. 
The responsible membrane receptor therefore 
appears to have no great specificity [121, 155]. 
LHPs disappear completely during the histolysis 
that occurs in the pupa, but little is known in 
detail about their degradation. It has been shown 
in Calliphora vicina that the ubiquitin which is 
present is not involved in the intracellular cleav
age of calliphorin [146]. 

The biological functions of the LHPs are not 
yet completely clear. It can be assumed that LHPs 
provide amino acids for the synthesis of structural 
and nutritional substances during metamorpho
sis, including the aromatic amino acids for the 
sclerotization of the cuticle. However, arylpho
rins are also found intact in the sclerotized cuticle 
of the fly Calliphora vicina and the butterfly Man
duca sexta; the LHPs of Drosphila, Calliphora 
and Manduca are polymerized in vitro under oxi
dizing conditions by sclerotizing substances such 
as N-acetyldopamine and N-B-alanyldopamine. 
Thus, the arylphorins appear to be structural 
components of the sclerotized cuticle. The LHPs 
also probably have other functions, e.g. as trans
port proteins for ecdysteron. A strain of Droso
phila melanogaster which cannot make arylphorin 
because of a genetic defect showed a 15-fold 
reduction in fertility during a 2-year observation 
period but there were no negative effects on sur
vival [121]. 

The LHPs have a very unusual amino acid 
spectrum with a total of 17-26 % phenylalanine 
and tyrosine. Small amounts of carbohydrates 
could be detected in all examined LHPs and in 
some cases there was also a lipid component 
[121, 145]. The structure of the N-glycosyl chain 
has, as yet, only been analysed in the butterfly 
M. sexta, where it turns out to be the typical 
asparagine-bound oligosaccharide Man9GlcNAez 
(see Fig. 13.17, p.491) [216,224]. The LHPs are 
hexamers of 450-500 kDa with subunits of 
72-83 kDa. Multiple LHPs are found in several 
species and are referred to, for example, as LHP
I, II, etc. In these cases, several types of subunit 
have been detected which combine to form differ-
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ent hexamers. Only one type of arylphorin mono
mer is found in the lepidopterans Calpodes eth
lius, Heliothis zea, Hyalophora cecropia and Papi
lio polyxenes and in the honey bee Apis melli/era; 
two occur in the lepidopterans Bombyx mori, 
Galleria melonella and Manduca sexta and in the 
cockroach Blatta orientalis; and three occur in the 
dipterans Drosophila melanogaster, Ceratitis capi
tata and Musca domestica. In Sarcophaga pereg
rina, Lucilia styga and Calliphora vicina there are 
several other components in addition to the main 
subunit. The genes for the LHP subunits form a 
mUlti-gene family that in the fly Calliphora 
vicina, for example, includes 20 members. The 
heterogeneity of the LHPs is increased even fur
ther by genetic variability, in some cases to a quite 
unusual degree. Thus, no less than 90 LHP phe
notypes were found in 180 flies of the species 
Lucilia cyprina from an Australian population, 
the genetic analysis of which indicated at least 12 
homologous genes. The random combination of 
isoforms and allelic variants should result in a 
host of different LHPs [121]. LHP cDNAs or 
genes from the dipterans S. peregrina and D. me
lanogaster and from the lepidopterans B. mori, 
M. sexta and Heliothis virescens have been com
pletely or partially sequenced [79, 121, 140, 187, 
272]. The two LHP subunits a and ~ from 
M. sexta agree by 68 % in their 686-687 amino 
acids. Surprisingly, the Manduca LHP is signifi
cantly homologous to the respiratory blood pig
ment haemocyanin from the crab Panulirus inter
ruptus. The highest sequence similarity is found 
in the region of the polypeptide chain which, in 
both proteins, forms the contact between the sub
units of the hexamers [272]. Stage-specific 
expression of arylphorin genes is regulated in the 
fly Sarcophaga peregrina by a protein which only 
appears in 46-hour-old larvae and binds specifi
cally to the sequence ACCACAACA in position 
-255 to -247 [130]. 

Apart from the arylphorins, a second type of 
larval haemolymph protein is found in the lepi
dopterans; these contain 4-8 % methionine and 
are therefore known as "methionine-rich storage 
proteins". They are synthesized only in the final 
larval stage and reach higher concentrations in 
female than in male animals. Spodoptera litura 
has two proteins of this type, whereas Bombyx 
mori and Hyalophora cecropia have only one. 
The methionine-rich proteins are significantly 
homologous to the arylphorins and have the same 
hexameric structure [121]. In B. mori the 
methionine-rich protein SP-l agrees in 30 % of its 
sequence with the arylphorin SP-2 [79]. Droso-

phila melanogaster possesses a larval haemo
lymph protein, LSP-2, which is rich in aromatic 
amino acids but shows no immunological cross
reactivity to the arylphorins. Animals with null 
alleles for LSP-2 mostly die during development, 
and in any case remain sterile. Similar proteins 
are found in other dipterans [121]. In addition to 
the typical arylphorin and methionine-rich prote
ins, there is a further haemolymph protein, found 
in the pupae of Hyalophora cecropia, which is 
rich in histidine and contains bound riboflavin 
and copper. A further hexameric haemolymph 
protein of ca. 500 kDa, which is present in the lar
vae of the migratory locust Locusta migratoria 
but is missing in the adult, fits into none of the 
known classes of haemolymph proteins in holo
metabolic insects. There are, in all probability, 
further classes of as yet unknown larval haemo
lymph proteins in other insect groups [121]. 

5.6 Plasma Lipoproteins 

In order to be transported between the sites of 
resorption, de novo synthesis, conversion, and 
use, hydrophobic lipids must be solubilized by 
binding to proteins of the blood plasma. Conse
quently, transport lipoproteins are to be expected 
in many animals but have so far only been exa
mined in any detail in vertebrates and insects. 
Both groups of animals contain spherical lipid
protein particles which can, in each case, be 
resolved by electron microscopy but which have 
very different molecular architectures. In verteb
rates, there is a nucleus of non-polar lipids sur
rounded by a coat of proteins and polar lipids 
(phospholipids and cholesterol); in insects, on 
the other hand, the nucleus of the lipoprotein par
ticles consists mainly of proteins and is encased 
predominantly by relatively polar lipids (diacyl
glycerol). Specific lipoproteins, viteUogenins, are 
found in the blood plasma of animals that pro
duce yolked eggs, and are also incorporated into 
the yolk material in more or less modified forms. 
Three methods are usually used to examine lipo
proteins: electrophoresis and lipid-specific stain
ing give information about the availability and 
variety of the lipoproteins, and density gradient 
centrifugation or fractionated flotation in media 
of differing density by the help of ultracentrifuga
tion serves for their isolation. This takes advan
tage of the reduction in density of particles which 
occurs with increasing lipid content. In the inves
tigation of human lipoproteins, the density 



Table 5.4. Classes of human lipoproteins [55] 

Chylomicrons 

Density (glcm3) 0.950 

Particle diameter (mm) 80-500 

Major apoproteins apoC-I-II1 
apoB 
apoA-I 
apoA-IV 

Protein content (% ) 1-2 

Lipid composition (% ): 
Triacylglycerol 86-95 
Phospholipids 2- 7 
Cholesterol (esters) 3-10 
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VLDL 

0.950-1.006 

30-90 

apoB 
apoE 

8-10 

45-65 
15-20 
20-30 

LDL 

1.019-1.063 

20-25 

apoB 

25 

4- 8 
18-24 
51-58 

HDL 

1.063-1.210 

8-12 

apoA-I 
apoA-II 

50 

2- 7 
26-32 
18-25 

VLDL, Very low-density lipoproteins; LDL, low-density lipoproteins; HDL, high-density lipoproteins; 
VHDL, very high-density lipoproteins (density greater than 1.210 glcm3) 

classes are chosen such that each includes the 
lipid complexes of particular apolipoproteins 
(Table 5.4). The application of the same density 
classes to other animals is questionable as the 
classes defined in man quite possibly do not 
represent a uniform apolipoprotein spectrum in 
other animals. 

5.6.1 Plasma Lipoproteins of Vertebrates 

Human plasma lipoproteins have been intensively 
studied because of their clinical importance in 
atherosclerosis and coronary disease; the 
investigations of rat and various primates, there
fore, have been primarily undertaken with the 
aim of finding a model for the human situation 
[2, 46, 103, 223]. In fact, it appears that the 
lipoproteins of all vertebrates correspond in their 
basic structure to the model developed for man: a 
nucleus of neutral lipids surrounded by a layer of 
proteins and polar lipids (phospholipids, choles
terol). The specific density is mainly determined 
by the ratio nucleus: coat (Table 5.4). The chylo
microns are actually lipid droplets with a thin cov
ering of proteins and phospholipids; in the other 
lipoprotein particles; the outer envelope constitu
tes at least 35-40 % of the mass [39]. Both the 
total concentration of the plasma lipoproteins and 
the relative proportions of the individual density 
classes in vertebrates vary considerably. Among 
the domesticated mammal species one already 
finds very different lipoprotein profiles [88, 108], 
and even greater deviation is seen amongst the 
amphibians and fish [8, 39]. In particular, the 
teleosts may have lipoprotein concentrations that 
are more than lO-times higher than those found in 

humans. However, in making such comparisons, 
one must take into account the dependence of the 
values on nutritional status and other factors. 

In spite of large quantitative differences, the 
spectrum of lipids in the individual lipoprotein 
classes of all vertebrates is essentially the same. 
Triacylglycerols predominate in the chylomicrons 
and very-low-density lipoproteins (VLDL) , 
whereas sterols and sterol esters predominate in 
low-density (LDL) and high-density lipoproteins 
(HDL). In certain fish, a portion of the triacylgly
cerols is replaced by other neutral fats; thus, up 
to 19 % hydrocarbon is found in the VLDL and 
LDL of sharks and sturgeons, and in the LDL of 
other shark species there is up to 24 % monoal
kyl-diacylglycerol [39]. Each lipoprotein particle 
contains between 10 and over 100 protein mole
cules (apolipoproteins) with molecular masses 
between 12 and over 500 kDa. Ten different types 
of apolipoprotein are found in humans. The main 
protein component of the chylomicrons, VLDL 
and LD L is apoB, of which there are two forms of 
different size: apoB-l00, which with a length of 
4536 amino acids and a mass of 512 kDa belongs 
to the largest known polypeptides, and apoB-48, 
the sequence of which is identical to the 2151 N
terminal amino acids of apoB-l00. There is, how
ever, only one apoB gene and its primary tran
script is processed to apoB-100 mRNA. RNA 
editing results in a C/U substitution in one part of 
the transcript such that the codon 2153 
CAA(Gln) becomes the stop codon UAA. The 
C-terminal amino acid 2152-Met of the apoB-48 
is cleaved post-translationally, and the mature 
apoB-48 thus has 2151-Met as the C terminus. 
Contrary to previous results, both mRNAs are 
found in the liver and small intestine of humans 
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as well as rats [252]. A smaller apoB form is mis
sing in the chicken [250]. The human apolipopro
teins A-I, A-II, A-IV, C-I, C-II, C-III, D and E 
have lengths between 57 (apoC-I) and 377 amino 
acids (apoA-I and apoA-IV). Just recently, the 
rather curious apolipoprotein J was discovered in 
a particular subclass of human HDL. This is syn
thesized as a 427-amino-acid polypeptide which is 
cleaved post-translationally at 205-Arg/206-Ser; 
the cleavage fragments apoJ a (205 amino acids) 
and apoJ~ (222 amino acids) are held together by 
disulphide bridges. In contrast to all other apoli
poproteins, apoJ is synthesized in almost all cell 
types, the highest concentrations being found in 
brain, ovary, testis and liver [236]. Several iso
forms are known for many human apolipoprote
ins, e.g. allelic sequence variants (apoE) or the 
products of post-translational glycosylation 
(apoA-II, apoB, apoC-III, apoE) , deamidation 
(apoA-I), acylation or phosphorylation [68]. As 
lipoprotein particles may contain hexoses, hexos
amines and sialic acids up to a total concentration 
of 9 %, they may be considered to be glycolipop
roteins [39]. 

The different types of lipoprotein particles 
have different transport functions. In most ver
tebrates, fats reabsorbed in the small intestine are 
transported away by chylomicrons, which are 
formed in the cells of the intestine and are intro
duced into the blood via the lymph. In birds, how
ever, the reabsorbed lipids are included into 
VLDL and directly enter the blood in the portal 
vein. The chylomicrons are rapidly degraded in 
the blood. Lipoprotein Iipases, located in particu
lar on the surface of capillary endothelial cells, 
release fatty acids and monoacylglycerols, which 
are transported to the neighbouring cells with the 
help of serum albumin. The remains of the chylo
microns, which retain only the proteins apoB and 
apoE and are rich in cholesterol esters, are taken 
up into liver cells. Fats synthesized in the liver are 
secreted into the blood as VLDL; the HDL is also 
formed in the liver. In contrast, the fatty acids 
released from fat tissues are bound directly to 
serum albumin. The VLDL particles formed in 
the liver serve primarily to transport triacylglyce
rols or fatty acids to the peripheral tissues. Due to 
the action of lipoprotein lipases, the VLDL par
ticles lose triacylglycerols and are converted to 
particles of intermediate density (IDL). Non
esterified cholesterol of the VLDL is transferred 
to HDL, esterified by lecithin: cholesterol acyl
transferase (LCAT) and returned to the IDL. 
With the removal of further triacylglycerols and 
all apoproteins except apoB, the IDL is con-

verted to LDL, which transports cholesterol to 
the peripheral tissues for utilization and to the 
liver for degradation. ApoB and apoE are mainly 
responsible for the binding to LDL receptors 
[147]. At least two other proteins are encoded by 
the same multi-gene family as the LDL receptor: 
the LDL receptor-related protein (LRP) and gly
coprotein 330. LRP appears to be the receptor for 
the remnants produced by chylomicron lipolysis. 
In the chicken, there are receptors on the oocyte 
membrane for the yolk protein precursor VLDL 
and vitellogenin, and a receptor on the body cells 
which is mainly involved in cholesterol metabol
ism. Interestingly, only the oocyte receptor is 
similar to the human LDL receptor [240]. The 
liver cell receptors of the carp Cyprinus carpio 
bind human and carp LDL and, conversely, carp 
LDL also binds to human LDL receptors [71]. 

Comparative investigations of all classes of ver
tebrates have revealed large variation in LCAT 
activity, e.g. compared with the value for man 
there are lower values in the rat, sheep, cow and 
dog, and higher values in the rabbit and rainbow 
trout Salmo gairdneri; the activities are corre
lated to the cholesterol content of VLDL [91]. 
The activity of lipoprotein lipase also varies by up 
to two orders of magnitude in the fat tissue, lung 
and muscle of various mammals; there is no 
apparent correlation with the nature of the lipid 
metabolism in each species [53]. Apolipoproteins 
are also exchanged between lipoprotein particles. 
This is of particular importance as the apolipo
proteins have regulatory effects on enzyme activ
ities: apoC-II stimulates lipoprotein lipase; this 
effect is inhibited by apoC-III; apoA-I, and also 
apparently apoC-I, stimulate LCAT [151]. All in 
all, the lipoproteins circulating in the blood 
plasma may be considered as highly dynamic 
structures. The few comparative studies clearly 
show that the mode of action of the lipoproteins is 
very similar amongst all vertebrates [213, 231]. 

Although no significant sequence similarity is 
found between the different apolipoprotein 
types, with the exception of apoD, they neverthe
less appear to belong to the same protein super
family. If, in assessing similarity, one takes into 
account similar physicochemical properties of the 
amino acids, periodic structures of 22 amino acids 
can be detected in all members of the family. 
These apparently form a-helices which on one 
side carry polar side-chains and on the other side 
non-polar side-chains (amphiphilic a-helices); 
they can therefore bind both the polar groups of 
phospholipids and the hydrocarbon chains of 
the fatty acids. ApoB-100 also contains numerous 
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22-amino-acid repeats which build amphiphilic a
helices. ApoD differs from the other small apoli
poproteins in many significant properties. The 
169-amino-acid apoD chain has an a-helix por
tion of less than 5 % and no periodicity. The 
highest concentration of apoD mRNA is found in 
the medulla of the adrenal body, and it is high in 
the kidney, pancreas and small intestine, but low 
in the liver. The apoD gene has a very different 
exon-intron structure compared with that of the 
genes of the other apolipoproteins [147]. Appar
ently, apoD does not belong to the protein super
family of the apolipoproteins but, together with 
the retinol-binding protein, to that of the a2u
globulins (Table 5.2). The genes of human apoli
poproteins are dispersed on different chromoso
mes: apoA-II, apoB-l00/48 and apoD are found 
as single copies on chromosomes 1, 2 and 3, 
respectively; apoA-I, apoC-III and apoA-IV 
form a gene cluster on chromosome 11, in the 
same order as is found in the chicken; and apoE, 
apoC-1 and apoC-II form a cluster on chromo
some 9. With the exception of apoD, the genes of 
all the small apolipoproteins have a similar struc
ture with one intron each in the 5'-NT (non
translated) region, the signal region and the 
region coding for the mature protein; the first 
intron is missing in the gene for apoA-IY. The 
apoD gene contains no intron in the signal region 
but three introns in the remaining coding region. 
The gene of apoB-l00, with a total length of 
43 kb, is unexpectedly short when one considers 
that it includes 4564 co dons in its 29 exons, 
including the 27 signal-coding triplets and the 
stop-codons; in fact, exons 26 and 29, with 7572 
and 1906 bp, respectively, are exceptionally long 
[147]. 

The protein or gene sequences are known for 
all human apolipoproteins and for many of those 
from the chicken, rat, mouse, guinea-pig, rabbit 
and dog [56, 147, 161 280]. Sequence compari
sons indicate relatively high rates of evolution. 
For example, human and rat apoA-IV differ at 
38 % of positions, and rabbit apoA-1 differs by 
20 % from that of the dog, by 32 % from human 
and by 40 % from rat [123, 279]. The rate of 
evolution of the apolipoproteins A-II, C-II and C
III is approximately three times higher than that 
of ~-globin (see Table 4.12), and that of A-I and 
A-IV is about twice as high; the apoE rate is also 
higher than that of ~-globin, but that of apoB is 
markedly lower. Evolution apparently began with 
an apolipoprotein similar to apoC-I and resulted 
consecutively in the forms C-II, C-III, A-II, E, A
IV and A-I [147]. Many of the apolipoproteins 

found in lower vertebrates correspond to those of 
man in their electrophoretic mobility but should 
not necessarily be assumed to be identical. Up to 
now, only two apolipoproteins of lower vertebra
tes have been sequenced (via cDNA) , namely 
those from the HDL of the sea lamprey Petromy
zon marin us ; they show no significant sequence 
similarity to any apolipoprotein class of mam
mals. Including the signal peptide, pro-peptide 
and mature protein, LALl consists of 21 + 8 + 76 
amino acids, and LAL2 of 23 + 168 amino acids 
[202]. A close relationship between the lipoprote
ins of the lower and higher vertebrates is, how
ever, indicated by immunological cross-reactivity 
between the VLDL and LDL of trout, chicken 
and guinea-pig. 

5.6.2 Plasma Lipoproteins of Insects 
and Other Invertebrates 

Lipid transport in insects is fundamentally differ
ent from that in vertebrates. In the latter, the tria
cylglycerols form the non-polar nucleus of lipo
protein particles and their fatty acids can be 
released only by radical reshaping of the particle. 
In insects, fatty acids are transported as strongly 
polar diacylglycerols (DAGs) arranged close to 
the surface of the lipoprotein particles, from 
whence they can be easily removed. Thus, in con
trast to the vertebrates, the lipid transport partic
les of insects are reusable transport proteins. In 
the migratory locust Locusta migratoria, the half
lives of apolipoproteins and DAGs is 5-6 days 
and 2-3 h, respectively [101]. The lipid
transporting proteins of insects were originally 
termed "diacylglycerol-carrying proteins"; after it 
became known that they were also involved in 
lipid resorption in the intestine and in the trans
port of sterols, hydrocarbons and carotinoids, 
Chino in 1981 suggested the name Iipophorins. 

The lipophorin systems of representatives from 
various different insect orders have been exa
mined in detail [72, 89, 106, 168,229,247, 261]. 
They appear under the electron microscope as 
globular particles with a diameter of 13-16 nm, 
corresponding to molecular masses of 500-
700 kDa [221]. Their lipid content is normally 40-
50 % but varies with the metabolic state. Accord
ing to the increase in density with decreasing lipid 
content, the lipophorins are placed into the 
classes LDLp, HDLp and VHDLp [20]. Diacyl
glycerols and phospholopids are the predominant 
lipids; triacylglycerols are only found in trace 
amounts. Nuclear magnetic resonance (NMR) 
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spectroscopic investigations have shown that the 
phospholipids in the lipophorin particles of 
Locusta are located on the surface [124]. Sterols 
are always present but never sterol esters. The 
hydrocarbon content varies markedly between 
species, reaching 28 % in Periplaneta but only 
1.4 % in Philosamia. The hydrocarbon composi
tion corresponds approximately to that of the 
cuticular lipids [125]. Dependent on the type of 
nutrition, the lipophorins may contain more or 
less carotinoids, and are accordingly more or less 
intensively yellow. Juvenile hormones are also 
bound to the lipophorins [121]. 

Comparative investigations of a total of seven 
insect orders show that each lipophorin particle 
contains at least two apolipoprotein molecules: 
an apoLp-1 of 230-250 kDa and an apoLp-II of 
70-85 kDa [20, 121, 215]. Antisera against the 
apoLp-II of Manduca show cross-reactivity with 
the apoLp-II of all other species, but apoLp-l, on 
the other hand, shows no immunological similar
ity with other apoLp-1 [215]. Differences in sensi
tivity to protease attack indicate that apoLp-I is 
more exposed than apoLp-II at the particle sur
face [62]. An additional, small apoLp-III of 
17-20 kDa is found in the lipid-rich lipophorins 
of the Lepidoptera, Orthoptera and Hemiptera 
[220]. The apoLp-III gene of Manduca sexta con
sists of four exons which code for a signal 
sequence of 15 amino acids, a pro-sequence of 5 
amino acids, which is cleaved off during matura
tion, and a mature protein of 165 amino acids. 
The amino acid sequence and the spatial structure 
of apoLp-III has also been determined for the 
migratory locust Locusta migratoria. Although 
there is only 29 % sequence similarity between 
these two proteins, the Manduca apoLp-III com
bines with the Locusta lipophorins to give a com
plex which is active on isolated fat bodies 
[49, 107, 121]. All lipophorins contain mannose 
and glucosamine [121,215] but the N-bound car
bohydrate chains have been examined in detail 
only in Locusta. In this case, apoLp-1 carries six 
different oligosaccharides with the general formu
lae of Mans-9GlcNAez and GlclMan9G1cNAez; the 
smaller apoLp-II has only three oligosaccharides 
[181]. The associated apoLp-III is a glycoprotein 
in the Orthoptera but carbohydrate-free in the 
Lepidoptera and Hemiptera [98]. 

The cyclic alterations in the Jipophorins during 
transport of lipids from the fat bodies to the flight 
muscles (lipid shuttle) have been particularly well 
investigated in the butterflies Manduca sexta and 
Acherontia atropos [104, 121, 218, 247]. The apo
lipoproteins are formed in the fat bodies. Isolated 

fat bodies secrete a lipoprotein, for example in 
Manduca, that differs significantly from that 
found in the haemolymph: the density is 
1.24-1.28 compared with at the highest 1.15 gJ 
cm3 , and the ratio phospholipid : diacylglycerol is 
8.3 instead of at the highest 0.9. Only in animals 
on a fat-free diet can such a protein be found in 
the haemolymph. Normally, the lipoprotein 
formed in the fat body, consisting mainly of apoli
poproteins and phospholipids, is immediately 
loaded with diacylglycerols [203]. The haemo
lymph of the resting animal contains 9- to 16-nm
large HDLp particles that are poor in diacylglyce
rols and are known as N eHow due to their strongly 
visible carotinoid coloration. Owing to the effect 
of the adipokinetic hormone (AKH), secreted by 
the corpora cardiaca at the beginning of flight, 
diacylglycerol is increasingly released from the fat 
bodies into the haemolymph and loaded onto the 
lipophorin particles. Their density is conse
quently reduced, and the continuously expanding 
particles are stabilized by the incorporation of 
apoLp-III (protein ~), which is available in large 
amounts in the haemolymph. In actively flying 
animals, one finds mainly lipid-rich LDLp partic
les of 20-50 nm which contain as many as 16 
apoLp-III and are known as lipophorin A + [48]. 

Following contact of the LDLp (lipophorin 
A +) with the flight muscle, the diacylglycerols are 
hydrolysed by a lipoprotein lipase and apoLp-III 
is released; the low-lipid HDLp (lipophorin 
N ellow) that remains can then be reloaded with 
diacylglycerols. Flight muscle lipoprotein lipase 
has been isolated from the migratory locust and 
found to be very different from the mammalian 
enzyme (p. 662). The characteristic changes in the 
lipophorin system that occur in the course of 
development from the larva to the pupa and 
eventually to the adult animal have been exa
mined in detail in Manduca sexta and Bombyx 
mori [169]. The haemolymph of M. sexta contains 
specific lipid transfer particles (LTP) which cata
lyse transfer of lipids between lipoproteins of dif
ferent density. The LTP is a VHDL particle of 
1.4 . 106 Da, spherical with a long tail, and made 
up from the glycoproteins apoLTP-1 (320 kDa), 
apoLTP-II (85 kDa) and apoLTP-III (55 kDa) 
with 14 % lipid. The LTP catalyses lipid transfer 
from a donor LDLp to an acceptor LDLp, result
ing in an HDLp and a VLDLp; the LTP, however, 
can also use other lipoproteins as substrate, 
including even some from vertebrates [219, 221]. 
The fat-body ,cells of Manduca carry on the sur
face a receptor of approximately 120 kDa which 
binds lipoproteins more strongly the more dia-
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cylglycerol they contain. This dependence of 
receptor affinity on lipid content facilitates lipid 
transport from the mid-gut to the fat bodies in the 
feeding larvae [259]. 

In addition to the lipophorins, further species
and stage-specific lipoproteins are found in insect 
haemolymph; at least seven different types can 
be distinguished electrophoretically [39, 121]. 
Vitellogenins play a dominant role in mature 
females. A VHDL found in the larva of the honey 
bee contains only 10 % lipid and 2.6 % carbo
hydrate; this is a homodimer with 160-kDa sub
units and has no similarity to any other known 
haemolymph protein [224, 233]. In the last larval 
stage of the butterfly Heliothis zea, the haemo
lymph takes on a green colour; this is caused by 
the appearance of a homotetrameric protein of 
560 kDa which contains 8.4 % lipid and biliverdin 
as the colour component. The protein, for which 
there are no known parallels, is not found in 
young larvae, pupae or adults [97, 224]. 

Very little is known about the lipoproteins in 
the haemolymph of other arthropods. All the 
examined chilopods, diplopods and arachnids 
(scorpions, araneae, solifugae) have two 
lipophorin-like lipoproteins in the haemolymph 
and these are made up of two types of subunit 
with molecular masses of 220-250 and 
80-90 kDa. A completely different type of hae
molymph lipoprotein with polypeptides of about 
100 kDa is found in the crustaceans. Surprisingly, 
the lipoprotein of the velvet mite Dinothrombium 
pando rae is more similar to that of the crusta
ceans than to that of other arachnids [99, 141]. 
Lipoproteins have been detected occasionally in 
the body fluids of molluscs and other invertebra
tes by specific staining reactions on electropho
regrams but have not been investigated further. 

5.7 Vitellogenins and Yolk Proteins 

The quantity of yolk in the eggs of most non
mammalian species and many invertebrates is so 
great that it cannot all be synthesized in the 
oocyte alone. In these cases, lipoproteins are syn
thesized as precursors of yolk proteins outside of 
the ovary, transported in the blood to the oocyte 
and there incorporated into the yolk. These lipo
proteins are known as vitellogenins (VGs); their 
formation is mostly under hormonal control. The 
proteins are significantly altered between their 
synthesis and their incorporation into the yolk 
structure of the oocyte; the nature of this post-

translational modification varies greatly between 
different groups of animals. Vertebrate VGs 
remain almost unchanged from their synthesis in 
the liver until they are taken up into the oocyte; 
they are then converted by proteolytic cleavage, 
phosphorylation and other processes into two 
fundamentally different types of yolk protein 
(lipovitellogenins and phosvitins). 

In many insects, the primary translation prod
ucts of the VG genes are already greatly modified 
by partial proteolysis, glycosylation, phospho
rylation and other post-translational processes in 
the fat body before they enter the haemolymph; 
only minor changes occur after uptake into the 
oocytes. The comparative biochemistry of the 
VGs is a particularly attractive subject because 
their evolution is determined by so many struc
tural/functional requirements: secretion out of 
VG-producing cells, transport in the blood 
plasma or haemolymph with protection from 
hydrolysis, specific recognition and uptake into 
oocytes, chemical changes in the oocytes, and 
incorporation into the yolk structure, e.g. the 
crystalline yolk platelets of the lower vertebrates. 
Their investigation, however, is hindered by the 
fact that they are usually large and complicated 
glycolipophosphoprotein complexes. The VGs 
are apparently quite old proteins; at least in the 
case of the chicken, the clawed frog Xenopus lae
vis, the sea urchin Strongylocentrotus purpuratus 
and the nematode Caenorhabditis elegans the 
similarity in VG gene structure and sequence 
indicates a common origin [185, 234]. There is 
significant homology between partial VG se
quences of the chicken, frog or Caenorhabditis 
and the human apoB-100, as well as between 
Drosophila VG and human lipoprotein lipase. 
This suggests that apolipoproteins and the lipase 
evolved from a vitellogenin-like precursor [13]. 
Use of the yolk proteins during embryogenesis of 
vertebrates and arthropods involves lysosomal 
enzymes that are under the control of specific 
protease inhibitors [70, 163]. 

5.7.1 ViteUogenins and Yolk Proteins 
of Vertebrates 

The process of yolk formation has been very con
servative throughout the evolution of the verteb
rates: in all oviparous amphibians, reptiles and 
birds dimeric VGs of 400-600 kDa are synthe
sized under oestrogen control in the liver, sec
reted into the blood and taken up by the oocytes, 
where they undergo proteolytic cleavage and are 
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used in the production of two types of yolk pro
tein, the vitellins (VIS) and phosvitins (PVs). In 
addition to the PVs, there are often other smaller 
phosphoproteins, the phosvettes (PVT); PVs and 
PVTs are probably alternative cleavage products 
of the same VG region. The monotreme mam
mals, which produce large, abundantly yolked 
eggs, have unfortunately not yet been investig
ated. However, the formation of yolk proteins has 
been particularly well-described for the chicken 
and the clawed frog Xenopus laevis. General 
questions relating to cell biology and bioche
mistry, e.g. about the glycosylation and phospho
rylation of proteins, have been studied using 
these model systems. A comparison of the gene 
sequences of VG-II from chicken and VG-A2 of 
Xenopus illustrates the homology of the verteb
rate VGs. The two genes are very alike in struc
ture with 35 often quite similar exons; in other 
regions the bird and frog genes are very different, 
in particular in the PV region, where numerous 
nucleotide exchanges and segment mutations are 
recognizable [186]. 

The VGs of the domestic chicken make up a 
family of related proteins encoded by different 
genes. They are homodimers with subunits 
between 170 and 190 kDa whose molecular mass 
is increased by about 10 kDa through glycosyla
tion and phosphorylation. The main components, 
VG-I and VG-II, are very similar in their amino 
acid composition and each contains 116 phos
phate residues. The gene of the minor component 
VG-III shows major differences to the VG-II 
gene in the region coding for the phosphoproteins 
PV and PVT: the agreement in amino acid 
sequence between VG-II and VG-III in this 
region is only 23 % compared with 40 % for the 
whole protein; exon 23 is reduced in length by 
more than half and the number of serine codons, 
and therefore phosphate-binding sites, is drastic
ally reduced. As a result, VG-III carries only 44 
phosphate residues [33]. Three VGs are also dis
tinguishable in the quail Coturnix eoturnix. The 
VG receptor on the surface of chicken oocytes 
has been solubilized and characterized in detail 
[241]. 

Centrifugation of diluted chicken-egg yolk 
leads to the sedimentation of granulae which 
make up approximately 20 % of the dry weight. 
They correspond to the yolk platelets of the lower 
vertebrates but are not crystalline. The major 
components of these granulae are two pairs of 
VTs and PVs derived from the two major VGs. 
The VTs are tetramers of two each of the subunits 
VT-I (125 kDa) and VT-II (30 kDa); the PVs 

have molecular masses of 34 kDa (with 104 
phosphate residues) and 28 kDa (with 85 phos
phate residues). In the supernatant there is a lipo
protein fraction with a density of 0.95 glcm3 ; this 
constitutes 70 % of the yolk dry weight and shows 
immunological similarity to the plasma VLDL. 
The lipid requirement for yolk formation in birds 
can apparently not be satisfied by VGs alone; a 
considerable part of the yolk lipid originates in 
the VLDL of the blood plasma. However, only a 
small apoprotein of the plasma VLDL, and not 
apoB, is found unchanged in the yolk as apo VT-I. 
It is likely that fragments of apoB are present in 
the yolk, in particular in apoVT-IVand apoVT
VI, which together have approximately the same 
size as apoB. There are also proteins present in 
the yolk which do not come from the plasma, e.g. 
apoVT-III and apoVT-V. The apoVT-I proteins of 
many birds have been sequenced and they show a 
relatively high rate of evolution, differing 
between the chicken and the turkey, for example, 
in 12 of the 82 amino acids [118]. Apart from the 
VLDL fraction, the yolk supernatant also con
tains the so-called livetins, a mixture of plasma 
proteins (serum albumin, transferrins, y
globulins, etc.) which makes up the remaining 
10 % of the yolk. Thus, uptake into the oocyte is 
apparently not specifically restricted to VG and 
VLDL. 

Little is known about the VGs and the yolk 
proteins of the reptiles. The VG induced by 17~
estradiol in the snake Thamnophis sirtalis does 
not have the homodimer structure of other ver
tebrate VGs but is constructed from a VG2 chain 
of 124 kDa bound by a disulphide bridge to a 
VGl chain of 149 kDa. In the turtle Chrysemys 
pieta, on the other hand, there is a normal homo
dimeric VG with subunits of 210-220 kDa [18]. 
The predominant yolk protein of the lizard Anolis 
pulehellus, like the VT-I of chicken and Xenopus, 
has a molecular mass of 110-120 kDa [172]. 

The liver of sexually mature females of the 
clawed frog Xenopus continuously produces VGs, 
whereas in the male VG is induced by oestrogens. 
The VGs have molecular masses of 460 kDa and 
contain 12 % lipid, 1.3 % protein-bound phos
phorous, 1 % carbohydrate and two identical 
polypeptides of about 200 kDa. X. laevis posses
ses four active VG genes coding for two VG pairs, 
AlIA2 and BIIB2. The amino acid sequences 
vary at about 20 % of positions between the pairs 
and at about 5 % within each pair. The genes for 
AI-A2-B2 are clustered, but Bl is located separ
ately. Taking into account that X. laevis is a tet
raploid species, the evolution of the VG genes 



5.7.1 Vitellogenins and Yolk Proteins of Vertebrates 199 

possibly occurred as follows: the AlB duplication 
happened about 150 million years ago, and was 
followed by the duplication A1/A2; the resulting 
A1-A2-B species took over a further B gene by 
allopolyploidization with another species [225]. 
The tetraploid X. borealis also has four VG genes 
of which A1-B1 are clustered but A2 and B2 are 
not. In contrast, in the diploid X. tropicalis, only 
one A and one B gene are found together with a 
weakly expressed A* gene [12]. 

In accordance with the multiplicity of genes, 
three different VGs are detectable in the blood of 
oestrogen-induced X. laevis females. The yolk 
proteins are present as crystalline structures in 
the so-called yolk platelets. These mainly consist 
of the two protein types vitellin (VT, 200 kDa) 
and phosvitin (pY, 35 kDa) as well as lower 
amounts of the phosvettes PVT1 (19 kDa) and 
PVT2 (13 kDa). Vitellin contains 20 % lipid and 
0.5 % protein-bound phosphate and is made up 
of two subunits, VT1 (116 kDa) and VTI 
(32 kDa). Both VT1 and VT2 separate electro
phoretically into three differently sized fractions, 
which correspond in fact to the three VGs. PV is 
unique in that it contains more than 50 % serine 
residues, the majority of which are phosphoryl
ated, and therefore 9.5 % protein-bound phos
phorus. Dephosphorylated PV can also be separ
ated into two fractions of different size. In the 
1807-amino-acid-Iong chain of VG-A2, the VT1 
sequence lies at the N-terminal end, the VT2 
sequence lies close to the C-terminal end and the 
PV sequence is in the middle region; it is not yet 
clear what happens to the C-terminal 20 kDa 
encoded by exons 30-35 [264]. The VGs pass into 
the oocytes by a specific endocytosis process 
which shows a 30- to 50-fold preference for VG 
over other proteins. The VG receptor has a mole
cular mass of 115 kDa and is immunologically 
similar to the chicken VG receptor. Each receptor 
can bind the VG of the other species [242]. 

Vitellogenesis of other amphibian species has 
also been examined in some detail. A VG of 
427 kDa is present in the tetraploid frog Odon
tophrynus americanus; this VG consists of two 
phosphoglycopeptides VGT1 (208 kDa) and 
VGT2 (204 kDa). The yolk contains two vitellins 
and three phosphoproteins: VT1 is made up of 
two glycopeptides of 105 and 93 kDa, and VT2 
consists of three different glycopeptides of 32, 30 
and 28 kDa. The phosphoproteins are phosphovi
tin (37 kDa) and the two phosvettes PVT1 
(28 kDa) and PVT2 (26 kDa). The VGs from 
O. american us are very similar to those of X.lae
vis, but result in different yolk proteins, probably 

because of differences in proteolytic cleavage 
caused by deviations in the amino acid sequence 
[273]. Very little is known about the yolk proteins 
of the urodelans and their ancestors. Four VGs, 
which can be electrophoretically defined in the 
blood plasma of Pleurodeles waltii, give at least 
two different polypeptides of 210 and 180 kDa on 
denaturation [37]. 

The quite variable results so far obtained in 
investigations of yolk formation in fish do not 
allow firm conclusions to be drawn. The uptake of 
female-specific plasma proteins into the oocytes 
of the agnathan Eptatretus has been demonstrated 
immunologically [281]. However, the possibility of 
hormone-regulated VG formation was not inves
tigated in this case; corresponding experiments 
with cartilaginous fish were entirely negative and 
only with teleosts were the results always positive. 
The molecular sizes of the yolk proteins and the 
plasma precursors and apoproteins in the teleosts 
show great variety. VGs of 550-600 kDa were 
found in the rainbow trout Salmo gairdneri, the 
flounder Pleuronectes flesus and the winter floun
der Pseudopleuronectes americanus; there appear 
to be several VGs of 380 kDa in the goldfish 
Carassius auratus. The VG of the Japanese eel 
Anguilla japonica is reported to be a 350-kDa 
homotetramer with subunits of 85 kDa. The VG 
ofAmeiurus nebulosus has a mass of 145 kDa and 
the corresponding mRNA is also shorter than that 
of the chicken and Xenopus [182, 243]. 

The yolk proteins are just as heterogeneous; 
no less than nine VG-derived polypeptides have 
been found in the egg yolk of the antarctic teleost 
Caenocephalus aceratus and these have sizes 
between 13 and 172 kDa and differing phosphate 
contents [232]. Denaturation of the VTs of the 
rainbow trout and the goldfish yield subunits of 
90-140 kDa and 15-25 kDa, whilst the PV sub
units have molecular masses of 7.6-15 kDa [208]. 
Partial proteolysis of teleost VGs seems to pro
duce at first larger and then smaller phosphopro
teins that are analogous to the phosvettes of 
Xenopus. The cleavage products apparently suf
fer partial dephosporylation; in any case, the con
tent of protein-bound phosphate in PVs varies 
between 0.0012 % in the halibut Hippoglossus 
hippoglossus and 0.73 % in the dogfish Scyliorhi
nus canicula [251, 263]. The yolk platelets of the 
Agnatha, of the archaic fish genera Amia, Lepi
sosteus, Polypterus and Latimeria, and of the 
freshwater teleosts are crystalline like those of the 
amphibians; the yolk crystals of the Agnatha are 
monoclinal whereas the others are of the ortho
rhombic type [139]. 
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5.7.2 Vitellogenins and Yolk Proteins 
of Insects 

The VG of the haemolymph and the major com
ponents of the yolk proteins of all insects so far 
examined are essentially identical in terms of 
molecular size and both electrophoretic and 
immunological properties; in contrast to the ver
tebrates, the VGs of insects are not significantly 
altered after their uptake into the oocytes. Many 
authors, therefore, also use the term vitellogenins 
to include the yolk proteins. However, there are 
often differences in solubility and lipid content 
between the VGs of the haemolymph and the cor
responding yolk proteins and, in several cases, 
proteolytic processing or aggregation to higher 
polymers has also been described [27, 121, 204]. 
It is therefore justifiable to distinguish between 
the vitellius (VTs) of the yolk protein and the 
VGs of the haemolymph [69, 121]. 

The VGs are lipoglycoproteins with about 
7-16% lipid and 1-14% carbohydrate. In many 
insects (e.g. Hyalophora, Apis), VGs are the pre
dominant haemolymph proteins found during 
vitellogenesis; in others (e.g. Periplaneta, Leuco
phaea, Drosophila), the proportion hardly 
exceeds 1 %. This is not the result of quantitative 
differences in synthesis; in tracer experiments 
with labelled leucine, more than 80 % was incor
porated into VGs in Leucophaea as well as in Apis 
and Locusta. It appears more likely that the 
oocyte transport system is much more efficient in 
Drosophila and the cockroaches [69]. In contrast 
to the lipophorins, the VGs and the VTs contain 
more phospholipid than diacylglycerol; they also 
contain sterols but never hydrocarbons. The car
bohydrate fractions of the VGs are mainly the 
classical asparagine-bound chains Man9GlcNAez 
which, in this case, can be later modified. Follow
ing inhibition of N-glycosylation by tunicamycin, 
the fat bodies of the cockroach Blattella germani
cus accumulate the primary translation product of 
over 200 kDa. The release of VGs into haemo
lymph is therefore only possible after glycosyla
tion, as has been recorded for other haemolymph 
proteins of the wax moth Galleria melonella. 
Conversely, Xenopus liver is able to secrete non
glycosylated VG [121, 135, 196]. The VGs and 
VTs of many insects contain phosphorylated 
serine residues or sulphated tyrosine residues 
[10, 45, 116, 249]. 

The synthesis of VG takes place predomin
antly, or entirely, in the fat bodies. Before release 
into the haemolymph, the precursor formed in 
the fat bodies is converted into VG by glycosyl-

ation, phosphorylation, addition of lipid and, in 
many cases, partial proteolysis. In most insects, 
VG synthesis in the fat bodies is regulated by the 
juvenile hormone; synthesis declines after 
removal of the corpora allata and is restored by 
injection of juvenile hormone or analogues 
thereof. VG synthesis can also be induced in male 
animals by hormone injection. In several dipte
rans, in addition to, or instead of, juvenile hor
mone, 20-hydroxyecdysone is responsible for the 
control of VG synthesis [29, 35, 69, 84, 121, 135, 
278]. VG is also normally found in the haemo
lymph of males of several insect species (Hyalo
phora, Tenebrio, Oncopeltus, Rhodnius). VG is 
the predominant haemolymph protein in the 
honey bee Apis melli/era, not only in the egg
laying queens but also in freshly hatched queens 
and in workers; it is missing only in the drones. In 
the bumble bee Bombus terrestris, the workers 
produce VG only when they lack a queen [69]. 
Uptake into oocytes proceeds via receptor
mediated endocytosis in coated pits; it was in the 
oocytes of Aedes aegypti that this widely distrib
uted mechanism was first found in 1964. Uptake 
is highly specific; isolated ovaries of Hyalophora 
cecropia take up only the own-species type ofVG 
from a mixture of Hyalophora and Blattella VGs. 
Small amounts of haemolymph proteins other 
than VGs are also found in the oocytes, but only 
VG is enriched by 30-fold or more. The oocyte 
receptor of Locusta migratoria has been solubil
ized and the binding constant for VG was found 
to be 4.2 . 1O--1l mol/l [211]. 

Insects may be subdivided into three classes 
according to the molecular architecture of the 
yolk proteins and their precursors, and to the in 
vitro translation products of the corresponding 
mRNAs [29,95, 121, 135]. In group 1, the VGs 
consist of two polypeptide classes, H 
(100-180 kDa) and L (43-86 kDa). As a rule, 
they have a molecular mass of 440-560 kDa and 
contain two each of these polypeptides according 
to the formula H2~; however, the VG of Man
duca sexta is only 260 kDa and has the formula 
HL. During synthesis in the fat body, a precursor 
of 200-260 kDa is formed and this is cleaved into 
two unequal fragments prior to release into the 
haemolymph. This partial proteolysis is appar
ently pre-programmed in the sequence of the pre
cursor; this also occurs if the fat-body mRNA of 
Locusta is translated in Xenopus oocytes [135]. 
Group 1 includes the mayflies, cockroaches 
[31, 45, 244, 274], locusts, earworms, butterflies 
[19, 127], beetles [199], bug Rhodnius prolixus 
[159] and bristletail Thermobia domestica [214]. 
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Unexpectedly, the VG of the cockroach Nau
phoeta cinerea is a homodimer of 244-kDa poly
peptides [115]. 

The VGs of group 2 are monomers or dimers 
of 170- to 190-kDa subunits, the precursors of 
which are already of approximately equal size in 
the fat body. To this group belong the Hymenop
tera and the primitive dipterans, the Nematocera 
(mosquitoes). One can imagine that in the evolu
tion of this group the VG genes lost the exons for 
the L-polypeptide [269]. Deviating somewhat 
from this picture is the 65-kDa subunit, arising 
from the same precursor, which was recently 
found in addition to the 200-kDa subunit in the 
VG of the mosquito Aedes aegypti [61]. 

Group 3 includes only the higher dipterans, 
the Brachycera (flies). The native VGs are of 
about 200 kDa and are made up of polypeptides 
of about 50 kDa corresponding to the primary 
translation products. In this case, evolution of the 
VG genes resulted in the loss of the exons for the 
H subunit. The VGs of about ten species of flies 
have been investigated in detail [21, 22, 41, 96, 
135, 144, 209]. One peculiarity of this group is 
that in addition to the continuous synthesis ofVG 
in the fat body there is also stage-specific synthe
sis in the ovary, probably in the follicle epithelial 
cells [22, 282]. This is possibly related in some 
way to the already-mentioned characteristic hor
monal control of VG synthesis. According to 
experiments with Drosophila cell cultures, juve
nile hormone affects only synthesis in the ovary, 
and 20-hydroxyecdysone only synthesis in the fat 
body [166]. In the fly Stomoxys calcitrans, no 
female-specific proteins are ever found in the 
haemolymph or yolk proteins in the fat body; VG 
synthesis is restricted to the ovary [41, 109]. 
Minor VG synthesis has also been observed in 
isolated ovaries of the potato beetle Leptinotsara 
decemlineata [199]. 

Most insects contain multiple VGs and VTs 
that are recognizable by their varying molecular 
size, for example in the cockroach Leucophaea 
maderae [31], or by differences in immunological 
or electrophoretic properties. This is probably a 
case of products of non-allelic loci. Locusta mig
ratoria has two VG genes, most dipterans have 
three, and Aedes aegypti has four [29, 35, 
84, 121]. There are three VG polypeptides in 
Drosophila which agree in 43 % of their 420-442 
amino acids, and are encoded by three homolog
ous genes on the X chromosome. Of these, YP-1 
and YP-2 contain only one intron and are separ
ated by 1.2 kb; YP-3 lies about 1000 kb away and 
has two introns. The three genes are undoubtedly 

the result of a double duplication [83]. The genes 
are expressed in a sex-, tissue- and stage-specific 
manner, and the recently isolated yolk-specific 
factor I (YPF1), which binds to a specific site on 
the YP-1 gene, is probably involved in this regula
tion [167]. 

Proteins originating in the VGs account for 
60-90 % of the total soluble egg protein; other 
plasma proteins are found in minor amounts in 
the egg [109]. Amongst these subsidiary compon
ents of the yolk proteins are, for example, the 
microvitellin of Manduca sexta and the paravitel
lin of Hyalophora cecropia. Microvitellin is a pro
tein of 26 kDa without carbohydrate, lipid or 
phosphate and which is produced in the fat body 
17 days before hatching of the adult animal; it is 
transported to the ovary by the haemolymph and 
taken up unchanged into the oocytes. The 
sequence of 232 amino acids derived from the 
cDNA has no similarity to any other known pro
tein [265]. In the eggs of Bombyx mori, 40 % of 
the yolk protein consists of vitellin, 35 % of the 
group of 30-kDa proteins [174] and 25 % of the 
egg-specific protein (ESP). Mature ESP is a gly
cophosphoprotein of 225 kDa consisting of two 
subunits of 72 kDa and one of 64 kDa. The 
two types of subunit arise by different post
translational processing from a primary transla
tion product of 558 amino acids [116, 222]. Only 
after the onset of embryogenesis is a trypsin-like 
proteinase of 30.5 kDa produced which cleaves 
certain bonds in the ESP in a highly specific way 
[117]. It has been shown in Manduca that lipopho
rin is also taken up into the egg from the haemo
lymph [126, 134]. In many cockroaches, locusts, 
beetles and butterflies, the females reabsorb a 
part of the spermatophore material before the 
remaining spermatophore is ejected. The males 
of Melanoplus sanguinipes pass on an average 
of seven spermatophores during copulation, 
although one alone contains more than enough 
sperm; it could be shown immunologically that 
male proteins find their way unchanged into the 
oocytes [78]. 

5.7.3 Vitellogenins and Yolk Proteins 
of Crustaceans and Other Invertebrates 

The egg yolk of crustaceans contains one or more 
lipoproteins (lipovitellins) of 310-600 kDa. The 
lipovitellin of the small brine shrimp Artemia 
salina is a lipoglycoprotein of 600 kDa with poly
peptides of 190 and 68 kDa, 3.3 % carbohydrate 
and 8.6 % lipid; it is coloured by the presence of 
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the carotinoid canthaxanthin [38]. Other crusta
cean lipovitellins have a higher lipid content and 
2-11 different apolipoproteins ranging in molecu
lar mass between 45 and 190 kDa [38, 205, 257]. 
Tracer experiments with isolated organs of the 
prawn Penaeus japonicus showed that immunolo
gically identifiable VGs were synthesized by the 
ovary but not by the hepato-pancreas. VG syn
thesis also occurs in the ovary in other decapods 
like Palaemon and Pachygrapusus, but occurs in 
the fat tissues of amphipods and isopods 
[248, 257] and of the tick Ornithodorus moubata 
[44]. 

The vitellin of the polychaete Nereis virens is a 
lipoglycoprotein of about 420 kDa which is 
coloured green by bilin. It arises in free coelom 
cells (eliocytes) and is taken up into the oocytes 
(which are also found free in the coelom fluid) 
by receptor-mediated endocytosis; the egg
maturation process lasts for about 1 year [74]. It 
has also been shown by tracer experiments in the 
related species Perinereis cultrifera that VGs sec
reted by coelomocytes are taken up by egg cells. 
The VG has a molecular mass of 530 kDa and 
contains two 176-kDa polypeptides. The protein 
taken up by the egg cells is progressively reduced 
in size from 530 to 390 kDa; a series of five vitel
lins (VT-1 to VT-5) of decreasing molecular mass 
is found in young oocytes but older oocytes con
tain only VT-5, which has a molecular mass of 
390 kDa and about 16 % lipid [9]. 

In the nematode Caenorhabditis elegans the 
yolk contains two different lipoprotein com
plexes, of which the A-complex contains three 
different polypeptides of 170, 115 and 88 kDa 
(yp170A, yp115 and yp88) and the B-complex has 
only one type (yp170B). These polypeptides arise 
from at least three different precursors produced 
in the gut cells of the hermaphroditic animal. Two 
of these (yp170A and yp170B) are taken up 
unchanged into the oocytes, whilst the third is 
first cleaved into two fragments (yp115 and yp88). 
Caenorhabditis elegans possesses six VG genes, 
the coding sequences of which agree 85 % with 
the five homologous genes of the closely related 
species C. briggsae [230, 283]. The eggs of the sea 
urchin Hemicentrotus pulcherrimus contain lipo
protein particles that are 29-48 nm in diameter 
with 55-72 % lipid (predominantly tri
acylglycerols) and 8-13 % carbohydrate. Dena
turation of the particles always produces the same 
four polypeptides [59]. VG synthesis in the sea 
urchin Stronglyocentrotus purpuratus is quite uni
que in several respects. There is only one VG 
gene and this is expressed in the gut wall and 

gonads of both males and females; it has similar
ities to the VG genes of the vertebrates not only 
in its relatively large size of 19 kb but also in the 
extreme shortness of the signal sequence and in 
various sequence elements of the 5'-NT region 
[234]. 

5.8 Blood Clotting 

In the animal kingdom there are three mecha
nisms for reducing blood losses from damaged 
blood vessels: 

1. Contraction of the edges of the wound and the 
vessels. 

2. Blockage of the wound by aggregates of blood 
cells. 

3. Clotting of the blood fluid. 

Here we will consider only the third process, 
which has been observed not only in the vertebra
tes but also in the blood of arthropods and certain 
molluscs (oysters) and in the coelom fluids of 
sipunculids, brachiopods, echinoids and holothu
rians. In the case of the invertebrates, biochem
ical data are available only for the arthropod 
groups Xiphosura, Crustacea and Insecta. 

5.8.1 Blood Clotting in Vertebrates 

The formation of a solid blood clot in all vertebra
tes involves the polymerization and precipitation 
of fibrin; this occurs by partial proteolysis of the 
fibrinogen in the blood plasma. The protease 
responsible is thrombin, which itself is formed by 
proteolysis from its precursor prothrombin. These 
two reactions are the last steps in a cascade of 
proteolytic processes which each produces an act
ive clotting factor from a precursor (zymogen) 
(Fig. 5.1). The cascade has an amplifying effect 
and also increases the number of possible regula
tion points. The activation of the zymogens is 
accelerated when they are complexed with pro
tein cofactors, Ca2+ ions and phospholipids of cell 
membranes. Most clotting factors are serine pro
teases which, like trypsin, attack arginyl bonds; 
only the factors Va and VIlla have no enzyme 
activity, but they increase the effectiveness of pro
teases Xa and IXa. The zymogens of the clotting 
cascade are homologous in their C-terminal 
region (250 amino acids) with the catalytic 
domain of the pancreas proteases; their N
terminal sequences, however, are much longer 
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Fig. 5.1. The human clotting cascade 
[264]. For further explanation, see 
text. HMKW, high molecular weight 
kininogen; PL, phospholipid 

(150-582 amino acids). Consequently, their 
molecular masses of 45-160 kDa are consider
ably larger than the approximately 25-kDa panc
reas zymogens and enzymes (see Fig. 3.6, p.91). 
During the proteolytic activation of all zymogens 
of the blood-clotting cascade, the activating pep
tide, or a large part thereof, remains bound to the 
active enzyme via a disulphide bridge. The only 
exception is during the activation of prothrombin 
by the factor Xa. The prothrombin chain is ini
tially cleaved into two approximately equal parts 
by the hydrolysis of an Arg/Thr bond; the N
terminal half remains bound to the clotting com
plex whilst the C-terminal, catalytic half is. 
released and can diffuse to its various sites of 
activity. Due to the cleavage of an Arg/Ile bond in 
the catalytic half, active thrombin consists of two 
chains, A and B, held together by a disulphide 
bridge. In human, but not in bovine, thrombin 
the N-terminal tridecapeptide of the A chain is 

-~-'-IXa 

VIII--VIII\ 

Ca2+ 

PL 

X----Xa 

Prothrombin (11)"----'-._ Thrombin (1Ia) 

1 
Fibrinogen -----'-- Fibrin monomers 

Soluble fibrin polymers 

!Xllla-XIII 

Enmeshed insoluble fibrin 

removed by hydrolysis of an Arg/Thr bond. Act
ive thrombin is responsible not only for the cleav
age of fibrinogen but also for the activation of 
factors V, VIII and XIII and the clotting-inhibitor 
protein C [82, 284]. 

The scheme in Fig. 5.1 shows the known distri
bution of factors in the intrinsic clotting pathway, 
which also takes place in isolated blood, and the 
extrinsic pathway, which is induced by contact 
with the edges of the wound; the diagram is 
incomplete in so far as it does not show the inter
action between the two pathways. In addition to 
plasma proteins, the clotting process also involves 
various factors released from the aggregated and 
degraded thrombocytes, nucleated blood cells 
which in mammals degenerate into non-nucleated 
blood platelets. The binding of the blood platelets 
to the damaged vessel walls is mediated by a large 
glycoprotein, the von Willebrand factor (vWF). 
The mature vWF of 2050 amino acids arises by 
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proteolysis, glycosylation and sulphation of a pre
cursor of 2813 amino acids and is constructed 
from two to five repeats of each of four different 
types of domain. The vWF mosaic gene is 
undoubtedly the result of evolutionary processes 
such as exon shuffling and the duplication of frag
ments from very different genes. Parts of the 
sequence are in fact homologous to the vitelloge
nin of the nematode Caenorhabditis e/egans 
[14, 153, 255]. In the intact organism, the clotting 
cascade is more often induced by the tissue factor 
TF (thromboplastin), which activates plasma fac
tor VII, than by the platelet components. TF is a 
membrane-bound glycoprotein with 263 amino 
acids and shows no significant homology to serine 
proteases [238]. Factor VII is a serine protease 
with 406 amino acids and upon activation is 
cleaved into two disulphide-bridge-linked chains 
of 156 and 254 amino acids [195]. Contact with 
various negatively charged materials activates 
only the intrinsic pathway in isolated blood. This 
involves the factors XII and XI, prekallikrein and 
the high molecular weight kininogen (HMWK). 
Pre kallikrein is found in human blood plasma as a 
complex with HMWK and is converted by factor 
XIIa to active kallikrein, which itself consists of 
two chains bound by a disulphide bridge. Kallik
rein releases kinin from kininogen and activates 
plasminogen, factor IX and the surface-bound 
factor XII. A further action of kallikrein is the 
production of the pharmacologically active nona
peptide bradykinin from HMWK; the remaining 
product is a molecule, made up of two chains, 
which further promotes clotting [277]. In addition 
to HMWK, which has a molecular mass of 
110 kDa, there are also smaller kininogens 
(LMWK) corresponding to the N-terminus of 
HMWK. Rats possess a K gene for HMWK and 
LMWK and also two homologous T genes, which 
differ markedly from the K gene due to the inser
tion of an Alu element and a frame-shift mutation 
in the HMWK region. Both HMWK and LMWK 
function as cysteine-proteinase inhibitors [132]. 

The structure and evolution of the individual 
components of the human clotting cascade will be 
only briefly referred to here as unfortunately 
there are no comparative biochemical data. Fac
tor XI is a homodimer that, when complexed with 
HMWK and phospholipid, is cleaved by the 
action of factor XIIa into two light and two heavy 
chains; in the presence of Caz+ it can then acti
vate factor IX. Factor XI agrees in 58 % of its 
sequence with human prekallikrein [80, 284]. 
Factor IX belongs, together with factors VII and 
X, prothrombin and the clotting-inhibitory prote-

ins C and S, to the vitamin K-dependent proteins, 
which are all homologous [262]. In all these pro
teins, the first 10-12 glutamine residues of the 
chain are converted to y-carboxylglutamic acid 
(Gla) residues by the action of a vitamin K 
(phyllochinon)-dependent carboxylase (see 
Fig. 3.1, p. 72). These Gla residues bind Caz+ and 
thereby allow the interaction of the clotting fac
tors with phospholipids. The primary translation 
products of the relevant genes always consist of a 
signal peptide, a propeptide which is perhaps 
involved in Gla formation, the Gla region, two 
domains homologous to the epidermal growth 
factor (EGF), a connecting region, and the cata
lytic domain that is homologous to the usual 
serine proteases; the vitamin K-dependent prote
ins are model examples of evolution by exon 
shuffling [262] (see Fig. 3.6, p.91). Factor X, as 
found in the plasma, consists of a light chain 
(15 kDa) and a heavier chain (40 kDa) bound 
together by a disulphide bridge. The light chain 
includes 12 y-carboxylglutamic acid residues, and 
the heavy chain contains the active centre. In 
man, the non-enzymatic factors V and VIII are 
very large proteins which were first sequenced via 
the cDNA. The 2224 and 2332 amino acids, 
respectively, of these two factors are subdivided 
into three A regions of 330 amino acids, a B re
gion of 980 amino acids and two C regions of 
220 amino acids in the order AI-A2-B-A3-Cl
C2. The two factors show about 40 % sequence 
similarity; their A regions share 35-40 % similar
ity with the copper protein caeruloplasmin [120]. 

It may be assumed from the results of physio
logical investigations that the blood-clotting proc
ess progresses similarly in all vertebrates, 
although with some quantitative differences. 
However, comparative biochemical data are only 
available for fibrinogen. Human fibrinogen is a 
glycoprotein of 340 kDa with about 4 % carbo
hydrate; it is symmetrically constructed from an 
Aa chain of 610 amino acids, a B~ chain of 461 
amino acids and a y chain of 411 amino acids, 
according to the formula (Aa, B~, y)z. Thrombin 
cleaves with high specificity an arginine-glycine 
bond in the Aa and B~ chains, thereby setting 
free the short -chained fibrinopeptides A and B 
and producing the soluble fibrin monomers (a, 
~, y)z. The polymerization and precipitation of 
the monomers to the insoluble fibrin clots is a 
very complicated process involving all three 
chains [175,284], in the course of which the factor 
XIII a (glutaminylpeptide-y-glutamyltransferase) 
forms isopeptide bonds between glutamine-y
carbamoyl and lysine-E-amino groups (Fig. 5.2). 



Fig.S.2. Factor XIIIa (glutaminylpeptide-y-glutamyltrans
ferase) links fibrin chains by isopeptide bonds between 
glutamine-y-carbamoyl groups and lysine-E-amino groups 
[264] 

Factor XIIIIXIIIa belongs to a group of enzymes 
("transglutaminases") which are widely distrib
uted in the vertebrate body and are involved in 
many different biological processes [112]. 

The three human fibrinogen chains are clearly 
homologous; the genes are closely linked on chro
mosome 4 in a gene cluster with the structure 
-->-->0-
y-u-p, which would appear to have arisen from a 
common ancestral gene by two duplications and 
one inversion [122]. The B~ chain agrees in about 
30 % of positions with the y chain, and both toge
ther have only 10 % similarity with the Au chain, 
although this increases to 66 % if the central 
region alone is considered. Human fibrinogen is 
heterogeneous; there are y variants with different 
C-terminal regions resulting from alternative 
splicing, and all three chain types show allelic 
polymorphisms and post-translational variants, 
e.g. with a varying sialic acid content [284]. 

Sequence comparisons between the fibrinogen 
chains of different vertebrates indicate greater 
species-specific differences in the Au chains than 
in the B~ and y chains. Thus, the human B~ and 
y chains have about 80 % sequence similarity to 
the bovine and rat chains, and still about 50 % 
similarity with those of the sea lamprey Petromy
zon marinus, one of the most primitive living ver
tebrates; on the other hand, large parts of the 
Au chain of the lamprey are very different to that 
of the mammals [173,266, 268, 284]. Neverthe
less, mammalian thrombin can coagulate lamprey 
fibrinogen, although it only cleaves off fibrino
peptide B, one of the longest known fibrinopepti
des with 36 amino acids. In addition, lamprey 
thrombin releases fibrinopeptide A, the shortest 
of all fibrinopeptides with only six amino acids. 
The sequences of fibrinopeptides have been 
determined for numerous mammalian species but 
for only one species each of the birds, reptiles and 
amphibians; at least 55 A sequences and 46 B 
sequences are known so far and have been used in 
the molecular analysis of familial relationships. 

5.8.1 Blood Clotting in Vertebrates 205 

As the B~ and y chains of the same vertebrate 
species agree by only about 33 %, whereas the 
corresponding chains of humans and lampreys 
agree by up to 50 %, the gene duplication must 
have occurred before the appearance of the ver
tebrates, and fibrinogen-like sequences should 
occur in invertebrates. In fact, coding sequences 
have been found by the polymerase chain reac
tion (PCR) in the DNA of the holothurian Paras
tichopus parvimensis, whose putative products 
are homologous to the carboxy-terminal two
thirds of both fibrinogen chains [276]. 

Fibrin clots are solubilized by the protease 
plasmin, which is formed from plasminogen. This 
polypeptide of 790 amino acids contains five of 
the so-called Kringel domains found in thrombin, 
and a catalytic region, which is homologous to 
other serine proteases. The bovine and porcine 
plasminogens agree by 78-83 % with that of man 
[157]. Activation involves cleavage of the bond at 
560-Arg to give a plasmin molecule consisting of 
two chains linked by a disulphide bridge. Activa
tion can occur (1) intrinsically by factor XIIa, kal
likrein and HMWK, (2) by urokinase, or (3) by 
tissue plasminogen activator (see Fig. 3.6, p.91). 
The urokinase-like chicken plasminogen activ
ator, which was recently sequenced via the gene, 
agrees in only 43 % of its 434 amino acids with 
that of man, but shows the same domain structure 
[143]. The plasmin set free from blood clots is 
inactivated in the plasma by u2-antiplasmin, 
which belongs to the serpine family of protease 
inhibitors (p. 98). 

A system of clotting inhibitor factors prevents 
the clotting of blood in intact vessels. The most 
important regulator of blood clotting is, in fact, 
the C-protein which inactivates factors Va and 
VIlla and stimulates fibrinolysis. The Ca-protein, 
resulting from the activation of the C-protein, is a 
disulphide-linked dimer of 420 amino acids made 
up of a light chain with y-carboxylglutamic acid 
residues and a heavy chain with the catalytic 
centre of a serine protease. The formation of the 
Ca-protein from its C-protein precursor is cata
lysed by thrombin, especially when this is bound 
to thrombomodulin, which is an integral mem
brane protein of the endothelial cells in the vessel 
walls [102]. A necessary cofactor of the Ca pro
tein is the S-protein which, like the Ca-protein, is 
a vitamin K-dependent protein and contains four 
domains similar to the EGF but is not a serine 
protease [150]. A series of proteins from the 
annexin family have inhibitory effects upon both 
the extrinsic and intrinsic clotting pathways by 
binding to the phospholipids involved. There are 
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at least six such proteins in humans which have 
been given the names, for example, lipocortin, 
placental anticoagulant protein (PAP) or vascular 
anticoagulant (VAC) [100]. Finally, reference 
must be made to the clotting-regulating compon
ents of the thrombin inhibitor AT-III, which has 
about the same size (of 60 kDa) in all vertebrates 
from the mammals to the amphibians; the human 
protein is 423 amino acids long. The clotting inhi
bitory effect of the polysaccharide heparin is 
based on its binding to AT-III, although the affin
ity of different heparin fractions varies by ten-fold 
[23, 284]. Various types of clotting inhibitor are 
found in the blood-sucking Hirudinae. The best 
known is hirudin from Hirudo medicinalis; this is 
a thrombin inhibitor of 65 amino acids (p.101). 
Antistasin from Haementeria officinalis (with 
119 amino acids) and a similar factor from H. ghi
lianii have factor Xa-inhibiting activity, and 
hementin from H. ghilianii is fibrinolytic. Decor
sin (39 amino acids) from the North American 
leech Macrobdella decora inhibits aggregation of 
the thrombocytes [227]. 

5.8.2 Blood Clotting in Arthropods 

The clotting capacity of arthropod blood varies 
considerably according to the species, the devel
opmental stage and the physiological state: it ran
ges from the complete absence of plasma clotting 
to the formation of blood clots whose strength 
exceeds those of mammals. For a long time there 
was controversy about whether the proteins ana
logous to fibrinogen (coagulogens) originated in 
blood cells or were always to be found dissolved 
in the plasma; however, there was no doubt that 
the clotting enzyme was of cellular origin. It 
would now appear that the arthropods demon
strate all possibilities for the origin of coagulo
gen: in the xiphosurans they arise only from 
blood cells, in the crustaceans only from the hae
molymph, whilst in the insects both cellular and 
extracellular proteins appear to be involved. 

A haemocyte lysate from the xiphosuran 
Limulus polyphemus is converted into a gel upon 
contact with small amounts of bacterial endotox
ins (lipopolysaccharide, LPS). The sensitivity of 
this test is so high that it is used in pharmacology 
for endotoxin detection [267]. The clotting system 
includes the coagulogen and three serine protea
ses. LPS activates factor C; the activated fac
tor C converts factor B into its active form, which 
in turn promotes the conversion of pro-clotting 
enzyme to clotting enzyme [180, 256]. The coagu-

logens from the blood cells of the three species 
Limulus polyphemus (North and Central Amer
ica), Tachypleus tridentatus and Carcinoscorpius 
rotundicauda (Southeast Asia) have been 
sequenced directly and that of Limulus has been 
sequenced via the cDNA. They are polypeptides 
of 20 kDa with 175 amino acids, including 16 cys
teine residues, and in the case of Limulus and 
Tachypleus show 69 % similarity. The clotting 
enzyme cleaves the arginyl bonds at 18-Arg and 
46-Arg; of the three chains that are thereby cre
ated, A (1-18) and B (47-175) form the coagul
ate, whilst C (19-46) is removed [43, 239]. Fac
tor C is a dimeric glycoprotein made up of a 
heavy (80 kDa) chain and a light (43 kDa) chain. 
During activation by LPS, the light chain is split 
into an A-chain of 8.5 kDa and a B-chain of 
34 kDa; the latter contains the catalytic centre. 
This arises by cleavage of the bond 72-Phe173-Ile, 
which constitutes a difference between the xipho
suran system and the serine proteases of blood 
clotting, fibrinolysis and the complement cascade 
in mammals, where activation is by cleavage of an 
Arg-IleNal bond. There is apparently no other 
proteolytic enzyme involved in the activation 
reaction of the xiphosurans, but the reaction 
mechanism requires further investigation. The A
chain has some similarity in a part of its 72-
amino-acid sequence to several mammalian com
plement components [180, 256]. The clotting 
enzyme is a serine protease of 150 kDa and is pre
sent in the blood cells as a zymogen. The haemo
cytes of Limulus and Tachypleus contain an inhib
itor of LPS-dependent clotting. This anti-LPS fac
tor is a polypeptide of 102 amino acids and, surp
risingly, has significant homology (22 % ) to rabbit 
a-lactalbumin [1]. 

According to Tait (1911), the crustaceans can 
be subdivided into three groups based upon their 
clotting type. In group A (e.g. Cancer and Maja) 
there is only cell aggregation; in group B (e.g. 
Macropipus, Carcinus, Galathea, Homarus) 
plasma clotting follows cell aggregation; and in 
group C (e.g. Astacus, Panulirus) the solidifica
tion of the plasma spreads out from "explosive" 
blood cells. However, coagulogens can be puri
fied from the haemolymph of representatives of 
all eight genera mentioned, and clot with a hae
mocyte extract from Macropipus puber. Thus, the 
variation between the three groups concerns only 
differences in the concentration of the coagulo
gens [85]. The coagulogens of these eight genera 
appear to be structurally quite similar as they all 
react with the same clotting enzyme. The coagu
logen of the spiny lobster Panulirus interruptus is 



a homodimer with 200-kDa subunits, and as such 
has a completely different structure to the ver
tebrate fibrinogen with its three chains. The 
amino-terminal sequence is homologous to ver
tebrate and invertebrate vitellogenin. The clot
ting reaction is not a proteolytic process but invol
ves the transglutaminase-catalysed formation of 
pseudopeptide bonding between glutamate and 
lysine residues (Fig. 5.2) [64]. 

Amongst the insects there is a wide spectrum 
of blood clotting phenotypes, but in every case 
specific types of blood cell (coagulocytes) are 
involved. In some species an aggregate of coagu
locyte is formed and surrounded by a network of 
granular fibrils; in other species single coagulocy
tes appear to send out thread-like processes; and 
in some cases, there is no indication of any 
plasma clotting [26]. The proteins involved have 
been investigated in a few cockroach and locust 
species and in most detail in the cockroach Leu
cophaea maderae and the migratory locust 
Locusta migratoria. Two proteins are active here: 
a haemocyte coagulant (HC) secreted from the 
blood cells forms an insoluble clot by interacting 
with the plasma coagulant (PC) already present in 
the haemolymph. In reducing medium, HC alone 
produces a soluble gel which is not solidified by 
later addition of PC. The plasma coagulant of 
both species mentioned above is identical to the 
lipid-transporting protein lipophorin [17, 26]. 

5.9 Antifreeze Proteins 

The blood plasma of teleosts in the polar oceans 
and in the coastal waters, which are cold in win
ter, of the northern temperate zone contains large 
quantities of special proteins that depress the 
freezing point of the plasma by several degrees. 
Because seawater freezes at about -1.9 °C and the 
blood plasma of most marine teleosts freezes at 
approximately -0.8 °C, depending on the solute 
concentration, large areas of cold seas would be 
inaccessible to teleosts without this remarkable 
adaptive mechanism. Surprisingly, there are sev
eral types of such antifreeze proteins with the 
same function but very different structures [58]. 

The first type to be discovered was the "anti
freeze glycoproteins" (AFGPs), which were isol
ated from two species of the antarctic Notothenii
dae, Pagothenia (formerly Trematomus borchgre
vinki and Dissostichus mawsoni, and from five 
Gadidae of the Northern Hemisphere, Eleginus 
gracilis, Boreogadus siada, Gadus ogac, G. mor-
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rhua and Microgadus tomcod; these were charac
terized in detail [58]. They consist of a series of 
(mostly) eight polypeptides varying in size 
between 2.4 and 34 kDa, of which the larger 
types (> 10 kDa) consist only of alanine, threo
nine, galactose and N-acetyl-galactosamine, and 
are made up of repeated glycosylated tripeptides 
(Fig. 5.3). In contrast, the smaller peptides also 
contain proline, and in Eleginus and Microgadus 
also arginine. Like the larger proteins, their 
sequences of 14-17 amino acids are organized as 
tripeptides, but with proline replacing alanine in 
one or two positions. The small polypeptides 
alone have almost no antifreeze activity but they 
amplify the effectiveness of the larger proteins by 
two- to eight-fold. Similarly composed glycopep
tides have been detected in almost 30 other tele
ost species from the Ross Sea [32, 58, 110]. 

The second type of antifreeze protein has no 
carbohydrate. These "antifreeze polypeptides" 
(AFPs) may be subdivided into three basically 
different classes [58]. Class I includes alanine
rich polypeptides of 3-5 kDa with a secondary 
structure of amphiphilic a-helices. Their distribu
tion appears to be restricted to several flounder 
species of the subfamily Pleuronectinae, for 
example Pseudopleuronectes americanus, Lim
anda ferruginea, and Liopsetta putnami, and to 
sculpins of the genus Myoxocephalus. 

Antifreeze proteins of class II have so far been 
detected in only one species of the Cottidae, the 
Arctic Sea raven Hemitripterus americanus. These 
are larger proteins (14 kDa) with 8 % cysteine 
and they contain many reverse turns and five dis
ulphide bridges. The proteins assigned to class III 
are of intermediate size (6-7 kDa) and have no 
particularly characteristic amino acid composi
tion or secondary structure. Class III proteins 
were first discovered in the antarctic Zoarcidae 
(eelpouts), e.g. Macrozoarces americanus, Rhi
gophila dearboni and Austrolycicthys brachyce
phalus. Interestingly, the sequence of the anti
freeze protein of the arctic eelpout Lycodes pola
ris agrees 78-84 % with proteins from the 
antarctic species [42]. DNA coding for class III 
proteins has also been found in four related fami-

GalNAc 

Gal 

Fig.5.3. The antifreeze glycoproteins (AFGPs) from tele
osts are constructed of alanine and glycosylated threonine 
repeats 
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lies of the suborder Zoarcoidei: Stichaeidae 
(pricklebacks), Cryptacanthodidae (wrymouths), 
Pholididae (gunnels) and Anarhichadidae (wolf 
fish). The variety and distribution of the three 
AFP classes suggests that they arose indepen
dently and relatively recently: classes I and II in 
the Arctic and class III in the Antarctic. The 
effective selection pressure was probably the 
appearance of ice in surface waters. With the 
resulting unavoidable contact with ice, it became 
necessary for the surface-water fish to cool their 
body fluids below the freezing point of --0.8 °C; 
this was not a requirement for the deep-sea fish. 
The fact that the AFPs of all species show marked 
heterogeneity suggests that they are always 
encoded by multi-gene families. In fact, the sea 
raven Hemitripterus american us has 12-15 AFP 
genes, the winter flounder Pseudopleuronectes 
american us 30-40 genes, and different popula
tions of the ocean pout Macrozoarces americanus 
between 30-40 and about 150 genes. The AFPs 
are only produced during the cold season; this 
seasonal regulation of AFP biosynthesis in the 
winter flounder involves a reduction during the 
winter in the formation or release of a specific 
inhibitor by the hypophysis [58]. 

Like AFPs, AFGPs have a specific effect on 
the freezing point but not on the melting point 
(thermal hysteresis). The large differences 
between the AFGPs and AFPs and within the 
AFPs prompts the question whether the effect of 
all these proteins involves the same mechanism; 
the answer is still uncertain [58]. The biosynthesis 
of both AFGPs and AFPs takes place in the liver. 
It is interesting to ask why the relatively small 
molecules of the antifreeze proteins are not lost in 
the urine. The antarctic Nototheniidae have aglo
merulous kidneys in which there is no filtration. 
Pseudopleuronectes and Rhigophila do have glo
meruli but filtration of the AFPs is apparently 
prevented [67]. 

Antifreeze proteins which give rise to thermal 
hysteresis have been detected in a series of terre
strial arthropods: beetle species from six different 
families, a cockroach, a bug, a scorpion fly and 
even a spider [65, 275]. However, only a few of 
these have been characterized in any detail. 
Seven antifreeze proteins of 9-17 kDa have been 
isolated from the larvae of the flour beetle Teneb
rio molitor, and the concentration of these prote
ins increases to 10 mg/ml during cold acclimatiza
tion. The proteins vary greatly in amino acid com
position, containing only a little alanine but large 
numbers of polar amino acids; one such protein 
contains 28 % cysteine. The antifreeze proteins 

from the caterpillars of Choristoneura fumifrana 
are of 13-16 kDa and also contain little alanine 
and up to 6 % cysteine [65]. In many insect spe
cies frost resistance is achieved not by the preven
tion of haemolymph freezing by special proteins 
or other substances but by the converse mechan
ism of ice nucleation: specific haemolymph prote
ins (ice nucleators) lead to rapid ice formation in 
the extracellular fluid under freezing conditions, 
thereby preventing lethal intracellular ice forma
tion. There has as yet been little biochemical 
characterization of the ice nucleators. In the hor
net Vespula maculata there is a protein with 20 % 
glutamate residues, and in the crane-fly Tipula tri
vittata several specific proteins and lipoproteins 
are involved [190]. 

5.10 Metallothioneins 

The metallothioneins (MTs) were discovered in 
1957 in the liver and kidneys of mammals exposed 
to cadmium; they have subsequently been 
detected not only in the liver, kidneys and other 
organs of all vertebrate classes but also in a 
variety of invertebrates (annelids, crustaceans, 
insects, molluscs and echinoderms), in the ciliate 
Tetrahymena and in higher plants, lower fungi and 
yeast. They are therefore probably ubiquitous in 
the eukaryotes. In contrast, the metal-binding 
proteins of the prokaryotes do not appear to be 
related to the mammalian MTs. The MTs are small 
polypeptides of less than 10 kDa which contain 
23-33 % cysteine residues and have the capacity 
for complex formation with 4-12 metal ions. The 
cysteine residues all take part in metal binding and 
form no intra- or intermolecular disulphide brid
ges. The MTs lack the aromatic amino acids phe
nylalanine and tyrosine and therefore, unlike most 
proteins, they show no absorption at 280 nm [93]. 

Mammalian MTs consist of 61-62 amino acids, 
including 20 cysteines, 6-8 lysines and 7-10 seri
nes but no histidine; the N-terminus is N
acetylated. The polypeptide chain is divided into 
two domains, each with a cluster of cysteines 
which are able to bind four cadmium, four zinc or 
five to six copper ions; cluster A in the C
terminal a-domain contains 11 cysteines and clus
ter B in the N-terminal ~-domain 9 cysteines 
(Fig. 5.4a). Each divalent metal ion is bound tet
rahedrally with four cysteine residues. The affin
ity of the MTs for different metals varies consider
ably, being 1000-fold higher for cadmium than for 
zinc, and a further 100-fold higher for copper 
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Ech MPDVKcVccTEGKEcAcFGQDccKGDTccGlcNAAcKcANGcKcGSGcScTEGNcAc 

I· ~ "I- (X "I 
Hum MDPNcScAAGDScTcAGScKcKE-cKcTScKKSccSccPVGcAKcAQGclcKGASDK-cSccA 
Scy PGPc-c--NDKcVcKEG-GcKEGcQcTScRcSPcEKcSSGc-KcANKEEcSKTcSKAcSccPT 
Dm-n MPc-PcGSGcKcASQATKGScNcGSDc-KcGGDKKSAcGcSE 
Dm-o MVcK-GcGTNcQcSAQKcGDNcAcNKDc-QcVcKNGPKDQccSNK 

a 

-760 -350 -300 -250 -200 -150 -100 -50 +1 

Interferon Glucocorticoid 
Heavy metal 

(distal) (prOximat) 

b 

Fig.5.43, b. Metallothioneins. 3 Amino acid sequences. 
Ech, Strongylocentrotus purpuratus [188]; Hum, human 
MT II [142] with the domains ~ and a; Scy, Scylla serrata 
MT-l [142]; Dm-n, Drosophila melanogaster Mtn [171]; 

than for cadmium. Affinities also vary between 
different MTs and between the two cysteine clus
ters of anyone MT. The metal content of isolated 
MTs depends upon the species, tissue and previ
ous history of the individual. It seems reasonable 
to assign the MTs a protective function. In fact, 
treatment with cadmium or another heavy metal 
leads to MT induction. Of the many mono- and 
divalent metals which can bind to MTs in vitro 
only copper and zinc are trace elements essential 
for metabolism; however, these too are toxic at 
higher concentrations. Just how far MTs are 
involved in normal zinc and copper metabolism is 
not clear. Although the transfer of zinc from 
mammalian MT to carboanhydrase, aldolase and 
alkaline phosphatase has been shown experimen
tally, tissue culture cells without functional MTs 
show normal growth and differentiation processes 
which depend upon the incorporation of zinc and 
copper [93]. 

All vertebrates possess two MT classes, MTI 
and MTII, which differ, for example in the horse, 
in 7 out of 61 amino acids, and which, for exam
ple in the rat, also show functional differences in 
the reconstitution of apo-carboanhydrase. Iso
forms are present in several species and are 
described as MTIA, MTIB , etc. More than a dozen 
mammalian MTs have been sequenced either 
directly or via the DNA. The results of sequence 
analysis suggest a relatively slow evolution of the 
metallothioneins; thus, human, sheep and bovine 
MTIIs have more than 87 % amino acids in com-

GGTACACTGTGTCCT ~YCG/ ~YCG/ 

G-rich TATA-Box 
sequence 

Dm-o, Drosophila melanogaster Mto [171]. All sequences 
except Ech are aligned to give maximum agreement 
[142, 171]; cysteine residues are marked c. b Control 
sequences of mammalian MT genes (primates, rodents) [93] 

mon [93]. Avian metallothioneins with 63 amino 
acids are slightly longer than those of mammals 
and agree in about 68 % of positions. It is inter
esting to note that the MT sequences of the duck 
species Anas platyrhynchos and Cairina moschata 
are identical with that of the chicken [149]. The 
MTs of the amphibians and fish are also very simi
lar to those of the mammals [40]. In the mouse, 
there are only two MT genes (MTI and MTII) , 
whereas rat MTI is a mUlti-gene family including 
one active gene and three retropseudogenes 
[5, 93]. The sheep has at least 9 MT genes and 
man has 12; only 6 of the latter (MTIA' MTIB , 

MTIE , MTIB MTIG and MTIIA) are functional 
[76, 200]. The transcription of MT genes is stimul
ated by heavy metals and also by glucocorticoids 
and interferon, and the regulatory sequences 
lying in front of the MT gene are very similar in 
the primates and rodents (Fig. 5.4b). A 108-kDa 
protein isolated from the mouse binds to the con
trolling element of the MTI gene [226]. In mam
malian cell cultures it has been shown that cad
mium treatment not only influences gene tran
scription but also causes amplification of the MTI 
and MTII genes [93]. 

The MTs of the crab Scylla serrata, the fly Dro
sophila melanogaster and the fungus Neurospora 
are apparently homologous to the mammalian 
MTs. The cysteine residues have identical loca
tions, despite the fact that the length of the poly
peptide chain varies between 57-58 residues in 
Scylla and 25 residues in Neurospora. However, 
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because the number and order of the cysteines in 
such metal-binding proteins are largely deter
mined by functional considerations, convergent 
evolution cannot be excluded, and the apparent 
homology between the proteins of Drosophila 
and Neurospora, for example, and those of the 
vertebrates is difficult to confirm. The attempt to 
find a common central region in all these proteins 
has also failed to demonstrate unambiguous rela
tionships [188]. The first invertebrate metallo
thioneins to be characterized closely were the iso
forms MT-l and MT-2 from the hepato-pancreas 
of the crab Scylla serrata. The chains of 58 and 
57 amino acids contain 18 cysteines in two clus
ters, each of which binds three metal ions; the 
two forms agree 83 % overall, and MT-2 of Scylla 
is 47 % similar to human MTII (Fig.5.4a). In 
contrast to the mammals, the Scylla MTs do not 
have an N-acetyl group blocking the N-terminus 
[142]. Drosophila melanogaster has two MT genes 
which code for very different sequences. The MT 
encoded by the gene Mtn includes 10 cysteine 
residues amongst its 40 amino acids, and the Mto 
product has 12 cysteines among 43 amino acids. 
The genes have only 11 amino acids in common, 
of which 8 are cysteines (Fig. 5.4a). The Mto gene 
is expressed from early in embryogenesis until the 
third larval stage, and Mtn is expressed from late 
embryogenesis (12-15 hours) until the adult 
stage [235]. Individuals with MT gene duplica
tions have been found in natural Drosophila 
populations from several continents; these flies 
produce more MT mRNA and have increased 
cadmium and copper tolerance [138, 156]. 

During adaptation to high cadmium concentra
tions, the nematode Caenorhabditis elegans pro
duces two cysteine-rich, MT-like proteins of 62 
and 74 amino acids; however, their sequences 
have no significant homology to the mammalian 
MTs [113, 237]. A cysteine-rich protein with just 
as little homology to mammalian MTs has also 
been sequenced via the cDNA from the sea 
urchin Strongylocentrotus purpuratus (Fig. 5.4) 
[188, 189]. Finally, there are small, cadmium
binding glycoproteins in the hepato-pancreas of 
the sea-snail Buccinum tenuissimum and the ter
restrial snails Helix pomatia, Arianta arbustorium 
and Cepaea hortensis [54, 212]. 

5.11 Ferritins 

Under the conditions predominating inside orga
nisms, iron exists almost entirely in the trivalent 

form; FeH ions, however, have such strong 
hydrolytic properties that they precipitate as inso
luble iron (III) hydroxide at concentrations above 
10-17 molll. To retain essential iron in a soluble 
form it is bound to specific proteins. Iron trans
port in vertebrates is carried out by transferrins 
found in blood serum (serotransferrin), in milk 
and other secretions (Iactotransferrin), and in egg 
albumen (ovotransferrin or conalbumin). These 
proteins were referred to in Section 5.3.1. The 
storage forms of iron are the ferritins and 
the structurally less well-defined haemosiderin. 
About 0.54 mmol (30 mg) iron is set free daily in 
human macrophages following the degradation of 
erythrocytes, and it is stored initially as ferritin. 
Iron which is slowly remobilized from the ferritin 
is bound to the apotransferrin of blood plasma, 
transported to the erythroblasts, and the cycle 
repeated. Some of the ferritins found in verteb
rate cells have special functions, e.g. in the 
degradation of erythrocytes in the macrophages 
or as iron reserves in the liver, whereas others are 
simply involved in iron metabolism in the cell. 
The ferritin concentration can correspondingly 
vary by orders of magnitude. The ferritins are 
apparently ubiquitous, having been detected in 
many invertebrates, in higher plants and fungi 
(phyto- and mycoferritins), and in bacteria 
[52, 253]. 

In mammals, ferritins are found at especially 
high concentrations in the spleen, liver and bone 
marrow; the first to be investigated in detail was 
that from horse spleen. The iron-free apoferritins 
are hollow spheres of about 480 kDa, with an 
external diameter of 12 nm and walls 2 nm thick; 
they are made up of 24 subunits of about 20 kDa. 
The inner space consists of eight pockets for iron 
uptake. Loading of the apoferritins occurs when 
Fe2+ ions pass through channels in the protein 
membrane, are oxidized to Fe3+ and form the 
crystalline nucleus of iron (III) hydroxide; the 
simultaneous storage of phosphate ions leads to 
disturbance of the crystal structure. Each ferritin 
molecule can incorporate up to 4500 iron atoms, 
corresponding to an iron content of 30 %; nor
mally, the iron content lies between 10 and 20 % , 
according to the tissue, with higher values, for 
example, in the spleen and liver, and lower values 
in heart muscle. The remobilization of the ferritin 
iron is the result of reduction or chelate formation 
[52,253]. 

The ferritin subunit is a polypeptide of 172-
183 amino acids, the chain of which is subdivided 
into two bundles of a-helices with a long connect
ing segment. Human mRNAs for two types of 



subunit have been isolated; type H (182 amino 
acids, 21.1 kDa) predominates in the heart, and 
type L (175 amino acids, 19.8 kDa) predomina
tes in the spleen and the liver. The two polypep
tide chains differ at 45 % of their positions. The 
human genome contains 8L and 12H genes, 
amongst which, however, there are many pseudo
genes. On the basis of these findings, the hetero
geneity of mammalian ferritins was initially 
thought to be due to the presence in each organ 
of a population of hybrid molecules which vary in 
their average molecular mass according to the 
proportions of two different-sized subunits: e.g. 
in horse spleen 460 kDa with 10 % H, in liver 
480 kDa with 40 % H, and in the heart 515 kDa 
with 85 %H. It was subsequently shown that the 
heterogeneity of the ferritin subunits is greater 
than that expected from the HIL hypothesis. 
Thus, in porcine spleen there are two different 
H chains, and in the tadpole of Rana catesbeiana 
there is, in addition to the H chain (175 amino 
acids) and L chains, a further chain which differs 
from H in 16 % of its 175 amino acids [51, 177]. 
SDS electrophoresis clearly shows that the sub
unit related to the human L chain does not always 
have a molecular mass lower than that of the H
like subunit [253]. 

The only ferritin genes so far characterized in 
any detail are those of man and the rat; they con
tain three introns in the coding sequence. The H 
and L mRNAs in the cytosol associate only with 
polyribosomes and become active in translation 
when the iron level in the cytoplasm rises; this 
regulation may be the function of an upstream 28-
bp sequence, conserved in both man and the rat, 
which can fold back on itself [179]. The ferritins 
show a markedly slow evolution: the human and 
rat H chains have 95 % identical amino acids and 
the L chains 85 % ; the H chains of the mouse and 
chicken are 89 % identical. The H chain of frog 
larvae is 67 % similar to the human H chain, 
compared with 61 % similarity to its own L chain 
[177, 253]. Thus, the gene duplications leading to 
the separation of the different chain types 
occurred early in vertebrate evolution. 

The iron nuclei of ferritins have diameters of 
7 -8 mm and are only visible in the electron 
microscope. In contrast, the iron concrescence of 
a haemosiderin is visible in the light microscope, 
but only with electron microscopy is it revealed as 
bunches of particles which are, in fact, very simi
lar to ferritin nuclei. These particle groups are the 
residue of iron-laden secondary lysosomes (side
rosomes) which have the same X-ray pattern as 
ferritin and immunological similarity to ferritin 
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amongst their few proteins. Haemosiderins are 
apparently formed from ferritins through destruc
tion of the protein shell by lysosomal enzymes [6]. 

The ferritins of invertebrates appear in all 
cases to be very similar to those of the mammals, 
but only in a few cases have they been investig
ated in detail. Ferritin-like particles from many 
insects have been viewed in the electron micro
scope but only the iron-binding haemolymph pro
teins of the lepidopterans have been character
ized. Manduca sexta contains a 490-kDa protein 
consisting of 24- and 26-kDa subunits, and in Cal
podes ethlius there is a glycoprotein of 600 kDa 
with 24- and 31-kDa subunits [111, 193]. The ferri
tins of molluscs have been investigated fre
quently, e.g. those involved in haemoglobin bio
synthesis, or identified as components of radula 
teeth, or yolk proteins in snail eggs [164]. The 
apoferritin of the chiton (Polyplacophora) Clava
rizona hirtosa has a molecular mass of 530 kDa, 
that of the mussel Corbicula sandai 503 kDa, and 
that of the earthworm Octolasium complanatum 
460 kDa. Two different types of subunit have 
been found in many, if not all, invertebrates, e.g. 
in Clavarizona (28 and 25.5 kDa), in Octolasium 
(20 and 19.7 kDa), and in the egg yolk ofthe snail 
Lymnaea stagnalis (24 and 19 kDa); however, 
comparison to the Hand L types of the mammals 
is not reliable without sequence data [7, 131]. Of 
the invertebrate ferritins mentioned above, only 
that of L. stagnalis shows immunological cross
reactivity to the ferritin of equine spleen [131]. 
Ferritin has been detected in the eggs and the 
hepato-pancreas of various gastropods; this sug
gests that, like a typical yolk protein, ferritin is 
produced in the hepato-pancreas and transported 
in the blood to the oocytes. However, the subun
its of egg ferritin in L. stagnalis are 24 kDa, 
whereas those in the hepato-pancreas are 19 kDa 
and have a different (cyanogen bromide) cleavage 
peptide pattern; therefore, at least in this snail 
species, the metabolic relationship between the 
ferritins of the two organs is not at all clear [28]. 
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All cells are able to communicate with the envi
ronment, i.e. receive signals from their surround
ings and broadcast their (immunological) identity 
to the outside. The registration of signals is via 
receptors on the surface; for example, there are 
receptors for hormones or neurotransmitters and 
also for the recognition of other cells as "self" or 
"non-self". Foreign cells or substances induce 
specific defence reactions (immune responses). 
In both the vertebrates and invertebrates, 
immune responses may involve certain blood cells 
(cell-mediated immunity) or soluble proteins of 
the plasma (humoral immunity). In accordance 
with the general aims of this book, the emphasis 
of the account that follows is placed on the com
parative biochemistry and evolution of the prote
ins involved in the immune response. However, 
their functions cannot be understood without 
some basic knowledge of cell biology. 

Of the various cell types in the blood and other 
extracellular fluids, the Band T lymphocytes and 
the macrophages are the most important for the 
responses of man and other mammals to molecu
lar structures (antigens) recognized as foreign. 
Soluble macromolecular antigens in the blood 
can induce an immune response only after they 
are taken up by macrophages or other antigen
presenting cells (APCs) and subsequently "pre
sented" to the B lymphocytes or certain T lym
phocytes (T helper cells). The antigen is proteo
lytically cleaved into fragments in the APCs prior 
to presentation. Low molecular weight substan-
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ces can function as antigens only when they occur 
as haptens bound to a "self" protein. Each B 
lymphocyte carries on its surface immunoglobulin 
molecules of one of the many existing structural 
variants. These function as receptors for the cor
responding (complementary) antigen. There is a 
special type of receptor on T lymphocytes. T hel
per cells can recognize an antigen only when it is 
presented on the surface of an APC together with 
an Ia antigen, which is the product of a class II 
MHC (major histocompatibility complex) gene. 
In collaboration with the APCs and the T helper 
cells, the B cells specific for the antigen are 
induced to proliferate; fully differentiated plasma 
cells are produced and these synthesize and sec
rete large quantities of antibodies. The soluble 
immunoglobulins produced by the plasma cells 
bind to the complementary antigens on the sur
face of cells which are then destroyed (lysed) by 
the complement system. Soluble antigens associ
ate with the complementary immunoglobulins to 
form large molecular complexes, which bind to 
specific receptors on neutrophil blood cells and 
natural killer (NK) cells and are thereby removed 
from the circulatory system [159]. 

Cell-mediated immunity requires the activa
tion of the cytotoxic T cells and phagocytic mac
rophages. The extent of the response is deter
mined by T helper and suppressor cells. The cyto
toxic T lymphocytes only destroy cells which carry 
the self MHC-class-I antigen in addition to the 
foreign antigen, e.g. virus-infected cells of the 



body. The restriction of antigen recognition by 
cytotoxic T cells and T helper cells via ~HC ~s a 
specific task of the T cell receptors; the ~1~log~cal 
role of this process lies in the safer d1stmctlOn 
between self and non-self. 

Only recently has it become clear that th~ 
immunoglobulins, T cell receptors, MHC anti
gens, cell-adhesion molecules (CAM) and several 
other proteins are all members of one and the 
same super-family which, besides its involvement 
in the immune system, has apparently played a 
central role in the evolution of cell-cell recogni
tion in vertebrates. In addition to the immunoglo
bulins, further plasma proteins involved in the 
immune response are the components of the com
plement system, the lymphokines and other 
immuno-modulator proteins, the antiviral interfe
rons, acute-phase proteins and, especially in 
lower vertebrates, lectins, agglutinins and lysins 
with low specificity. 

Compared with the defence mechanisms of the 
vertebrates, those of the invertebrates are far less 
complex. In the latter, phagocytosis by special
ized blood cells is widely found as a cellular 
mechanism. In addition, the extracellular fluids 
of many invertebrates and lower vertebrates con
tain relatively unspecific defence proteins (lec
tins, agglutinins, lysins), the concentrations of 
which may, in some cases, be increased in 
response to infection. Finally, many of th~ low 
molecular weight defence substances of the mver
tebrates (which will be dealt with in Chap. 19 as 
products of secondary metabolism) have pri
marily bactericidal or fungicidal functions. 

The molecular structure of the cell surface, 
which is responsible for the external identifica
tion of the cell and its contact interactions with 
other cells, has mainly been investigated in the 
vertebrates. However, in some special instances 
attention has been drawn to the corresponding 
membrane proteins of invertebrates. For exam
ple, the surface proteins of the sponges have ~een 
studied in some detail because of the umque 
property of these most primitive, multicellular 
animals to reaggregate spontaneously a complete, 
viable organism from isolated single cells. The 
surface proteins of the parasitic trypanosomes 
and malarial agents are of medical interest 
because as antigens they are responsible for the 
immune response of their hosts; at the same time 
they have attracted the attention of molecular 
biologists. 
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6.1 The Immunoglobulin Super-Family 

The characteristic structural element of this 
super-family is the antibody fold or Ig homol~gy 
unit, a polypeptide chain of about 100 ~mmo 
acids which is folded into two layers of antiparal
leI ~-sheets and is stabilized by a central disul
phide bridge (Fig. 6.1). The Ig.super-family con
sists of a structurally and functlOnally very hete
rogeneous group of surface proteins which are 
involved in widely different processes of cell-cell 
interaction (Fig. 6.2). The genes of the heavy and 
light immunoglobulin chains, of the T cell recep
tors and of the MHC classes I and II form multi
gene families. However, the Ig supe~-faI?ily als? 
includes ~2-microglobulin (~2m), wh1ch 1S aSSOC1-
ated with class I MHC molecules; various access
oryT cell proteins that, amongst other functions, 
are involved in the recognition of MHC antigens 
(CD8, CD4, CD3 complex); the Thy-1 anti~en 
from thymocytes and lymphocytes; cell-adheslOn 
molecules such as N-CAM; various growth
factor receptors with tyrosine kinase activity 
(platelet-derived growth factor receptor, 
PDGF R; colony-stimulating factor 1 receptor, 
CSF-1 R); the pregnancy-specific ~l-glyco
protein (PS~G); an opioid-binding protein; and 
many others [79, 162, 202]. Most members of the 
Ig super-family are known only from the verteb
rates. Thy-1, however, is also found in inverteb
rate cells and Ig homology units have been 

C-Terminus 

N-Terminus 

Fig.6.1. The structural units of the immunoglobulin super
family (immunoglobulin fold), illustrated here by the <? 
domain of the human A-chain, consist of two layers of antl
parallel ~ structures. The black rod symbolizes a disulphide 
bridge 
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IgM 

Cytoplasm 

Fig.6.2. Different membrane-bound proteins from the 
immunoglobulin super-family [74, 79]. Thy 1, Thy-l gly
coprotein of the thymocytes; MHC class 1, MHC (major 
histocompatibility complex) antigen class I; MHC class II, 

detected in various cell-adhesion proteins from 
insects. 

Extensive material is already available which 
allows sequence comparisons within the Ig super
family; thus, 77 different Ig-C domains, more 
than 8001g-V domains, various ~2-microglo
bulins, domains of MHC classes I and II, Thy-l, 
poly-Ig receptors and T cell receptors have been 
compared with each other [8]. These sequences 
can be divided into four groups: 

1. The Ig-C domains are similar to 132m, the a3 
domain of class I MHC, and the a2 and ~2 
domains of MHC class II. 

2. Ig-V is similar to Thy-i. 
3. a2 of MHC class I and ~1 of MHC class II 

have distant similarity to the immunoglobu
lins. 

4. The al domains of MHC classes I and II show 
no sequence similarity to the immunoglobu
lins. 

In general, the agreement between domains of 
the same type in different species is greater than 
between different types in the same species. For 
example, the sequence similarity between the 
mouse and man for Ig-Cyl is 64 % and for Ig-Cy2 
is even 73 %, whereas Cyl and Cy2 themselves 
agree by only 24-25 %. Comparison of the 
human and mouse a2 and ~2 domains of MHC 
class II also show 82 % agreement, whereas 
between the two types themselves there is only 
30 % similarity. Thus, each type is optimized for 

MHC antigen class II; IgM, immunoglobulin M; N-CAM, 
neuronal cell-adhesion molecule. The drumsticks represent 
carbohydrate chains 

its specific function and contains a large number 
of strongly conserved positions. There is unfor
tunately very little corresponding information for 
non-mammals. 

6.2 Immunoglobulins 

6.2.1 Basic Structure of Immunoglobulins 

Man and other mammals possess five classes of 
immunoglobulins with different structures and 
functions: IgM, IgG, IgA, IgD and IgE (Tab
le 6.1). IgG makes up the greater part of the 
blood plasma y-globulins and is usually taken as 
the prototype of the immunoglobulins. The intro
duction of a new antigen results initially in the 
production of IgM; the switch to IgG occurs after 
about 1-2 weeks, and renewed antigen injection 
mainly causes the synthesis of further IgG. IgA is 
the only immunoglobulin found in secretions such 
as saliva or milk. The functions of IgD and IgE, 
found at much lower concentrations, have not 
been completely determined. 

The basic structural unit of the immunoglobu
lins consists of two light (L) chains and two heavy 
(H) chains coupled by a disulphide bridge 
(Fig. 6.2). There are five types of H chain (y, It, a, 
(') and ge), corresponding to the five Ig classes, 
and two types of L chain (% and A), which occur in 
all five classes. All H chains contain carbohydra-



Table 6.1. Human immunoglobulins [23] 

IgG 

IgGl IgG2 IgG3 

Serum concentration (mg/ml) 5 3 0.5 
Quaternary structure mono mono mono 
Size (kDa) 105 150 160 
H chain 
- designation yl l l 
- size (kDa) inc!. carbohydrate 51 51 56 
- number of domains 4 4 4 
- amino acids in hinge region 15 12 62 

mono, monomer; pent, pentamer; di, dimer 

tes of different amount and composition. Each 
chain consists of a variable (V) region, where the 
specific interaction with the antigen occurs, and a 
constant (C) region, which is responsible for 
effector functions such as binding to the cell sur
face or complement activation. The chains are 
subdivided into domains of about 110 amino 
acids, corresponding in their spatial structure to 
the Ig homology units mentioned above. The sub-

a) 
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IgM IgA IgD IgE 

IgG4 IgA1 IgA2 sigA 

0.5 1.5 3 0.5 0 .05 0.03 5. 10-5 

mono pent mono mono di mono mono 
150 970 160 160 415 175 190 

l f..t a 1 a2 a1/a2 [, E 

51 72 57 57 63 72 
4 5 4 4 4 5 

12 20 7 64 

division of the polypeptide chain into domains 
corresponds to the exons of the Ig gene (Figs. 6.3 
and 6.4a) . The light chains contain a variable and 
a constant domain (V Land CL). In the heavy 
chains, the V region is equivalent to one domain; 
the C regions from !1. and £ consist of four 
domains, CHI to CH4; in the evolution of the 
other H chains, the original CH2 domain was 
reduced to the hinge (H-) region (Table 6.1) . 

VA' 

II ff I • I I Hf-----i.---';-/ f I I I I 

II I. 1 J---I f II II JJf----HIII+IIIH-I-I • ...---

b) 

Mouse : 

Rat: 

V D JH Cil C8 (C~2C • C~2a) C~, C~2b CE Ca 

Human : 

Fig. 6.3a, b. Immunoglobulin genes. a Genes of the mouse 
[23, 74] . Black rectangles represent exons and dots indicate 
the S regions. b The order of the genes in the IgH chain of 

the mouse, rat and man [19]. The boundaries of the seg
ments formed by gene duplication in the human gene clus
ter are marked by vertical lines 
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a) Poly(A) 

VOJ 
l 

P,s -mRNA 3'NT 

VOJ 'CH I , CH 2' CH 3' CH 4' Sp, ~ (A). 

3'NT 

r-V-O-J-','C-H-I T,-C-H-2',-C-H-3--r,-C-H-4',-M-P,"'"~ (A). 

b) 

CH4 -~---- C-TERMINUS (41 aa) -------t---- 3'-NT (270 nt) 

557 598 

Ser Thr Glu Gly Glu Val Asn Phe Lys Val Lys *** 
5' -TCC ACT GAG GGG GAG GTG AAT-- HC AAG GTG AAA TGA-- AATAAA--TGA200 

f's-mRNA 

CH4-~~---C-TERMINUS (20 aa)---t----3'-NT (128 nt) 
557 577 

Ser Thr Gly Lys Pro Thr Leu Cys Tyr *** 
5'- TCC ACT GGT AAA CCC ACA CTG--TGC TAT TGA-- AATAAA-TGA200 

Fig. 6.48, b. The mRNAs of the heavy chain of 
membrane-bound IgM (!JM) and the secreted IgM (IlS) 
arise from the same primary transcript. 8 The splicing 

The IgG molecule corresponds to one of the 
basic structural units described above; the IgM in 
solution in the plasma consists of five units toge
ther with a 15-kDa component (JC); the soluble 
sIgA is made up of two types of unit, JC and a 60-
to 70-kDa secretory component (SC), either 
singly or in pairs (Table 6.1). The plant protease 
papain cleaves the Ig molecule in the H region to 
give two Fab fragments, each consisting of the 
light chain together with the V region and CH1 
domain of the heavy chain, and one Fc fragment, 
which consists of the other two CH domains. 
Because Fab fragments still have the capacity to 
bind antigen, they are a frequently used tool of 
immunology. 

scheme. b The nucleotide sequence and corresponding 
amino acid sequence in the C-terminal region of human 
IlM and IlS [194] 

6.2.2 The Variety of Immunoglobulins 

Each basic structural unit carries two antigen
binding sites which complement particular mole
cular structures of the antigen. These antigen 
structures, known as antigen determinants or epi
topes, involve just a few (5-7) amino acids. The 
antigen-binding site consists of 10-12 amino acids 
in the V region of the light and heavy chains and 
these are brought together by folding of the Land 
H chains. The amino acids of the antigen-binding 
site are distributed over three particularly 
variable regions of the V domain sequence known 
as complementarity-determining regions (CDRs) 
or hypervariable regions. The variety of immu
noglobulins in the mammals is unique; it has been 
estimated that each individual human or mouse 
can produce millions of antibodies with different 
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structures and antigen specificity. The hypervari
ability of the CDRs is related to their extremely 
high rates of evolution. Substitution rates of 
3.14 . 1~, 3.72 . 10--9 and 7.47 . 1~ per nucleo
tide per year have been calculated for the three 
codon positions of human and murine CDRs; 
thus in this case there is no effective selection 
pressure [58]. The sections of the V region outside 
of the hypervariable CDRs are much less variable 
and evolve so slowly that common molecular 
structures may be detected immunologically even 
when the V H chains of agnathans or cartilaginous 
fish and the mammals are compared [153]. One of 
the V H genes of the clawed frog Xenopus laevis is 
identical in 61 % of its nucleotides to the V-T15 
gene of the mouse [199]. The different Hand L 
chains can be freely combined; thus, a million dif
ferent immunoglobulins would result from a 
thousand each of Hand L variants. The actual 
total number of V sequences in mammals is 
unknown but could well be of the above order; 
there is probably considerable fluctuation accord
ing to chain type and species. 

The large variety of immunoglobulins has its 
origin in the construction of the coding sequences 
of the V regions from two or three gene segments 
during lymphocyte development (somatic rear
rangement): the heavy chains arise from VH 

(variable) with 95-100 amino acid codons, D 
(diversity) with 13-17 codons, and IH Goining) 
with just a few codons; several (in the case of D 
and I H ) or many (VH) variants of these segment 
types exist. The V regions of the light chains are 
also made up from V Land h segments. The gene 
rearrangement involves the recognition of recom
bination signals which are conservative nonamer 
and heptamer sequences flanking each V, I and D 
segment on both sides. The sequences lying in 
front of the h segments and behind the V L seg
ments are complementary and can recombine. The 
same is true for DNH and IHID. The variety of the 
Hand L genes is further increased by variability in 
the regions joining the gene segments and by 
somatic point mutations (nucleotide substitutions) 
which may occur in the genes themselves [10, 74]. 

The following terms are used to describe the 
diversity of antibodies: the variants present in all 
individuals of a species, e.g. the Ig classes and 
subclasses, are known as isotypes. AIlotypes are 
allelic variants which differ particularly in the C 
region of the heavy chain. Idiotypes show differ
ences in the structure of the antigen-binding site, 
i.e. in the hypervariable segment of the V region. 
The general number of gene segments available 
for combination is known for only a few species 

(Fig. 6.3): the A locus of the mouse contains two 
Vi.. segments, each of which is coupled to two II. 
and two CI. segments, whereas the rat A locus has 
only one VI. and two CI. genes [177]. The human A 
locus is considerably more complicated. The x 
locus in man, as in the mouse, consists of many 
V"' five I" and one c,.; the murine H locus is 
made up of about 1000 VH , 15 D, 5 IH and 8 CH , 

whereas that of man has at least 200 VH , more 
than 20 D, 6 IH and 9 functional CH [25]. Multiple 
C genes of the same type define different Ig sub
classes (isotypes), e.g. the 4 Cy genes of the 
mouse and man, the two human Ca genes 
(Fig.6.3b and Table 6.1), or the 13 Ca genes of 
the rabbit [22]. 

Each B lymphocyte expresses only one Hand 
one L gene at anyone time (allelic exclusion); 
this is of biological advantage in that simulta
neous expression of further loci would lead to a 
reduction in the density on the cell surface of 
receptors with a particular specificity. The V 
sequence combination arising during lymphocyte 
development is linked to a C sequence to give a 
complete H or L gene. In the case of an H gene, 
C", initially lies nearest to I H ; the lymphocyte thus 
produces an IgM which is specific for a particular 
antigen. Stimulation by this antigen causes the B 
lymphocytes to proliferate and to differentiate 
into Ig-secreting plasma cells. The secretory form 
of Ig is now produced instead of the membrane
bound form, and this requires a gene rearrange
ment in the region of the H chain C-terminus 
(Fig. 6.4). The first cells to be formed still pro
duce IgM; the specific VH sequence is later trans
located to one of the Cy or Ca sequences (class 
switch) and IgG or IgA is formed. The class 
switch involves recombination in the area of the S 
regions which lies in front of all CH genes except 
CII (Fig. 6.3a). The S regions are built up of repe
titive 49-bp elements and, for example in the 
mouse, are all very similar. Hybridization exper
iments have shown comparable sequences not 
only in humans and the clawed frog Xenopus lae
vis but also in Drosophila and sea urchins, sug
gesting that they originally had other functions. 
Rearrangements, gene switching and allelic 
exclusion are all molecular biological specialities 
of the immune system [74]. 

6.2.3 Comparative Biochemistry 
of Immunoglobulins 

Most information about the immunoglobulins 
and their genes comes from studies of man and 
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the laboratory mouse, but additional investiga
tions have been carried out on other mammals. 
All mammals appear to possess the five Ig classes 
described, and IgG predominates in the blood 
plasma even in the monotremes. The proportions 
of the two L-chain types lot and A, which in man 
are about 60:40, vary in the mammals over a very 
wide range, from 95 % lot in the mouse to more 
than 95 % A in the horse. Many mammals have Ig 
subclasses and Ig isotypes that suggest the exist
ence of multiple CH or CL genes; for example, 
subclasses of IgG are detectable even in the mar
supials [110]. 

In birds there are three, or perhaps four, Ig 
classes, and in the remaining vertebrates there 
are at the most two, which fall into two groups, 
high molecular weight (HMW) and low molecu
lar weight (LMW), according to their molecular 
size. They are only partially comparable with the 
Ig classes of the mammals. The HMWs found in 
all non-mammals have sedimentation coefficients 
of 16-19S and molecular masses of 720-920 kDa 
and are very similar to IgM. The HMWs contain 
H chains of 70-72 kDa and L chains of 
23-25 kDa and are therefore polymers of the 
basic Ig structural unit. Their structures can be 
described by the formula (~Hz)n> where n may 
have a value of 2, 4 or 5. Different degrees of 
polymerization are found even in closely related 
species. Thus, the ray Dasyatis centrura has an 
HMW with n = 2, but in D. americana n = 5. 
HMWs with n = 4, corresponding to about 
720 kDa, are widely found in the bony fish, e.g. 
in Lepisosteus, Polyodon, and many teleosts. The 
teleost Archosargus probatocephalus has two 
HMWs with n = 2 and n = 4 [138, 154]. The 
chains of some immunoglobulins, e.g. the HMW 
of the sea lamprey Petromyzon marinus and the 
LMW of the frog Rana catesbeiana, can be separ
ated without previous reduction and are therefore 
apparently not linked by disulphide bridges. 

The agnathans, cartilaginous fish and bony fish 
usually contain only the HMW form. Some fish, 
however, also possess LMW. In the case of many 
shark species, these LMWs contain H chains of 
the same size· and immunological character as 
those of the HMW and are therefore, perhaps, 
HMW monomers [154]. The ray Raja kenojei and 
the other skates and rays may be considered as 
the lowest vertebrates to have two well-defined Ig 
classes. R. kenojei and other Rajidae possess pen
tameric HMWs with chains of 70 and 23 kDa as 
well as dimeric LMWs with chains of 45-50 kDa 
and 23 kDa [67]. The sharks Carcharhinus plum
beus and Heterodontus francisci have several CL 

gene segments; the encoded amino acid sequen
\ces are more similar (40 %) to the A chains of 
mammals than to the lot chains [160, 165]. Well
characterized immunoglobulins of low molecular 
mass are found in the anurans; the axolotl, a rep
resentative of the urodelans, has only HMW. The 
LMWs of the anurans, reptiles and birds are more 
similar to the mammalian IgA than to IgG; they 
are often referred to as IgY [133]. In the chicken, 
but also in the anuran Xenopus laevis, there are 
three different CH gene segments [3, 133]. 

The Ig genes of all vertebrates from the agna
than and cartilaginous fish onwards are appar
ently formed by combination of V, (D), J and C 
segments. In various teleosts and the clawed frog 
Xenopus laevis, the variable Ig regions are 
encoded, as in the mammals, by tandemly 
arranged multiple V H, D and J gene segments 
[4, 163]. Both membrane-bound and secretory 
IgMs have been identified in the teleost Ictalurus 
punctatus; however, !!M is markedly smaller than 
!!s as a result of deviant splicing [198]. In Elas
mobranchii, such as the horned shark Heterodon
tos francisci or the ray Raja erinacea, the Ig seg
ments are arranged in a manner very different 
from that in mammals, anurans and teleosts. In 
this case, the Ig locus consists of many tandemly 
arranged clusters with the structure VWDI-Dz-Jw 
CH. The free combination of single gene segments 
found in the mammalian system is thus excluded 
and each variable segment VH-D1-DZ-JH is appar
ently assigned to a certain CH. The sequences of 
the numerous CH segments are very varied 
[67, 90]. If the birds are also taken into account, 
then two quite different strategies for creating 
antibody diversity are recognizable amongst the 
vertebrates. In the Elasmobranchii, as in the 
mammals, there is a large repertoire of V genes 
available; at the A locus of the chicken, however, 
there is only one single functional VA gene in addi
tion to a h gene, but this is diversified by gene 
conversion with about 25 available VA pseudoge
nes. In addition to this, the variety of L chains in 
the chicken, as in the mammals, is increased by 
somatic mutation and imprecise VJh linkage. As 
a result of this process about 106 different antibo
dies are formed; this is only one order of magni
tude less than in mammals [133]. The variety of 
immunoglobulins in the lower vertebrates is much 
less than that found in the mammals. 

Following immunization with a low molecular 
weight hapten like dinitrophenol, mice produce 
about 500 different antibodies which are specific 
for this antigen but are electrophoretically dis
tinguishable (spectrotypes); the pattern varies 



from individual to individual within an inbred 
line. In the anurans, one finds at the most 40 
spectrotypes and in carp there are only 23 spect
rotypes. Different individuals of the shark Hete
rodontus francisci produce essentially identical 
antibodies in response to the same hapten [147]. 
The significantly lower Ig variety, e.g. in the 
clawed frog Xenopus, is particularly puzzling 
because here the gene organization and the num
ber ofVH, D and JH segments is sImilar to that of 
the mammals [163]. 

6.2.4 Evolution of the Immunoglobulins 

The direct determination of the amino acid 
sequences of the immunoglobulins is hampered 
by their diversity. Earlier, use was made of the 
production of immunoglobulins with a uniform V 
sequence by particular clonal tumours (myeloma 
proteins); the resulting excess of L chains appears 
in the urine (Bence-Jones proteins) [179]. Large 
quantities of uniform (monoclonal) antibodies 
can also be obtained by experimental selection of 
lymph cell lines. More recently, the indirect deter
mination of amino acid sequences by DNA anal
ysis has made it possible to obtain a wealth of 
immunoglobulin sequence data. However, the 
sequences obtained are almost exclusively from 
man, the mouse and a few other mammals; 
sequence data for lower vertebrates, which would 
be essential for the analysis of relationships and 
for the construction of genealogical trees, are as 
yet in short supply [101]. 

The multiple segments of the Ig genes arose by 
duplications. This can be demonstrated, for 
example, with the CH genes (Fig. 6.3b). Whereas 
in the mouse the four Cy genes form a tandem 
cluster, in man it appears that the cluster Cy-Cy-
CE-Ca was duplicated as a whole [19]. The duplica
tion of Ig genes in the germline is apparently a 
rare evolutionary event; the frequency of 5 . 10-7 

per gene per year for the Ig genes is about 100-
fold less than for the rDNA. This reduced rate of 
horizontal evolution helps maintain the genetic 
variability of the Ig segments but, on the other 
hand, it allows the formation of pseudo genes 
[58]. Almost all the known Ig pseudogenes show 
relatively few defects when compared with other 
pseudogenes. Thus, they probably arose quite 
recently from active genes and have been con
stantly corrected by horizontal evolution; they 
can, therefore, be easily reactivated or used in 
part for the construction of new gene sequences 
[74]. Gene duplications or deletions are appar-
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ently very frequent somatic mutations; 1-3 % of 
human individuals are said to be heterozygous for 
the deletion of single CH genes. A consideration 
of the degree of similarity indicates different sub
groups within the multiple V sequences. The VH 
subgroup VHIII, initially defined in man and the 
mouse, was easy to sequence because of its free 
N-terminus and it has been especially well charac
terized. VHIII-like sequences are already to be 
found in the shark Ginglymostoma cirratum and 
are apparently quite old. Such multi-gene sub
groups can either expand or contract during 
evolution and may differ in extent, as for example 
between man and the mouse. 

The gradient of similarity between the V and C 
domains of the different Hand L chains suggests 
the following model for immunoglobulin evolu
tion. Duplication of an ancestral Ig gene led at 
first to V and C and the joining system with the J 
segment. This was followed by duplication of the 
C gene to give the CL and CH genes. The original 
CH region with four domains then arose by inter
nal duplication. From this emerged the different 
CH types, of which Cy, Cb , Ca lost all but the H 
(hinge) section of the CH2 domain. In agreement 
with this scheme, for example, is the greater simi
larity between the homologous domains of Il, yl 
and y2b than between the different C domains of Il 
in the mouse. Most of the H chains carry terminal 
extensions of unknown biological function which 
are not entirely homologous to each other. The 
highest substitution rate is shown by the hyper
variable sections of the V region. It is also clear 
from sequence comparisons of homologous C 
domains of different mammalian species that the 
rate of evolution of the immunoglobulin C regi
ons is consistently high, despite large differences 
between the various chain types and individual C 
domains (see Table 4.12, p.161). The rate of 
evolution of A is higher than that of 'X.; in most of 
the H chains investigated, the rate of evolution 
decreases towards the C-terminal domains. The 
evolution of the H region (hinge) appears to be 
particularly rapid. The immunoglobulins (HMW 
and LMW) of many anuran species show immu
nological cross-reactivity with those of Xenopus 
laevis, despite the fact that some of these species 
separated more than 150 million years ago. In 
this case, the evolution of at least some parts of 
the immunoglobulins appears to be progressing 
more slowly than in the mammals. 
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6.3 T Cell Receptors 

T cells recognize antigens only when they are pre
sented on other cells together with an MHC anti
gen (MHC restriction); cytotoxic T cells are spe
cific for the class I MHC products which are 
found on most cells of the body, and T helper cells 
are specific for the class II MHC products which 
are produced by the APCs. Specific glycoproteins 
present on the surface of the T cell are apparently 
responsible for this MHC restriction: CD4 for the 
MHC class II-specific T cells, and the heterodi
meric CD8 for the class I-specific cells; both 
belong to the immunoglobulin super-family [127]. 
The antigen-specific receptor of the T cell is a 
heterodimer of the subunits a. and ~. A minor 
proportion of the cells express receptor dimers 
from two other chains, y and (). A third class of 
T cell receptor is found in the chicken [32]. The 
a.~ or y() receptor dimers are associated with the 
CD3 complex, which is composed of four or five 
different types of subunit according to the for
mula Y()EE;; or Y()EE;lJ. The E subunit is present 
twice; ; is present either as a homodimer or as a 
heterodimer with the homologous lJ chain [16]. 
With the exception of ; and lJ, all polypeptides of 
the 1: cell receptor complex belong to the Ig super
family [196]. The a. and ~ subunits are both about 
40-50 kDa and have an N-terminal, variable V 
domain and a C-terminal, relatively conserved C 
domain; each domain corresponds to one Ig 
homology unit (Fig. 6.2). The variable V domains 
of the a and ~ chains together make up the 
antigen-binding site. 

The four receptor subunits a......() in man and in 
the mouse are encoded by gene families which, 
like the immunoglobulins, include a large number 
of tandemly arranged V, J and C gene segments; 
the ~ and () families also contain D segments. Fur
thermore, as for the immunoglobulins, the com
plete gene arises by somatic rearrangements of 
V-(D)-J-C. The gene segments are flanked by 
nonamer and heptamer sequences which are 
almost completely identical with those of the 
immunoglobulins [38]. The V~ domain consists of 
about 109 amino acids. The murine V~ genes can 
be divided into several subfamilies of one to three 
members, and there are also many subfamilies of 
human V~ genes. The sequence similarity of 
members of the same subfamily in different spe
cies, e.g. man and the mouse, is often greater 
than that between the subfamilies within the 
same species, i.e. the subfamilies are apparently 
very old [74, 128, 186]. The two murine C~ genes 

are each made up of four exons; the first codes 
for the extracellular, Ig-homologous domain of 
125 amino acids, and the others for the hinge 
sequence with 6, the transmembrane region with 
36, and the cytoplasmic tail with 6 amino acids. 
The two C~ sequences differ in only 5 of their 173 
amino acids and therefore arose quite recently by 
gene duplication [74]. '!\vo C~ genes are found 
also in man and several rabbit varieties; other 
rabbits possess three C~ genes [104]. The only 
T cell receptor subunit of a non-mammal to be 
sequenced (in this case via the cDNA) is the ~ 
chain of the chicken. Although there is only about 
31 % agreement in the amino acid sequence, a 
whole series of conserved structural features are 
recognizable [188]. 

Thy-! also belongs to the immunoglobulin 
super-family and is involved with the differentia
tion of thymocytes to mature T lymphocytes. 
Many more Thy-l molecules are present on 
mouse and rat than on canine thymocytes; they 
are not present on human thymocytes or on 
mature rat T lymphocytes, but in all species they 
are found on neuronal brain cells, fibroblasts and 
some other cell types. In the mouse and rat, the 
molecule is a glycoprotein with a polypeptide 
chain of 111 amino acids, the molecular mass of 
which is increased from 12.5 to 17.5 kDa in the 
brain and to 18.7 kDa in the thymus by the addi
tion of three N-linked carbohydrate chains. The 
Thy-l C-terminus in the rat brain is attached to 
the cell membrane via glycosyl-phosphatidyl
inositol. This method of anchoring the membrane 
proteins is found widely in unicellular eukaryotes 
but is very rare in the vertebrates [73]. Thy-l has 
the typical three-dimensional structure of an Ig 
homology unit and agrees by 36 % with the amino 
acid sequence of the murine VL chain [109]. Pro
teins resembling Thy-l have also been found, for 
example, in lower chordates (ascidians), insects, 
annelids and molluscs [17, 36, 109, 158]. 

6.4 MHC Antigens and ~2-MicrogIobulins 

The proteins encoded by the major histocompat
ibility complex (MHC) may be divided into three 
classes according to their structure and function. 
MHC antigens of classes I and II are integral 
membrane proteins which are responsible not 
only for transplant rejection but also for the gen
eral differentiation between "self' and "non-self' 
by the immune system. As described above, the T 
lymphocytes recognize the complementary for-



eign antigen only when accompanied by an MHC 
antigen; however, the mechanism of this MHC 
restriction has not yet been defined. The class III 
MHC genes encode components of the comple
ment system and will be discussed in Section 6.6. 

The best-characterized MHCs are the murine 
H-2 complex and the human HLA complex 
[50,87]. The H-2 complex on mouse chromo
some 7 extends over 4000 kb. The classical trans
plantation antigens of class I are encoded in loci 
K, D and L. All the genes of this group so far 
sequenced contain eight exons corresponding to 
the subdivisions of the polypeptide; exon 1 enco
des the signal peptide, exons 2-4 encode the 
three extracellular domains aI, a2 and a3, exon 5 
encodes the transmembrane region and 
exons 6-8 code for the small cytoplasmic 
domain. The complete polypeptide of 45 kDa, 
anchored in the cell membrane, is bound non
covalently via domain a3 to the 12-kDa large 
~2microglobulin (~2m). The domain a3 and the 
~2m each correspond to one Ig homology unit 
(Fig. 6.2). Class I also includes the Oa antigen, 
which is found predominantly on Band T lym
phocytes, and the Tla antigen, which is found on 
the thymocytes; these two molecules are much 
more polymorphic than the transplantation anti
gen and are not involved in the MHC-restricted 
recognition by T lymphocytes. In all there are 
30-40 class I genes in the mouse, most of which 
can be allotted to the Oa and Tla regions. Many 
of these are pseudogenes. The number of class I 
genes varies between inbred lines of laboratory 
mice, probably because of frequent unequal 
crossing-over [15, 50]. Of the 65 MHC genes 
detected in the blind mouse Spalax ehrenbergi 
only three are active [193]. Further class I genes, 
other than the transplantation antigen in the H-2 
complex, are apparently absent from some rodent 
species and are clearly lacking in other mammals. 
For example, DNA sequences corresponding to 
the Tla gene of the laboratory mouse are detected 
in the rat and the golden hamster but not in the 
guinea-pig [152]. The human HLA complex con
sists of more than 20 class I genes, many of them 
pseudogenes. The functional transplantation anti
gens of man have been designated A, Band C. 

The Ia antigens of class II are expressed pri
marily on B lymphocytes and macrophages 
[77, 173]. These are heterodimers of two 
membrane-anchored, non-covalently bound 
chains, a 35-kDa a chain and a 29-kDa ~ chain, 
each of which has two extracellular domains. The 
domains a2 and ~2 have the structure of Ig homo
logy units (Fig. 6.2). As in the case of class I 
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genes, the exon boundaries correspond to domain 
boundaries in the proteins. The class II region of 
human MHC consists of the subregions HLA-DP, 
-DZIDO, -DO and -DR. Each subregion con
tains a and ~ genes, except DZ, which contains 
only a, and DO, which has only ~; in all regions 
there are both functional genes and pseudogenes 
[87]. The mouse also possesses loci for all four 
subclasses, although fewer than in man. Only DP 
and DO genes have been detected in the blind 
mouse Spalax ehrenbergi and none of the subclas
ses DZIDO and DR [77]. 

Like the transplantation antigens of class I, the 
class II antigens also show extreme polymorph
ism. Between 50 and 100 alleles of both classes 
may be present in a single mouse population. The 
alleles can differ by up to 50 amino acids, mainly 
localized in the outer domains, i.e. al and a2 of 
the transplantation antigens, and al and ~1 of the 
class II antigens. The mechanism leading to this 
extreme polymorphism is not completely clear. 
Sequence comparisons of man, the chimpanzee 
and the mouse show that many of the MHC alle
les are very old; this would speak against an 
increase in mutation rate. On the other hand, 
gene conversion has certainly played a role in the 
creation of MHC polymorphism, in addition to 
overdominant selection due to a heterozygote 
advantage [47, 77, 95,99]. MHC-antigen poly
morphism is important for the survival of the spe
cies, in so far as the combination of foreign anti
gen and MHC antigen may correspond by chance 
to a particular "self" structure; in such a case 
there will be no immune response and the recep
tor repertoire of the T lymphocyte will have a 
"blind spot". The high polymorphism ensures 
that this danger does not affect the whole popula
tion [78, 87]. In the tamarin Sanguinus oedipus (a 
primate) there are only a few class I MHC alleles 
and this may well be the cause of the observed 
high infectivity of this species [195]. 

Little can be said at present about the evolu
tion of the MHC because of the absence of 
detailed investigations of the lower vertebrates. 
Nevertheless, it can be taken as certain that all 
vertebrates possess an MHC. The molecularly 
well-characterized MHC complex of the chicken 
(B complex) has significantly smaller introns, and 
is therefore smaller than both human and murine 
MHC; it also differs by having much closer lin
kage of the class I and II genes with each other 
and with other genes [63]. The surface of the leu
kocytes of the frog Xenopus laevis bears both 
class I antigen molecules, made up of a poly
morphic chain of about 45 kDa and a ~2m-like 
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chain of 13 kDa, and class II molecules, consist
ing of two non-covalently bound glycosylated 
chains of 32-34 kDa. Class II genes, but not 
those of class I, are expressed in the tadpole. 
Gene sequences for both classes of MHC antigen 
have been identified in the carp Cyprinus carpio 
[49, 69, 110]. There is even some evidence for the 
existence of an MHC in a tunicate, the ascidian 
Botryllus sp. [49]. 

~2m is found both free in the body fluids and 
associated with the MHC antigen on the cell sur
face. It is a non-glycosylated protein of 12-
13 kDa which shows up to 40 % difference in pair
wise comparisons of its sequence of 99-100 amino 
acids between humans and various other mam
mals [61]. ~2m is ubiquitous in the vertebrates but 
has rarely been examined in the lower vertebrates 
[36, 61]. ~2m-like proteins have also been 
detected immunologically on haemocytes of the 
earthworm Lumbricus terrestris, on tissue culture 
cells of Drosophila melanogaster, and on other 
invertebrate cells [17]. MHC molecules of class I 
in the membranes of vertebrate cells occur mostly 
bound to ~2m, but can also serve as the anchor for 
other proteins. For example, the tetrameric insu
lin receptor in human cell cultures has been 
shown to be associated with class I molecules. 
Thus, the range of functions for MHC molecules 
has expanded in unexpected directions [43]. 

6.5 Cytokines and Interferons 

The complex interactions between B lymphocy
tes, T cells and macrophages involve the activity 
of regulatory polypeptides which have become 
known as "lymphokines" or "interleukins". It 
soon became apparent that the same, or similar, 
polypeptides function not only as regulators of 
the immune system but also as hormone-like 
growth and differentiation factors. They are 
involved, for example, in the control of haemato
poiesis and the conversion of the pluripotent stem 
cells of the bone marrow into blood cells, such 
as erythrocytes, granulocytes, monocytes and 
lymphocytes, and into certain tissue cells, like 
macrophages, mast cells and dendritic cells. They 
control inflammation processes in that they react 
chemotactically with neutrophils or macrophages, 
and they stimulate hepatocytes to produce acute
phase proteins. In view of these multiple activ
ities, the general term "cytokines" was intro
duced. Cells stimulated by cytokines in turn 

produce further mediators; a cytokine network 
serves to connect functionally lymphocytes, mac
rophages and haematopoietic cells. About 50 
cytokines are presently known. They include, for 
example, the interleukins, of which eight have 
been described (IL-1 to IL-8) , although some 
authors count 11 [56, 134], interferon IPN-y, 
growth factors such as epidermal growth factor 
(EGF) and PDGF, colony-stimulating factors 
(CSFs), tumour necrosis factors and erythropoie
tin [6, 39, 114]. The cytokinins function by bind
ing to specific receptors on the cell surface; these 
may be grouped into families on the basis of 
structural similarity. The IL-1 and PDGF recep
tors belong to the Ig super-family. The receptors 
for 11-2, -3, -4, -6 and -7, various CSFs and 
erythropoietin, as well as growth hormone and 
prolactin all possess corresponding modules of 
200 amino acids with four cysteine residues in the 
N-terminal half and the sequence WSXWS close 
to the C-terminus. The binding domains of the 
receptors for interferons a-y and the receptor for 
the clotting factor VII (known as tissue factor) 
have the same structure, a sequence of 210 amino 
acids with characteristic cysteine pairs at both the 
C- and the N-terminii. The latter two receptor 
families show similarities to the Ig homology 
units in their tertiary structure, despite having dif
ferent amino acid sequences [7]. 

Interleukin-l (IL-1) was discovered as a prod
uct of activated macrophages, but is also formed 
by other cells such as fibroblasts, keratinocytes 
and B cells. It is actually a whole family of prote
ins which are involved in various reactions to 
injury and infection: thymocyte proliferation, B 
cell activation, multiplication of the neutrophilic 
granulocytes, synthesis of acute-phase proteins in 
the liver, and triggering of fever [6]. 11-1 activities 
have been detected in all classes of vertebrates 
including fish; they are usually bound to proteins 
of 12-20 kDa but sometimes to larger proteins of 
35-70 kDa. IL-1-like proteins have also been 
detected in the starfish Asterias forbesi and vari
ous ascidians [9]. There are two different proteins 
of this family in man and other mammals (IL-1a 
and IL-1~); they have identical activities and bind 
to the same receptors but agree by only 26 % in 
their sequences. Both arise from precursors of 
about 270 amino acids by cleavage of the N
terminal 112-116 amino acids. The cD NA or gene 
sequences are known for several species; the 
common gene structure of seven exons indicates 
that IL-1a and -1~, despite the poor similarity of 
their amino acid sequences, arose by duplication 
from a common ancestral gene [6]. 



Interleukin-2 (IL-2) is secreted by T helper 
cells in cooperation with foreign antigens and IL-
1; it induces the proliferation of T cells and their 
production of y-interferon. IL-2 has so far not 
been unambiguously detected in birds and lower 
vertebrates and shows large variation in immu
nological and functional characters amongst the 
mammals. Human and bovine pre-IL-2, including 
the 20 residues of the signal peptide, have lengths 
of 153 and 155 amino acids, respectively; in the 
rat, there are 169 amino acids, including a unique 
sequence of 12 consecutive glutamines. There is 
one N-linked carbohydrate chain in the bovine 
IL-2 and two in the human and rat forms. The 
sequences of IL-2 agree in these three species in 
60-65 % of positions [31]. Interleukin-3 (IL-3) is 
mainly produced by antigen-stimulated T cells 
and stimulates the formation of all the blood cell 
types originating in the stem cells of the bone 
marrow. Rat IL-3 differs from the murine form in 
46 % of its amino acids and has only a limited 
effect on murine bone marrow cells. Surprisingly, 
the sequence agreement in the flanking NT regi
ons (90 %) and the four introns (80 %) is greater 
than in the exons (76 %) of these species [35]. 
There are hardly any comparative data available 
for the other interleukins. The al-microglobulin 
inhibits antigen stimulation of lymphocytes. It is a 
glycoprotein which in various primates has a 
length of 198 amino acids and a molecular mass of 
31-32 kDa; in other mammals (mouse, rat, 
guinea-pig, horse) and in the chicken, the mole
cular weight is only 24-26 kDa [1, 190]. 

Virus infection of almost all vertebrate cells 
induces the production and secretion of interfe
rons (IFN). These bind to high-affinity receptors 
of other cells and enhance resistance to the virus 
by an as yet unknown mechanism. The interfe
rons have immunoregulatory functions in addi
tion to their antiviral role: they stimulate the 
cytotoxic activity of T lymphocytes, macrophages 
and the so-called natural killer cells, which lyse 
foreign and transformed self cells but do not 
belong to the T- or B-lymphocyte categories. All 
interferons activate the expression of class I 
MHC genes and the ~z-microglobulins; one par
ticular type of interferon (IFN-y) also stimulates 
the expression of class II MHC genes [136]. 

Three families of IFN s can be distinguished in 
the mammals: the leukocyte IFN or IFN-a, the 
fibroblast IFN or IFN-~, and the immune IFN or 
IFN-y. IFN-a and IFN-~ are very similar and are 
therefore classified as type I; IFN-y is classified 
as type II. IFN-a has a molecular weight of 
16-27 kDa and in man usually consists of 
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165-166 amino acids. In addition, there is a fur
ther type (IFN-w, -aL or -all) in man and some 
other mammals with a length of 172 amino acids. 
There are 23 IFN-a genes on human chromosome 
9, of which 14 can be expressed. Only one of the 
14 active genes encodes an IFN with an aspara
gine that can be glycosylated; the other IFNs are, 
in all cases, O-glycosylated. The IFN-a molecules 
encoded by the different genes differ in about 
20 % of positions. In addition, the heterogeneity 
of IFN-a is increased by post-translational cleav
age of C-terminal amino acids by partial proteoly
sis. IFN-a multi-gene families are also found in 
the mouse, rat and cow. Pairwise sequence com
parisons between these species show agreement 
of about 60 % [136]. 

The IFN-~ gene is also located on human 
chromosome 9. The encoded sequence of 166 
amino acids shows only about 33 % agreement 
with IFN-a2. Nevertheless, IFN-a and -~ com
pete for the same receptors on target cells. Surp
risingly, the activity remains unchanged when the 
62-Glu found in all known human, murine and 
bovine IFN-a and -~ is exchanged for lysine [191]. 
Whilst humans, like most mammals, have only 
one IFN-~ gene, the lion and the rabbit have two 
genes, and cattle, horses and pigs have many. 
There are IFN-~-like sequences on other human 
chromosomes. However, the so-called IFN-~2 
gene is not significantly homologous to IFN-~ and 
its product has little antiviral activity; apparently, 
it does not belong to the IFN-~ family. Both IFN
~ and IFN-a genes are always without introns. In 
contrast, the gene for IFN-y on chromosome 12 
has three introns. The sequence of 146 amino 
acids shows no significant homology to either 
IFN-a or -~, and IFN-y binds to its own specific 
receptor. The carbohydrate-free chain has a mole
cular mass of 17.1 kDa, and the native molecular 
mass is 20 or 25 kDa, depending on whether only 
the 28-Asn or also the 100-Asn is glycosylated 
[21]. 

The three IFN families are found in all mam
mals. In other vertebrates, proteins similar to 
IFN-a and -~ but not to IFN-y have been 
detected. The sequence similarity between IFN-a 
and IFN-~ indicates that the gene duplication that 
separated the two families occurred about 
300 million years ago, i.e. before the separation 
of the reptiles, birds and mammals. Accordingly, 
the fish and amphibians should possess only one 
IFN family [136]. 



232 6 Immunoproteins 

6.6 The Complement System 

With its 20 or so proteins, the complement system 
plays an effective part in the defence against mic
roorganisms by causing partial destruction of the 
cell membrane and, thereby, cell lysis. The activa
tion of the complement system can occur in two 
reaction cascades, the "classical" and the "alter
native", in each step of which a zymogen is prote
olytically converted to an active protease. The 
enzymatically active C-terminal fragment is 
designated by addition of the suffix "b" to the 
complement component number, and the cleaved 
N-terminal partial peptide by addition of the suf
fix "a". The specificity of complement action is 
maintained through the triggering of the activa
tion cascade, either via the classical pathway by 
antigen-bound immunoglobulin or via the alter
native pathway by the lipopolysaccharides of the 
bacterial cell wall. The classical pathway results in 
amplification of the immune reaction, and the 
alternative pathway can be initiated before the 
immune reaction. The complement system is 
remarkable in that its lytic activity requires the 
association of five different proteins [98, 120]. 

Three phases can be distinguished in the clas
sical pathway and these occur at different sites on 
the membrane. In the first phase, a recognition 
complex is formed on antigen-bound antibodies 
by the accumulation and proteolytic activation of 
the components Clq, Clr and Cls. Only certain 
immunoglobulin classes or subclasses are able to 
bind complement: in man these are IgGl, IgG3 
and IgM; in the mouse IgG2a and IgM; in the 
guinea-pig IgG2; and in ruminants IgG 1 
[98, 120]. The Cl complex contains one molecule 
of the hexameric Clq and two molecules each of 
Clr and Cls. The Cl complex is activated by 
interaction with the Fc regions of several Ig mole
cules; in the process a bond is cleaved at about 
one-third of the length in each of the zymogens 
Clr and Cls. The smaller N-terminal cleavage 
fragment remains bound to the enzymatically act
ive C-terminal fragment by a disulphide bridge 
[103]. The second phase is initiated when the acti
vated Cls produces the fragments C4b and C2b 
from C4 and C2; these become enzymatically act
ive (C3 convertase) after binding to a neighbour
ing binding site on the membrane. The cleavage 
fragment C3b, produced from C3, binds to the 
C4b,2b complex and modifies its activity to that 
of a C5 convertase. The fragment C5b, produced 
from C5, accumulates at a third membrane site 
and becomes associated with one molecule each 

of C6, C7 and C8. Binding of several (up to 16) 
C9 molecules results in the formation of a chan
nel structure which perforates the membrane 
[65]. 

In the alternative pathway, the C5 convertase is 
formed via a feedback loop involving bound C3b, 
factor B, factor D and free C3. C3b, bound to 
lipopolysaccharide of the bacterial cell wall or 
another activator, forms an inactive C3b,B com
plex with factor B. Cleavage of B by factor D 
results in the complex C3b,Bb, which as an active 
C3 convertase produces more C3b. Finally, a fur
ther C3b binds to the C3b,Bb complex; the 
resulting C3b,Bb,C3b complex is the C5 conver
tase of the alternative pathway. This produces 
C5b and thereby allows the formation of the 
membrane-attacking complex [98, 120]. Because 
of its C3 convertase activity, the C3b,Bb complex 
represents a positive feedback system which is 
regulated by factors H, I and P (properdin). Fac
tor H binds C3b, displacing the Bb subunit and 
making C3b accessible for proteolytic inactiva
tion by factor I. ClInh and the C4b-binding pro
tein function as inhibitors of the classical path
way; the former inhibits interaction of Cl with 
the immune complexes. The decay-accelerating 
factor (DAF), an inhibitor in both pathways, is a 
membrane protein found on almost all cells of the 
body, and together with factor I it proteolytically 
inactivates C3b and C4b [70, 148]. 

The proteins of the complement system are 
well known in man and several rodents (Tab
le 6.2). Many have been sequenced via their 
cDNA, and therefore conclusions can be drawn 
about their relationships to each other and to 
other proteins. The subunits of the hexameric 
Clq molecule are made up in each case of three 
proline-rich polypeptide chains; the subunits 
together form a stem with a collagen-like struc
ture and a head, which interacts with the Fc 
region of immunoglobulins. Clr, Cls, C2, C6, 
factor B and factor D are serine proteases. Clr 
and Cls are very similar in their domain structu
res and agree in about 40 % of their amino acids. 
The domains I and III are apparently the prod
ucts of a gene duplication; domain II corresponds 
to the sequence of the EGF; domains IV and V 
resemble a repeated sequence of about 60 amino 
acids which has also been detected in other com
plement components and other proteins, e.g. C2, 
factor H and its homologues CR1, C4b-binding 
protein and DAF, factor B, the Bz-glycoprotein I 
and the IL-2 receptor [148]. The C-terminal cata
lytic domains of Clr and Cls are typical serine 
proteases [103, 189]. The sequences of C2 (732 



18ble 6.2. The components of the human complement sys-
tem. Given is the concentration in the blood plasma in Ilg/ 
mI, the molecular mass in kDa and the number of polypep-
tide chains per molecule 

Classical pathway Alternative pathway 

llg/mI kDa Chains llg/mI kDa Chains 

Clq 75 410 6 x 3 C/3 1500 180 2 
Clr 34 190 2 B 200 93 1 
CIs 30 87 1 D 1 24 1 
C2 25 115 1 P 20 220 3 
C3 1500 180 2 H 470 150 1 
C4 450 210 3 I 34 88 2 
C5 75 190 2 
C6 60 128 1 
C7 60 121 1 
C8 80 163 3 
C9 58 79 1 

amino acids) and factor B agree by 39 %; they 
have similarities with trypsin (17 %) and other 
serine proteases in the C-terminal catalytic half 
(see Fig. 3.6, p.91), and at the N-terminus they 
contain three of the 60-amino-acid tandem 
repeats mentioned previously [11]. Factor H is 
made up entirely from 20 such tandem repeats 
[14S]. As in the case of the other serine protea
ses, the evolution of these complement compon
ents involved exon shuffling. C6 agrees in more 
than 30 % of its 913 amino acids with C7 and 
shows the same distribution of all 56 cysteine 
residues [65]. 

C3, C4 and C5 belong to the same protein 
super-family as the protease inhibitor a2M [129]. 
The comparison of partial sequences of C3 from 
the clawed frog Xenopus laevis and various mam
mals showed not less than 49 % agreement [60]. 
C8 is a glycoprotein of 150 kDa which consists of 
three polypeptide chains. The a-chain (64 kDa) 
and the y-chain (25 kDa) form a disulphide
linked dimer with which the ~-chain (64 kDa) 
interacts non-covalently. The amino acid 
sequence of CS~ agrees 33 % with CSa and 26 % 
with C9; all three are members of the same pro
tein super-family [64, 76]. In contrast, the CSy 
chain belongs to the a2u protein super-family 
together with 10 further functionally very differ
ent plasma proteins (see Table 4.2, p.117) [SO]. 
C2, factor Band C4 are encoded by MHC and 
form class III of the MHC products. All three are 
highly polymorphic: 13 alleles are known for the 
human C4locus C4A and 22 alleles are known for 
C4B [126]. 

As expected, the immunological similarity to 
human complement components gradually dec-
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reases in the order: anthropoids, Old World apes, 
New World apes; the prosimians show no cross
reactivity. Complement systems functionally simi
lar to that of the mammals exist in all vertebrates, 
at least from the cartilaginous fish onwards 
[91, 111]. On the other hand, the supposed evid
ence for a complement system in invertebrates 
should be treated with some scepticism; not every 
haemolytic molecular species or cascade corre
sponds to the complement system. However, 
there exist, for example in the coelom fluid of the 
sea urchin Strongylocentrotus droebachiensis, 
both lytic activity against antibody-treated rabbit 
erythrocytes and a phagocytosis-stimulating 
( opsonic) effect on self coelom cells and mouse 
macrophages which can be inhibited by specific 
inhibitors of the complement system [12]. 

In agnathans, such as Myxine glutinosa and 
Lampetra japonica, there are, at most, single 
components of the alternative pathway. On the 
other hand, six complement components (Cln, 
C2n, C3n, C4n, CSn and C9n, where n stands for 
"nurse shark") isolated from Ginglymostoma ser
ratum produce S-nm holes in sheep erythrocytes; 
this is similar to the effect of guinea-pig comple
ment. The holes made by human complement are 
somewhat larger (10-11 nm). The shark compon
ents are comparable with those of the mammals, 
although component C4n also possibly represents 
mammalian components C5, C6 and C7; the 
mammalian system thus appears to be a refine
ment that arose during evolution. Only a few of 
the shark components may be combined with the 
mammalian components and this always results in 
reduced effectiveness; in contrast, the comple
ment components of different mammals can usu
ally substitute for each other without loss of activ
ity [171]. Both activation pathways for the com
plement system have been detected in several 
teleosts, such as the tuna Thunnus alalunga and 
the rainbow trout Salmo gairdneri, and in amphi
bians; the alternative pathway appears to be the 
only possibility in other teleosts and the chicken 
[125]. 

6.7 Lectins 

Lectins are proteins or glycoproteins that bind 
specifically to carbohydrates. They are found in 
all groups of organisms from the viruses to the 
mammals [166, 167, 200]. A lectin molecule typ
ically consists of several subunits, each with one 
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sugar-binding site, and it can, therefore, link cells 
together (agglutination) or precipitate glycocon
jugates. The detection of lectins is usually based 
upon the agglutination of vertebrate erythrocy
tes. Many lectins require Ca2+ for the binding 
reaction. Specificity is defined by examining 
which free or bound sugar competitively inhibits 
haemagglutination. The specificity is most fre
quently for L-fucose, N-acetyl-D-galactose, D
galactose, N-acetyl-D-glucose, D-mannose or N
acetyl-D-neuraminic acid (sialic acid). Neura
minic acid-specific lectins are also found in ani
mal groups which contain no sialic acid, and in 
this case they probably have a bactericidal func
tion [17, 108, 166, 167]. Several invertebrate lec
tins are specific for 2-keto-3-deoxyoctonate 
(KDO; Fig. 6.5), which occurs frequently as a 
sugar component of the bacterial cell surface. In 
almost all cases, glycosidic, non-reducing sugars 
are bound more strongly than free sugar molecu
les; the binding affinity depends also upon the 
type of glycosidic bond and the extent of the car
bohydrate chain branching. Thus, the lectin from 
the haemolymph of the oyster Crassostrea gigas 
has a 16 ODD-fold greater affinity for sialo
glycoprotein from the bovine salivary gland than 
for free sialic acid. The haemolymph lectin from 
the cricket Teleogryllus commodus has a binding 
constant of 1.8 . 10-7 molll for the sialo-protein 
fetuin from calf plasma and 10-2 molll for free 
sialic acid. Because the glycoconjugates on the 
erythrocyte surface show species- and blood 
group-specific differences, lectins with strong 
sugar specificity cannot agglutinate all erythrocy
tes. This is illustrated by achatinin H from the 
haemolymph of the pulmonate snail Achatina 
fulica; this is highly specific for 9-0-
acetylneuraminic acid and can, therefore, agglu
tinate the erythrocytes of the rabbit, rat and 
guinea-pig but not those of the horse, which 
mainly have 4-0-acetylneuraminic acid, or those 
of man, sheep, goat and chicken, on which 
only N-acetyl- or N-glycolylneuraminic acid are 
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Fig.6.S. 2-Keto-3-deoxyoctanoate is found 
in glycoconjugates on the surface of many 
bacteria 

found [106]. A similar high specificity is shown by 
the haemolymph lectin from the rock-dwelling 
crab Cancer antennarius; this lectin binds to 4-0-
and 9-0- acetylated sialic acid residues [143]. 

Their high specificity for certain sugar sequen
ces has led to various uses of the lectins as bio
chemical reagents, e.g. for the identification and 
localization of glycoconjugates on cell surfaces, 
for the taxonomy of bacteria and protozoa, and 
for the isolation of glycoproteins, polysaccharides 
and particular cell populations by affinity chro
matography with bound lectins. Largely because 
of these practical considerations, lectins have 
been sought, isolated and characterized from 
many plant and animal species [17, 166, 
167, 200]. There have been many investigations in 
the invertebrates, in particular of the sponges 
[84], snails and mussels [107, 116, 121, 183], crus
taceans [28, 122], insects [30, 81,86, 94, 135, 141, 
146] and ascidians [66, 132, 161, 184]. 

The structure of animallectins is known rather 
poorly from the point of view of comparative bio
chemistry. They are in any case a very hetero
geneous group of proteins. The molecular masses 
themselves present a very non-uniform picture: 
the values for native proteins vary between about 
35 kDa and more than 1 million Da, and the sub
units between 12 and more than 50 kDa 
[12, 200]. A good many lectins have carbohydr
ate contents of 10-30 %, e.g. the lectins from the 
eggs of the fish Coregonus lavaretus and the 
clawed frog Xenopus laevis, or the agglutinin 
from the haemolymph of the pulmonate snail 
Achatina fulica [116]. Others have little or no car
bohydrate. Lectins exist intracellularly, as integ
ral membrane proteins, or freely dissolved, in 
either extracellular fluids or mucous secretions 
[53, 166, 167,200]. Animallectins may be subdi
vided into three classes based on both structural 
and functional criteria. The C-type requires Ca2+ 

ions, has a carbohydrate-binding domain of 
about 130 amino acids, and is characterized by 18 
conserved positions and two intra-chain disul
phide bridges; a typical example is the asialogly
coprotein receptor. The S-type requires no Ca2+ 

in vitro and contains a domain approximately 
100 amino acids long with 39 conserved positions 
which are completely different from those of the 
C-type; the cysteine residues in this case have 
free SH groups. Typical examples of the S-type 
are the ~-galactose-specific lectins. Lectins 
which lack the characteristics of the other two 
types are designated N-type; these include prote
ins whose principal functions are other than 
carbohydrate binding, e.g. the mannose phos-



phate receptor which is responsible for transport 
of proteins into the lysosomes [42, 100, 175]. The 
best-characterized membrane-bound forms are 
galactose-, mannose- and acetylgalactosamine
specific lectins on the hepatocytes of birds and 
mammals. Membrane-bound lectins have also 
been described in invertebrates, e.g. on the hae
mocytes of the oyster Crassostrea virginica and 
other mussels [17]. Detailed concepts of the 
molecular structure are available for only a few 
lectins. The galactose-specific, soluble lectins of 
fish, amphibians, birds and mammals are mostly 
dimers with subunits of 13-17 kDa; the eggs of 
fish and amphibians are especially lectin-rich, 
with more than 1 % of the total soluble protein 
falling into this category. These vertebrate lectins 
form a significantly homologous group; for exam
ple, the lectins of the electric eel Electrophorus 
electricus and chicken skin agree at 39 % of com
parable amino acid positions. The lectins have no 
similarities to other proteins and apparently con
stitute their own protein super-family [27, 34, 
48,131,174]. The ll1-amino-acid sequence of the 
sialic acid-specific lectin from the egg of the 
American bullfrog Rana catesbeiana shows no 
similarity to other vertebrate lectins or to any 
other protein [191]. 

The Iimulin molecule from the haemolymph of 
the xiphosuran Limulus polyphemus appears as a 
hexagonal structure in electron micrographs; 
each of the six 67-kDa subunits consists of three 
22-kDa polypeptide chains whose sequence of 
163 amino acids shows no similarity with the 
known lectins of vertebrates or plants. Only a 
very few invertebrate lectins have been either 
fully or partially sequenced. The a-chain of the 
lectin from the fly Sarcophaga peregrina and the 
lectins from the barnacle Megabalanus rosea, the 
sea urchin Anthocidaris crassispina and the asci
dian Polyandrocarpa misakiensis are all C-type; 
they have about 20-30 % sequence similarity 
amongst themselves and with vertebrate C-type 
lectins [89, 122, 130, 183, 200]. The lectin from 
the albumen gland of the edible snail Helix poma
tia is widely used as a specific reagent; it is con
structed from three non-covalently bound dimers 
with internal disulphide bridges. That of the fly 
Sarcophaga peregrina is constructed from six 
chains according to the formula a4~2 [89]. In 
many invertebrates, several variants of a lectin 
(isolectins) may appear together; thus, upon iso
electric focusing the albumen-gland lectin of the 
edible snail separates into 12 fractions of varying 
amino acid composition. It was a surprising find
ing that the lactose-specific haemolymph lectin of 
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the cephalopod Octopus vulgaris is copper
containing and both electrophoretically and 
immunologically similar to the subunits of the 
respiratory pigment haemocyanin, although it has 
no oxygen-binding capacity [151]. The echinoidin 
of the coelom fluid from the sea urchin Anthoci
daris crassispina has a native molecular weight of 
about 300 kDa and consists of 147-amino-acid 
subunits with three internal disulphide bridges 
and a serine-bound oligosaccharide. The C
terminal sequence shows significant homology to 
the mannose-binding protein of rat liver and 
other mammalian lectins, but also has a certain 
resemblance to the central sequence of the Sarco
phaga lectin [55]. 

The biological role of animal lectins is largely 
undetermined; in all probability it is as varied as 
their structures. The first animal lectin disco
vered, the limulin of Limulus polyphemus, was 
considered to be a defence substance. Various 
observations suggest a defence function for the 
invertebrate lectins; the occurrence of lectins 
with marked specificity for 2-keto-3-des
oxyoctonate (KDO; Fig. 6.5), which is found 
only on bacterial cells, can only be understood in 
this context. Various insect lectins agglutinate 
parasitic flagellates; the lectin of the blood
sucking bug Rhodnius prolixus is specific for the 
epimastigotes of Trypanosoma cruzi, living in 
insects, but not for the trypomastigotes in ver
tebrate blood. The phagocytosis-stimulating 
(opsonic) effect of lectins has often been dis
cussed but has seldom been demonstrated with 
pure lectins and species-specific phagocytes, e.g. 
in the lobster Homarus americanus, the caterpil
lar of the butterfly Spodoptera exigua, the oyster 
Crassostrea virginica, the edible mussel Mytilus 
edulis and the snail Lymnaea stagnalis [17]. The 
carcinoscorpin of the Indian horseshoe crab Car
cinoscorpius rotundicauda agglutinates its own 
amoebocytes and could, therefore, possibly influ
ence their defence function [176]. The lectin 
bound to granulae in the egg cortex of Xenopus is 
supposedly involved in the formation of the fertil
ization membrane between the vitellin membrane 
and the egg jelly [124]. A role in tissue differentia
tion may be assumed for several vertebrate lectins 
whose concentration changes in a tissue-specific 
manner during ontogeny, e.g. the chicken CLL-I, 
which makes up no less than 0.1 % of the 
total protein in 16-day embryonal breast muscle 
but is entirely absent from adult muscle. The 
membrane-bound lectins of mammalian and bird 
liver cells are responsible for the binding, pinocy
tosis and further degradation of circulating gly-



236 6 Immunoproteins 

coproteins which, as the result of partial hydroly
sis, have lost their protective sialic acid residues 
[42, 166, 167, 200]. 

6.S Humoral Defence in Invertebrates 

The invertebrates have no system equivalent to 
the complex immune system of the vertebrates. 
Nevertheless, the interior of the invertebrate 
body is just as sterile as that of vertebrates, 
although the danger of microbial contamination 
is just as great. They must also have mechanisms 
for distinguishing self and non-self, although we 
know next to nothing about these. In the case of 
invertebrate animals, one can also differentiate 
between cellular and humoral defence mecha
nisms. The most important cellular mechanisms 
are phagocytosis and the encapsulation of foreign 
cells and organisms. The humoral defence com
ponents of the invertebrates encompass the cell
agglutinating agglutinins (Iectins), the cell-wall
perforating lysins [24, 150], and lysozyme, which 
has the capacity to dissolve the cell walls of many 
bacteria. Humoral defence mechanisms are par
ticularly well developed in the annelids, arthro
pods, molluscs and echinoderms. Of the three 
groups of defence substances, lectins have 
already been discussed, and the lysozymes will be 
dealt with in Chapter 13. Lysins have been 
detected in many representatives of the animal 
groups mentioned but have been little character
ized biochemically. Detailed studies of humoral 
defence have been carried out for only a few 
insects and annelids [17, 44, 110]. 

Amongst the insects, the giant diapause pupa 
of the moth Hyalophora cecropia has received 
particular attention. With a body weight of up to 
10 g, this provides ca. 1-2 ml of haemolymph. 
Treatment with living, non-pathogenic, or killed 
pathogenic bacteria strongly enhances the bacte
ricidal activity of the haemolymph over several 
days. The expression of immunoprotein genes in 
the fat bodies is increased, whilst that of the other 
genes remains at basal levels. This response has 
allowed the isolation from the haemolymph of no 
fewer than 15 proteins which are involved in 
humoral defence; the cDNA or gene sequences 
have been determined for several of them. These 
antibacterial proteins are distributed amongst 
three families: the small cecropins (3-5 kDa) , the 
larger attacins (20 kDa), and lysozyme. The 
whole system becomes especially important at the 
end of the pupal resting phase when histolysis 

begins and bacteria from the gut cavity may enter 
the haemolymph. The induction of antibacterial 
proteins occurs in the Lepidoptera, Diptera and 
Hymenoptera, i.e. in all highly developed insect 
orders. Amongst the proteins induced by bacteria 
are several which have no direct antibacterial 
effect, e.g. the 48-kDa protein P4, which is the 
major protein induced in H. cecropia [86, 180]. 

The cecropins are polypeptide chains of 35-37 
amino acids with a basic N-terminus and a non
polar C-terminal region. The C-terminal amino 
acid carries an amide group formed from the ter
minal glycine of the primary translation product. 
The prepro-cecropins possess a signal sequence of 
22 amino acids and a pro-sequence of 2-4 amino 
acids, both of which are absent from the mature 
protein. Three cecropins (A, B and D) are known 
from H. cecropia to kill and partially lyse both 
Gram-negative and Gram-positive bacteria. 
Comparisons of protein and gene sequences show 
that the antibacterial proteins of many Lepidop
tera and Diptera are homologues of cecropin, 
even though only five amino acids are conserved. 
Some of these proteins received various other 
names from their discoverers: "lepidopterans A 
and B" in the lepidopterans Manduca sexta, 
Antheraea pernyi and Bombyx mori; and "sarco
toxins lA, IE and IC" in the dipterans Sarco
phaga peregrina and Drosophila melanogaster. 
There was even a recent report of a cecropin in 
porcine gut tissue, indicating that these peptides 
are widely distributed in the animal kingdom 
[62, 85, 86, 96, 117]. 

H. cecropia possesses two forms of attacin, one 
basic and one acidic, encoded by different genes; 
they agree in 79 % of their 1844 amino acids. Like 
the cecropins, the attacins are also synthesized as 
a prepro-protein. They are specific for Gram
negative bacteria. A homologous protein has 
been detected in M. sexta via cDNA cloning. The 
attacins belong to the same family as the sarco
toxins IIA, lIB and IIC from S. peregrina; the sar
cotoxin sequence of 270 amino acids is 20 % simi
lar to that of the attacins [86, 181]. A third family 
of antibacterial insect proteins includes the three 
diptericins from the fly Phormia terranovae. The 
predominant form is a polypeptide of 82 amino 
acids with an amidated C-terminus, but it has no 
sequence similarity to either the cecropins or 
attacins. The subsidiary forms are highly homo
logous. The diptericins are also specific for Gram
negative bacteria [41, 86, 197]. Sequence similar
ity to the diptericins is shown by four antibacterial 
proteins which appear in the haemolymph of the 
honeybee Apis melli/era after the injection of 



living bacteria: these are the three apidaecins la, 
Ib and II, which differ from each other in only 2 
of their 18 amino acids, and the larger abaecin 
with 34 amino acids [29]. "Sapecin" from tissue 
cultures of the fly S. peregrina, and "phormicin" 
from the haemolymph of P. terranovae are specific 
for Gram-positive bacteria. In view of the similar
ities in their 40-amino-acid sequence and the 
positions of three disulphide bridges to the anti
bacterial "defensins" from neutrophil blood cells 
and mammalian macrophages, these proteins are 
better termed insect defensins [41, 86, 97, 112]. 
The same family includes the antibacterial pro
tein royalisin (51 amino acids) from the royal jelly 
of the honeybee [52]. 

Very little is known about the antibacterial pro
teins of other invertebrates. Of the annelids, 
most attention has been paid to the oligochaete 
Eisenia foetida, whose coelom fluid has an unusu
ally high protein concentration of 4-6 mg/l. Sev
eral protein components are normally present 
which not only lyse (haemolysins) or agglutinate 
(haemagglutinins) the erythrocytes of various ver
tebrates but also have bacteriostatic effects. The 
haemolysins, which are also bactericidal, have 
molecular masses of 40-45 kDa and show pro
nounced genetic polymorphism; they are pro
duced in the chloragocytes. The haemagglutinins 
(lectins) have sizes between 11.5 and 40 kDa, 
with the larger components also having haemo
lytic properties. In the case of the earthworm 
Lumbricus terrestris, the coelom fluid presents a 
spectrum of multiple haemolysins and agglutinins 
after immunization with mammalian erythrocytes 
or inoculation with bacteria [88, 150, 178]. Lyso
zymes have also been detected in the coelom fluid 
of various annelids [17, 71, 88]. The haemocytes 
of the Japanese horseshoe crab Tachyp/eus triden
tatus produce a basic peptide of 17 amino acids 
known as tachyplesin; this has an antibacterial 
action against both Gram-positive and Gram
negative bacteria. Similarly to the anti
lipopolysaccharide (LPS) factor from T. tridenta
tus and the North American xiphosuran Limulus 
polyphemus (102 amino acids; see p. 206), tachy
plesin also inhibits haemolymph clotting caused 
by bacterial LPS [169]. 

6.9 Immune-Reactive Proteins 
of the Cell Surface 

Animal cells are able to recognize and bind to 
other cells of the same type or to certain other 
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cells of their own bodies, as has been clearly 
shown in cell aggregation experiments. Adhesive 
interactions between the same or different cells 
playa vital role in the processes of morphogenesis 
and tissue development [5, 123]. Cell-adhesion 
molecules are involved in the interaction between 
egg and sperm in fertilization. The proteins on the 
surface of parasitic protozoans have been inten
sively investigated for medical reasons. In intra
cellular species of parasites they are responsible 
for attachment to the host cell. For protozoans 
parasitizing vertebrates, it is the surface proteins 
which are the target for immune defence, and 
several protozoan species have evolved mecha
nisms to avoid the defence reactions of their host. 

6.9.1 Cell-Adhesion Molecules of Vertebrates 

The proteins involved in the linking of vertebrate 
cells to each other and to the extracellular matrix 
are divided into three groups according to func
tion: cell-adhesion molecules (CAMs), cell
junction proteins (CJMs) and matrix- or substrate
adhesion molecules (SAMs). The SAMs include 
not only the receptor molecules of the cell surface 
but also the components of the intracellular mat
rix with which they interact, e.g. collagens, lami
nin, fibronectin and glycosamineglycans; these 
are discussed elsewhere in this book. The amino 
acid sequences derived from cDNA clones are 
known for many of these adhesion molecules. 
They often contain sequence motifs that are repe
ated several times and are known from other pro
teins, e.g. the Ig homology units of about 100 
amino acids, the equally long type-III fibrinogen 
domains, EGF-like domains of about 40 amino 
acids, or calcium-binding regions with numerous 
Asp, Asn, Thr or Ser residues. The tripeptide 
sequence Arg-Gly-Asp (RGD sequence) is widely 
found in proteins of the extracellular matrix and in 
the corresponding receptors [5]. Electron microg
raphs reveal very complex three-dimensional 
structures for many of the adhesion molecules, 
with globular regions, stiff rods and flexible 
threads; it is assumed that the different structural 
elements have different functions [5]. 

The functional category of the CAMs includes 
proteins from two different super-families: the Ig 
super-family and the cadherin family. The best
known CAM of the I G super-family is N -CAM 
(N for neuronal), which already appears on neu
rons early in embryo development and is later to 
be found on other cell types. N-CAM is homo
philic, i.e. the N-CAM of one cell binds to 



238 6 Immunoproteins 

the N-CAM of another cell. The N-terminal 
extracellular portion of N-CAM contains five Ig 
homology units and two segments corresponding 
to type III fibrinogen repeats (Fig. 6.2). There is 
a total of seven glycosylation sites on the third to 
fifth Ig domains; the carbohydrate chains of the 
fifth domain carry a(2-8)-linked polysialic acids 
which make up 20 % of the N-CAM molecular 
mass in embryonic brain but only 9 % in the adult 
brain. The homophilic binding of the N-CAM 
molecules is hindered by mutual repulsion of the 
negatively charged sialic acids; consequently, 
binding is stronger in the adult animal. Three N
CAMs of different size are found in chicken and 
mouse brain with deglycosylated molecular mas
ses of 180 kDa (ld form), 140 kDa (sd form) and 
120 kDa (ssd form). All three contain the same 
N-terminal extracellular sequence of about 862 
amino acids. In the ld form, the transmembrane 
segment is followed by a large cytoplasmic 
domain which is 261 amino acids smaller in the sd 
form. There is no transmembrane or cytoplasmic 
domain in the ssd form; in this case, the extracel
lular chain is bound to a short non-polar sequence 
which is anchored to the membrane via phospha
tidylinositol. The three forms arise by alternative 
splicing of a primary transcript from a gene with 
19 exons. It has recently been found that the 
mRNA of mouse brain also has two sites in the 
extracellular region in which 3, 18 or 30 nucleoti
des can be introduced by alternative splicing. At 
least 27 alternatively spliced forms of the N-CAM 
mRNA are expressed during rat heart develop
ment [144]. The N-CAM of Xenopus laevis brain, 
which has been sequenced via the cDNA, corre
sponds approximately to the ld form of the higher 
vertebrates, and much of the sequence is in com
mon [93]. Further CAMs from the Ig super-family 
have been described in vertebrates, e.g. the 
myelin-associated glycoprotein (MAG) with five 
Ig units and the neuronal L1 with six. Surpris
ingly, adhesion molecules from the Ig super
family have been found in Drosophila melano
gaster: amalgam with three Ig units, fascilin II 
with five, and neuroglian with six [14]. 

The cadherins require Ca2+ ions for their 
adhesive activity; the Ca2+ -binding sites lie on the 
extracellular domain but have not yet been identi
fied. Cadherins are known from mammals, birds 
and amphibians and are probably present in all 
vertebrates; similar adhesion proteins have also 
been found in Drosophila. The cadherins are 
integral membrane proteins of 120-130 kDa with 
723-748 amino acids and only one transmem
brane segment. The sequence, which is partly 

made up of repeats of about 110 amino acids, 
agrees by at least 40 % in the bird and mammal 
species examined. The first members of this 
family were discovered in various tissues of the 
mouse and chicken, and received corresponding 
names. In spite of the multiplicity of names, all 
vertebrate cadherins may be categorized into 
three types: the E-cadherin found in epithelial 
tissues is apparently identical to uvomorulin, L
CAM and cell CAM; the neuronal N-cadherin is 
identical to A-CAM and NcaICAM; and the final 
class includes the placental P-cadherin. The three 
classes show overlapping tissue distributions. 
However, they separated from each other early in 
vertebrate evolution; this may be deduced from 
the fact that mouse N-cadherin is 92 % similar to 
that of the chicken, but only 49 and 43 % similar 
to mouse E- and P-cadherin, respectively [185]. 

The special binding structures between neigh
bouring cells (cell junctions) include specific junc
tion proteins. The desmosomes on which the inter
mediary filaments are anchored contain desmo
plakin I (250 kDa), and the different types of 
intermediate junctions which are bound to micro
filaments contain cell-specific proteins such as E
cadherin, vinculin and a-actinin. Plakoglobin 
(82 kDa), which is found in both types of junc
tion, has 744 amino acids and sequence similar
ities to other known proteins [51]. "Gap junc
tions" form channel-like connections between 
cells and these allow the exchange of ions, second
ary messengers and metabolites; furthermore, 
their low electrical resistance facilitates the trans
mission of action potentials. Each cell-cell chan
nel is composed of six identical molecules of the 
protein connexin. A whole series of connexins 
have been isolated from mammals, the chicken 
and Xenopus laevis; they have chain lengths 
between 283 and more than 400 amino acids and 
molecular masses of 21-45 kDa. The connexins of 
the frog and rat show 32-41 % sequence similar
ity, the resemblance being greatest in the four 
transmembrane segments and the extracellular 
domain [13, 45]. 

Of the SAMs, only the cellular receptors will 
be considered here; their corresponding matrix 
components are the subjects of Chapters 11 and 
13. The majority of the receptors for matrix com
ponents belong to the family of integrins, which 
are heterodimeric membrane proteins with an a
and a ~-chain of 700-800 amino acids, including 
56 invariant cysteine residues. Until recently, only 
three types of ~-chain were known (~1, ~2 and 
~3), and these combine with about ten types of a 
subunit to form three integrin subfamilies: the 



VLA family with the ~1 subunit includes various 
receptors for collagens, laminin and fibronectin; 
the LEU CAM family with the ~2 subunit is made 
up of different leukocyte adhesion molecules; 
and the cytoadhesin family with ~3 includes, 
amongst others, the vitronectin receptor. 
Sequence comparisons indicate the great age of 
the three ~-chains. The ~1 subunits of man, the 
mouse, chicken and Xenopus agree 82-86 %, but 
human ~1, ~2 and ~3 are only 40-48 % similar 
[170]. With the recent discovery of a further three 
~ subunits, a still larger variety is now recogniz
able in the integrin super-family [142, 168]. The 
most unusual of these newly discovered ~-chains 
is the ~4 subunit, which was sequenced via cDNA 
clones from epithelial cells. With 1778 amino 
acids, it is more than twice as long as the other ~
chains; the extracellular domain (683 amino 
acids) lacks eight of the otherwise conserved 56 
cysteine residues. The cytoplasmic domain (1072 
amino acids) of ~4 is much longer than that of the 
other ~-chains (50 amino acids), shows no homo
logy to the latter and, furthermore, contains four 
type-III fibronectin repeats [72, 182]. In addition 
to the integrins, further types of matrix receptor 
proteins are the collagen-binding protein ancho
rin CII [46] and the membrane-bound proteogly
can syndecan; this is approximately 300 amino 
acids long and has an extracellular domain that 
binds glycosamineglycans [105]. 

6.9.2 Cell-Binding Proteins of Invertebrates 

Only very recently have adhesion molecules from 
insects been described in any detail. Quite surp
risingly, amongst them are members of the Ig 
super-family: amalgam, fasciclin II and neuro
glian. Amalgam is the product of a gene in the 
antennipedia complex of Drosophila melanogas
ter; during embryo development it is expressed 
on the surface of various mesodermal and neural 
cells. In addition to the signal sequence and a 
short hydrophobic C-terminal region, the 
encoded sequence of 333 amino acids includes 
three Ig homology units [164]. Fasciclin II and 
neuroglian belong to the four membrane-bound 
glycoproteins found on the growing axons and 
glial cells of various insects. Fasciclin II is com
posed of an extracellular domain of 742 amino 
acids with five Ig-like domains and two type-III 
fibronectin repeats, a transmembrane segment of 
25 amino acids and a cytoplasmic portion of 108 
amino acids [68]. Neuroglian contains six Ig 
homology units and five type-III fibronectin 
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repeats and has a great similarity to L1 of mam
mals [14]. On growing axon membranes, the gly
coproteins known as fasciclin I and III are not 
homologous to fasciclin II or to any other known 
protein. Fasciclin I is a homophilic adhesion mol
ecule made up of four homologous domains of 
about 150 amino acids and anchored in the mem
brane via glycosyl-phosphatidyl-inositol. Prob
ably as the result of hydrolytic cleavage of the 
anchor, large amounts of free soluble fasciclin I 
are found in Drosophila embryos [75]. The 
sequence of 488 fasciclin-III amino acids was 
determined from the cDNA, and has no similarity 
to the other two fasciclins [172]. The chaoptin loc
ated in the rhabdomers of the Drosophila eye 
contains within its sequence 41 copies of a 
leucine-rich repeat, which is known in numerous 
proteins from those of yeast to those of man, and 
is possibly involved in specific protein-protein or 
protein-membrane interactions [92]. Integrins 
are also known from insects, for example in Dro
sophila, where two integrins with the same ~ sub
units are expressed in various very different tis
sues and are responsible for, amongst other 
things, the close juxtaposition of the dorsal and 
ventral wing epithelia [18]. 

Fertilization in the sea urchin, and cell 
aggregation in sponges are two examples of cell
cell interactions in invertebrates that have been 
well characterized at the molecular level. During 
the first step in the fertilization of sea urchins, an 
important role is played by a small body (acro
some) lying at the tip of the sperm. Interaction 
between fucose sulphate in the egg jelly and 
receptors in the sperm membrane leads to ejec
tion of the acrosome granula from the sperm and 
the formation of the acrosome process; this con
nects the sperm with the vitellin membrane of the 
egg and makes possible fusion of the plasma 
membranes of the egg and sperm cells. The main 
component of the acrosome granula and the acro
some process is a carbohydrate-free protein 
bindin, which binds to a receptor protein in the 
vitellin membrane. The bindins show great 
species-specific diversity; thus, the acrosome 
reaction represents the first barrier to species 
intercrossing. The precursor (pro-bindin), en
coded by a cDNA from Stronglyocentrotus livi
dus, includes an unusually large pro-peptide of 
245 amino acids and the mature bindin of 236 
amino acids. The N-terminal 73 amino acids of 
the bindin from the related species S. franciscanus 
differ in at least 45 % of positions [54]. 

In the Porifera, one can observe a fascinating 
example of biological self-organization: if the 
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cells of a sponge are separated mechanically or 
chemically, completely functional small sponges 
form in the cell suspension within a matter of 
days. Because of the great mobility of the sponge 
cells and the dynamic changeability of the struc
tures they form, even this primitive multicellular 
organism requires highly developed mechanisms 
for cell-cell recognition; these may be effectively 
investigated by such reaggregation experiments. 

Two aggregation systems can be distinguished 
in most sponge species: a non-species-specific pri
mary system and a species-specific secondary sys
tem, which is lacking only in the calcareous spon
ges (Calcarea). Both require Ca2+ and therefore 
treatment with ethylenediaminetetraacetic acid 
(EDT A) leads to cell separation. In the primary 
process, aggregates of about 400-500 !-tm in dia
meter are formed; this also applies to mixtures of 
cells from different species, e.g. Cliona celata + 
Geodia cydonium. The responsible factor here is 
a primary aggregation factor (pAF) on the cell 
surface and this has been purified from G. cydo
nium. It is a glycoprotein with 50 % carbohydrate 
and consists of three polypeptides of 16.5, 15.5 
and 13.5 kDa [118, 119]. 

In the secondary process, for example in 
G. cydonium, large aggregates with a diameter of 
more than 5 mm are formed, and can differenti
ate into small functional sponges. The secondary 
aggregation factors (sAP) from Microciona proli
fera and G. cydonium are large glycoproteins 
of complex structure. The aggregation factor 
from M. prolifera is a proteoglycan of 2 . 107 Da 
containing 60-70 % carbohydrate [115]. The 
aggregation factor from Geodia is a bivalent mol
ecule with the capacity to link the aggregation 
receptors (AR) of different cells; in addition, it 
has both glucuronyl transferase and galactosyl 
transferase activity. sAF-AR binding initiates a 
process of signal transduction across the cell 
membrane, in the course of which particular nuc
lear proteins are phosphorylated with the 
involvement of inositol trisphosphate and dia
cylglycerol as secondary messengers [156]. The 
aggregation factor of G. cydonium is associated 
with a 32-kDa protein, calpactin, which binds 
Ca2+ ions in cooperation with a membrane
bound phospholipid. The sequence of this pro
tein, derived from its cDNA, agrees 80 % with 
that of vertebrate calpactin II [149]. The 
membrane-bound AR from M. prolifera has been 
purified and characterized; it is a glycoprotein of 
15-18 kDa with 81 % carbohydrate. Binding of 
sAP and AR is via a lysine residue of the aggrega
tion factor and the terminal glucoronic acid of 

the receptor. Cleavage at the glucuronyl residue 
by a membrane-bound glucuronidase results in 
cell separation; conversely, glucuronyl transfer 
by the sAF restores the aggregation capacity. In 
parallel, there is a further regulatory mechanism 
in which an anti-aggregation receptor on the cell 
surface interacts with the sAF-AR complex and 
cleaves off a terminal galactose residue. The anti
aggregation receptor of Geodia is a glycolipopro
tein of about 180 kDa. It can be inactivated by a 
galactose-specific lectin, and it may be that the 
cell's own galactosidase and the galactosyl trans
ferase activity of the sAP are involved in inactiva
tion and reactivation. The species specificity of 
cell aggregation is determined largely by the spe
cific structure of the aggregation factor and its 
receptor. In addition, transplant rejection may 
occur through the action of an "inhibiting 
aggregation factor", a glycoprotein of 26 kDa 
with 60 % carbohydrate [118]. 

6.9.3 The Variable Surface Glycoproteins 
of the Trypanosomes 

The cell surface of the pathogenic African Trypa
nosoma species that infest mammals, e.g. T. bru
cei and T. congolense, which cause the nagana dis
ease of cattle, or T. equiperdum, which is the 
causative agent of horse murrain, is completely 
covered by a 12- to 15-nm-thick layer of identical 
glycoprotein molecules which constitute 7-10 % 
of the total cell protein. The variability of these 
surface proteins is unique; one single clone, i.e. 
the progeny of a single cell, of T. equiperdum was 
found to possess more than 100 different variant 
proteins with no common immunological deter
minants. Alterations in these "variant-specific 
surface glycoproteins" (VSGs) at a frequency of 
about 10-6 per cell division enable the parasite to 
avoid the immune defences of the host. The VSGs 
are made up of polypeptide chains with a length 
of 450-500 amino acids and these chains form a 
compact aggregate of homodimers on the cell sur
face. The outwardly directed N-terminal domains 
have several variable antigen determinants along 
a length of about 400 amino acids. The C
terminal domain carries several oligosaccharides, 
giving a carbohydrate content of 7-17 % [139]. 
Anchorage of VSGs in the membrane is brought 
about by binding of the C-terminus to a complex 
glycosyl-phosphatidyl-inositol via a covalent 
bond between the carboxyl group and an ethanol
amine residue. The precursor of this structure in 
T. brucei is the free glycolipid ethanolamine-



phosphate-6Mana(1-2)Mana(1-6)Mana(1-4)Glc 
Na(1-6)-phosphatidylinositol. After its incor
poration, this structure is modified by the attach
ment of several galactose residues to the mannose 
next to the glucosamine [113]. The most closely 
investigated of the VSG variants is MITat 1.4 of 
T. brucei: the complete amino acid sequence, 
details of the secondary structure, the glycolipid 
anchor and the structure of the Asn-bound carbo
hydrate are all known [201]. 

T. equiperdum possesses at least 100 and T. bru
cei more than 1000 closely linked VSG genes, 
which together make up about 10 % of the DNA 
content of 8.6 . 107 bp. As the chromosomes of 
the trypanosomes never appear in a condensed 
form in the cell cycle, the ploidy level cannot be 
directly determined; however, genetic observa
tions suggest that T. brucei is diploid. Neverthe
less, there is only one copy of each VSG gene in 
the genome; the evolution of the VSG genes is 
apparently so rapid that homologous positions on 
the chromosomes are always occupied by differ
ent genes. The mechanisms for maintaining the 
VSG repertoire are mainly those of gene duplica
tion and conversion [139]. 

The VSG genes are expressed only when they 
are at one of the expression sites at the ends of 
the chromosomes (telomeres). The VSG genes 
lying internally on the chromosome can be acti
vated by the transposition of the silent basic copy 
(BC) to one of the telomeric expression sites 
(duplicative transposition) to give an "expression
linked copy" (ELC). The transposed DNA seg
ment begins 1-2 kb in front of the gene and ends 
just behind it. Some ELCs are hybrids of different 
BCs [155]. T. brucei has about 200 chromosomes 
whose telomeres carry VSG genes; only one of 
the expression sites is active at anyone time, but 
the selection mechanism is unknown. Silent VSG 
genes located close to expression sites can be acti
vated in various ways; the inactive gene can be 
transposed duplicatively to an expression site or 
can exchange places with an active gene. ELCs 
that become inactive are not retransposed to 
internal chromosomes sites but are eliminated 
[102, 139]. The activation ofVSGs after infection 
follows a certain course whose regulation is not 
known but whose biological advantage is obvi
ous. The repeated activation of anyone gene 
would undermine the successful competition with 
the host immune system. In the tsetse fly, one par
ticular set of 10-20 VSG genes is activated. The 
VSGs produced during the early states of infec
tion in vertebrates arise from genes which are 
already located at the telomeres [102]. 
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The transcription unit of a VSG gene has a 
length of 60 kb and is polycistronic. In front of 
the VSG genes at the expression site (ES) are 
more than seven ES-associated genes (ESAGs) 
together with a more than 10-kb-Iong segment of 
70-bp repeats. The importance of the ESAGs is 
unclear; one was found to code for a membrane
bound protein of unknown function [2, 139]. 
Quite surprisingly, the transcription of the VSG 
genes, and of the procyclic acidic repetitive pro
tein (PARP) genes, described below, from insect 
trypanosomes, is not sensitive to a-amanitin. All 
other protein-coding trypanosome genes are tran
scribed by a normal, amanitin-sensitive polyme
rase II. In this case, there is either an amanitin
insensitive form in addition to the normal poly
merase II, or the normal polymerase II can be 
made insensitive by means of some additional 
factor [59, 157]. As for all mRNAs of the Kineto
plastida, the VSG mRNAs contain a 5'-terminal 
mini-exon of 35 nt that is introduced by trans
splicing (p. 39). The primary translation product 
(pre-VSG) has not only a relatively long, 25- to 
33-bp N-terminal signal sequence but also a C
terminal extension of 17-23 non-polar amino 
acids. Immediately after translation, but whilst 
still in the endoplasmic reticulum, this is 
exchanged for the phospho glycolipid which 
anchors the VSG to the cell membrane. A phos
pholipase C can release the VSG, in which case 
sn-l,2-dimyristylglycerol remains behind in the 
membrane. This enzyme, which may playa role in 
the exchange ofVSG variants, has been isolated; 
it has a molecular weight of 39 kDa and is specific 
for VSGs [20]. The procyclic stages of T. brucei 
from the intermediate host Glossina sp. or from 
cultures at 27°C have no VSGs on their surface 
but instead have PARPs. This is a family of invari
able proteins composed mainly of Glu-Pro 
repeats with a single N-glycosylation site [33]. 

6.9.4 Surface Proteins of Other Protozoa 

The South American T. cruzi, the agent causing 
Chagas' disease, has no VSG system. In this case, 
both the epimastigotes from the insect host and 
the trypomastigotes from mammalian blood have 
different glycoproteins on their surfaces, but 
these do not show the variability typical of VSGs 
[192]. The penetration into cells by parasitic 
forms in vertebrate blood is inhibited by antibo
dies against the surface protein. The gene for this 
protein has been sequenced: the coding sequence 
contains the nonapeptide DKKESGDSE in five 
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complete copies and two with slight changes; it is 
noteworthy that the surface protein of another 
cell parasite, the circumsporozoite protein (CSP) 
of the malarial agent, also has a repetitive struc
ture [137]. The forms of the genus Leishmania 
that live in insects (promastigotes) all possess the 
surface protein P63, which is anchored in the 
membrane via the same phosphoglycolipid as 
occurs in the VSGs from Trypanosoma. The pro
teins from five different species of Leishmania 
have the same peptide pattern, i.e. P63 is 
extremely conserved in evolution. There is immu
nological evidence for P63 in the vertebrate forms 
of Leishmania (amastigotes), but it is not located 
on the cell surface, probably due to the absence 
of the anchoring lipid [82]. 

In the malarial agents of the genus Plasmo
dium, it is the proteins on the surface of the infec
tious sporozoites, the CSPs, which are probably 
important for the interaction with erythrocyte 
membranes. There is only one CSP gene, but the 
evolutionary alterations of the CSPs are so rapid 
as to radically hinder serum therapy for malaria; 
each inoculation results in the selection of insen
sitive variants. The CSP genes from various Plas
modium species have been sequenced. The pri
mary translation product is a polypeptide of 
350-370 amino acids and carrys a signal sequence 
at the N-terminus and a sequence for membrane 
anchorage at the C-terminus. The central region 
is made up of repeats of 9-11 amino acids, of 
which both the number and sequence vary 
between different lines in a species [37]. This 
variable region is flanked by two regions which 
are similar in all species. Region II apparently 
includes the erythrocyte attachment site with the 
critical sequence - VTCG - [145]. Whilst the sur
face of the sporozoites has only CSPs, the 
merozoite surface bears many immunodominant 
proteins of which only one species has been 
sequenced [40]. Immunogenic surface proteins 
with repetitive sequences are characteristic of 
parasitic protozoans; apart from Trypanosoma 
cruzi, Leishmania major and various Plasmodium 
species, such proteins have been found on the 
merozoites of Eimeria acervulina, a gut parasite 
of the chicken [83]. 

The surface of various Paramecium species is 
covered by a layer of large glycoprotein molecules 
which together make up about 3 % of the total cell 
protein. Because Paramecium can be immobilized 
and killed by antisera raised against their surface 
glycoproteins, the proteins have, rather unfortun
ately, been named immobilization-antigens 
(i-ags). They consist of a family of related proteins 

of about 300 kDa which are anchored in the mem
brane via glycosylinositol phospholipid [26]. The 
i-ags are specific to each Paramecium strain, after 
which they are named; for example, the 11 i-ags 
from strain 51 of P. tetraurelia are designated 51A 
to 51K. Each i-ag is encoded by a single gene but 
only one such gene is expressed in a strain at any 
one time. Environmental conditions, e.g. tem
perature or pH, have a strong influence on gene 
expression. Several i-ag genes have been 
sequenced and found to contain no introns. So, 
for example, the 156G gene of P. primaurelia con
sists of an uninterrupted coding sequence of 
8145 bp; the polypeptide of 2715 amino acids has 
a marked periodic structure. As in almost all cili
ate genes, TAA and TAG code for glutamine, and 
only TGA codes for "stop" [57, 140]. 
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7 Respiratory Pigments 

7.1 
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The Haemoglobins and Myoglobins of Vertebrates 
The Structure of Haemoglobin 
Ligand Binding and Cooperativity 
Heterotropic Interactions 
Temperature Effects and Adaptations 
The Gene Families of Vertebrate Haemoglobins 
Myoglobins 
Methaemoglobin Formation and Reduction 
Invertebrate Haemoglobins and Chlorocruorins 
Annelids, Pogonophora and Echiurids 

In the animal kingdom there are four types of O2-

binding (respiratory) pigment with different 
structures but very similar functional properties. 
They have characteristic colours in their oxygen
ated states and the absorption spectra of the pig
ments with bound O2 or another ligand, such as 
CO or CN-, are used for purposes of identifica
tion (Table 7.1). The structures of the binding 
sites vary (Fig. 7.1): the prosthetic group of 
the globins is protohaem, i.e. Fe(II)-proto
porphyring (Fig. 7.2), which can bind one ligand. 
Chlorocruorin is also a haemoprotein but with a 
haem component (spirographis haem) which dif
fers from protohaem in one substituent (Fig. 7.2). 
In the copper protein haemocyanin and the 
iron protein haemerythrin, the binding site in 
each case contains two metal atoms (Fig. 7.1). 
Chlorocruorins and haemocyanins are always 
found dissolved in the blood plasma; haemeryth
rins occur only intracellularly, and haemoglobins 
are both intra- and extracellular (Table 7.2). The 
intracellular respiratory pigments consistently 
have molecular masses under 100 kDA and only 
one to eight OTbinding sites per molecule. Most 
of the extracellular blood pigments have far lar
ger molecular masses of up to several million 
kDA and often more than 100 OTbinding sites; in 
this way, the colloid osmotic effects in the blood 
plasma are reduced. There are, however, some 
exceptions to this rule, e.g. the extracellular 
haemoglobins of chironomid larvae are only 
16-32 kDA. 

7.2.2 Haemoglobins of the Molluscs 
7.2.3 Haemoglobins of the Crustaceans 
7.2.4 Haemoglobins of the Insects 
7.2.5 Haemoglobins of Other Invertebrates 
7.3 Haemocyanins 
7.3.1 Haemocyanins of the Arthropods 
7.3.2 Haemocyanins of the Molluscs 
7.4 Haemerythrins 
References 

Haemocyanins and haemerythrins are found in 
relatively few groups of animals, and chlorocruo
rin is in fact restricted to just a few polychaete 
families. In contrast, the globins are found not 
only in almost all vertebrates and representatives 
of many invertebrate lines (Table 7.2), but also in 
higher plants and even bacteria. Various inver
tebrate species have both myoglobin in the musc
les and chlorocruorin or haemocyanin in the 
blood. Despite far-reaching differences in 
sequence, the globins of animals, plants and bac
teria may be considered homologous, with a com-

Table 7.1. Animal respiratory pigments: changes in the 
colour and the absorption spectra upon deoxygenation 

Colour Absorption maxima 

Haemoglobin 
Oxy- Bright red a = 574-581 nm; ~ = 538-545 nm 
Deoxy- Crimson Broad maximum of 556-565 nm 

Chlorocmorin 
Oxy- Green 
Desoxy- Green 

Haemocyanin 
Oxy- Blue 

a = 604-605 nm; ~ = 558-560 nm 
About 525 nm 

Molluscs 570-580 nm 
Crustaceans 557-559 nm 

Deoxy- Colourless -

Haemerythrin 
Oxy- Violet 330 nm; 

further peak at about 500 nm 
Desoxy- Colourless -
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Fig.7.1. 02-binding sites of respiratory pigments in the 
oxygenated state, illustrated by the basic structure of (left) 
haemoglobin, (middle) the haemocyanin subunit Pint-a of 

mon origin in a cytochrome-b-like haemoprotein. 
The globins of legume root nodules (leghaemo
globins) have been known for a long time; the 
soybean globin has 22 amino acids in common 
with the a-chain of human haemoglobin. More 
recently, globins have been detected and charac
terized in various non-legumes: in the root nodu
les of Paraspornia (Ulmacea) and Casuarina 
(Casuarunacea) harbouring nitrogen-fixing bac
teria, and in the nodule-free roots of Trema, a 
genus related to Casuarina. The haemoglobins of 
legumes and non-legumes have about 40-50 % 
amino acids in common [15, 90]. The sporadic 
occurrence of globins in higher plants has led to 
speculation of a possible gene transfer between 
animals and plant. In the meantime, however, a 
dimeric haemoprotein has been isolated from Vit
reoscilla, a thread-forming bacterium of the Beg
giatoa group; this haemoprotein agrees in 34 of its 
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the spiny lobster Panulirus interruptus, and (right) the 
haemerythrin of the echiurid Themiste dyscritum [108] 

146 amino acids (24 %) with leghaemoglobin II 
from the yellow lupin, and apparently serves as 
an O2 store during transient oxygen shortage. 
Globin has also been found in the free-living bac
teria of the genus Rhizobium [181]. Chlorocruo
rins and haemoglobins are so similar in their 
structure as to be assumed homologous; the hae
mocyanins and haemerythrins represent two 
separate groups of homologous proteins. The 
similarities in the functional characteristics of all 
respiratory pigments are consequently the result 
of convergent evolution in three different protein 
super-families [108, 112 174]. 

The primary biological task of the respiratory 
pigments is one of transport. The O2 capacity of 
the blood depends upon the pigment concentra
tion and varies, e.g. in the vertebrates, between 1 
(agnathans) and 36 vol % (in the seal Cysto
phora). The capacity of invertebrate blood is gen
erally in the range 1-5 vol % and seldom higher 
than 10 vol % (larvae of non-biting midges Chiro
nom us , the annelids Arenicola and Megascolex, 
and the pogonophore Riftia). Respiratory pig
ments can serve as O2 stores during periods of 
transient oxygen deficiency. Myoglobin accelera
tes O2 diffusion in muscle. Such pigments, espe
cially those dissolved in the blood, may have non
respiratory functions. Because they are often the 
predominant extracellular protein, they may be 
the most important factor in the buffering capac
ity and colloid-osmotic pressure. Finally, they 
represent a potential nutritional reserve which is 
important, for example, during metamorphosis of 
the chironomids or ecdysis of the crustaceans. 

Despite differences in the atomic structure of 
the 02-binding sites, the process of O2 exchange is 
similar for all the respiratory pigments. A com
plete description of the functional properties of a 
respiratory pigment is contained in its Ol-binding 
curve; an approximate measure of O2 affinity is 
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Table 7.2. The distribution of respiratory pigments in the animal kingdom 

Haemoglobins (intra- or extracellular) 
Bacteria In Vitreoscilla and Rhizobium 
Flowering plants In the Leguminosae, Ulmaceae and Casuarinaceae, in root nodules and nodule-free roots 
Ciliates In Paramecium and Tetrahymena 
Plathelminthes In the parenchyme and muscles of the pharynx of turbellarians and trematodes 
Nemerteans Soluble in the blood and in nerve cells 

Nemathelminthes: 
Nematoda 
Gastrotricha 

Soluble in the body cavity fluid and in various body cells 
In special cells of Neodysis 

In muscles 
Molluscs 

Polyplacophores 
Gastropods 
Bivalves 

Soluble in the haemolymph and in muscles 
Soluble in blood, blood cells and muscle 

Annelids 
Echiurids 
Crustacea 

Soluble in the blood or in coelom fluid, in cells of the coelom fluid, in muscles and in nerve cells 
In cells of the coelom fluid, in various body cells and in the eggs 
Soluble in the haemolymph of Copepoda, Ostracoda, Phyllopoda and Anostraca; also in muscle, 
fat and egg cells of Daphnia and other species 

Insects Soluble in the haemolymph of chironomid larvae; in the tracheal cells of several diptera and 
hemiptera; and in gland cells and eggs of several other insects 
In the blood cells of Phoronida Tentaculates 

Echinoderms 
Pogonophores 
Vertebrates 

In cells of the coelom fluid in Holothurioidea and Ophiuroidea 
Dissolved in the blood and the coelom fluid of Riftia pachyptila and Lamellibrachia sp. 
In blood cells, and skeletal and heart muscle 

Chlorocmorins (exclusively extracellular) 
Polychaetes Only in the families Sabellidae, Serpulidae, Chlorhaemidae and Ampharetidae 

Haemocyanins (exclusively extracellular) 
Molluscs In polyplacophores, gastropods, cephalopods and several bivalves 
Chelicerates In Xiphosura, Scorpiones, Uropygi, Amblypygi and Aranea 
Crustacea In the isopods and decapods 
Chilopods In Scutigera coleoptrata 

Haemerythrins (exclusively intracellular) 
Annelids In blood cells of the polychaete Magelona 
Priapulids In cells of the coelom fluid 
Sipunculids In cells of the coelom fluid, blood cells and muscles 
Brachiopods In cells of the coelom fluid 

given by the p50, i.e. the oxygen partial pressure 
at which the Orbinding sites are 50 % occupied. 
The p 50 values, even of respiratory pigments 
with the same prosthetic group, vary greatly, e.g. 
from 2 Pa for the haemoglobin from the body cav
ity of the roundworm Ascaris to more than 
100000 Pa for certain fish haemoglobins at low 
pH; thus, the protein structure has a large influ
ence on the O2 affinity of the prosthetic group. 
The Orbinding curve of respiratory pigments 
with just one binding site per molecule is always a 
rectangular hyperbola, and that of pigments with 
more than one site is often S-shaped (sigmoid), 
due to positive homotropic interaction between 
the binding sites (cooperativity). The steepness of 
a sigmoid binding curve in the region of oxygen 
release into the tissue contributes to the mainte
nance of constant tissue O2 (Fig. 7.3). The proper
ties of many respiratory pigments are influenced 
by allosteric modulators like H+, CO2 , inorganic 

ions or organophosphates (heterotropic interac
tions). 

7.1 The Haemoglobins and Myoglobins 
of Vertebrates 

7.1.1 The Structure of Haemoglobin 

Almost all vertebrates possess red blood cells, 
which in the case of the mammals lack nuclei. 
Only antarctic fish of the family Chaenichthyidae 
have neither erythrocytes nor haemoglobin. The 
concentration of haemoglobin in human erythro
cytes is close to the limit of solubility at 330 mgt 
ml. In the anomalous Hb C, the amino acid 
substitution ~A3-Glu to Lys somewhat lowers 
the solubility; Hb C in the erythrocytes of 
Hb C homozygotes can crystallize out [66]. The 
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Fig.7.3a, b. The 02-binding curves of respiratory pig
ments represented in different ways. a The proportion of 
pigment loaded with O2 (Y) as a function of the O2 partial 
pressure (P). b The Hill plot of log (Y)/(l-Y) as a function 
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of log P. The Hill constant n is the slope of the curve and is 
usually given for Y/(l-Y) = 1 or log (Y)/(l-Y) = 0, i.e. at 
50 % saturation; KR and KT are the dissociation constants 
for the Rand T forms 

haemoglobin content of the blood in mammals is 
100-220, in birds 70-190, in reptiles 50-100, in a) 

amphibians 20-70, and in fish 30-150 gil; given 
that 1 g haemoglobin can bind 1.34 ml Oz, the 
corresponding oxygen capacity of the blood can 
be calculated. The longevity of the erythrocytes is 
700-1400 days in amphibians, 600-800 days in 
reptiles and 120 days in man; the life-span is shor-
ter in birds than in mammals. These data give an 
indication of the rate of haemoglobin synthesis 
required for the replacement of erythrocytes, viz. 
about 6 g per day in man. lnm 

The haemoglobins of almost all vertebrates are b) 

tetramers of two different subunits of 141-147 
amino acids according to the general formula 
az~z; the haemoglobins of the agnathans are uni-
que in being monomers in the oxygenated state 
and di- or tetramers when deoxygenated. The 
amino acid sequences are known for several 
hundred haemoglobin chains of vertebrates from 
all classes. In spite of extensive differences in 
sequence, the polypeptides have similar second
ary and tertiary structures (Fig. 7.4). The ~-chain 
consists of eight helical sections A-H; helix D is 
missing in the a-chain (Fig.7.5) [87]. The inter
vening, non-helical regions are designated AB, 
BC, etc. The short N-terminal segment in front of 
helix A is termed NA and the corresponding C-

Fig.7.4a, b. The spatial structures of a the human hae
moglobin a-chain, and b a haemoglobin chain from the lar
vae of the non-biting midge Chironomus thummi. The cyl
inders indicate the actual relative lengths and positions of 
the a helices, whereas in the interhelical sections the form 
of the chain is shown only schematically. The horizontal 
lines with two points represent the haem groups [101] 
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a V-LSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHF-DLS-----HG 
~ VHLTPEEKSAVTALWGKV--NVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMG 

E F G 

a SAQVKGHGKKVADALTNAVAHVDDMPNALSALSDLHAHKLRVDPVNFKLLSHCLLVTLAAH 
~ NPKVKAHGKKVLGAFSDGLAHLDNLKGT-FATLSELHCDKLHVDPENFRLLGNVLVCVLAHH 

H 

a LPAEFTPAVHASLDKFLASVSTVLTSKYR 
~ FGKEFTPPVQAAYQKVVAGVANALAHKYH 

Fig.7.S. The amino acid sequences of the (l- and ~-chains of human haemoglobin. A-H indicate the (l helices 

terminus is HC. The amino acids are numbered 
according to the segment; this has the advantage 
over consecutive numbering of the whole chain 
that the key positions for particular functions 
have the same designation, despite individual 
insertions or deletions. Thus, the haem-binding 
proximal histidine in the human haemoglobin 
chain (Fig. 7.5) corresponds to positions a97-His 
and ~102-His but because in both cases it is loc
ated at the eight position of helix F, it can be 
designated simply F8-His. There are, of course, 
very many monographs on the structure and func
tion of haemoglobin, and in particular of the 
human variety [28]. 

Aggregation of the haemoglobin tetramers to 
form higher polymers is found in many birds and 
amphibians as well as in several species of elas
mobranchs, teleosts and reptiles. In many cases, 
this is clearly due to the formation of disulphide 
bridges between the tetramers. In fact, many of 
the haemoglobins with a tendency to aggregate 
are rich in cysteine; the record is held by the mar
ine teleost Lophius americanus with 16 reactive 
cysteine-SH groups per tetramer [18]. Disulphide 
bridges forming spontaneously in intact erythro
cytes are always immediately reduced again. Sev
eral human and murine anomalous haemoglobins 
have a high cysteine content and a tendency 
towards polymerization. The most investigated 
example is that of haemoglobins Band C from 
the American bullfrog Rana catesbeiana; on de
oxygenation these form an aggregate BCz with a 
drastically reduced O2 affinity. In this case, the ~
chains of both haemoglobins are identical. The 
cysteine residues in positions ~ 122 and ~ 129 are 
excluded, on geometrical grounds, from the 
formation of disulphide bridges between the two 
chains; therefore the aggregation apparently 
involves interaction between the different a
chains of the two haemoglobins [62, 139]. 

If the binding forces between the haemoglobin 
subunits are weakened by high concentrations of 
neutral salts, propylurea or guanidine hydrochlo
ride, the tetramers dissociate to a~ dimers or to 
monomers. Because the amino acids involved in 
the interactions between the subunits show large 
species-specific differences, the ease with which 
different vertebrate haemoglobins can be brought 
to dissociation also shows large variation. The 
haemoglobins of fish are especially resistant; in 
contrast, the haemoglobins of the turtle Phrynops 
hilarii dissociate simply on dilution of the haemo
lysate [136]. 

7.1.2 Ligand Binding and Cooperativity 

The blood of almost all vertebrates shows the typ
ical sigmoid 02-binding curve of cooperative hae
moglobins. The mechanisms of homotropic inter
action between subunits or binding sites (coope
rativity) can be described in abstract mathemat
ical models using thermodynamic or kinetic data. 
For vertebrate haemoglobin in particular, the 
underlying molecular processes are also known in 
some detail down to the atomic level. Cooperativ
ity is a general phenomenon observed for many 
proteins with several binding sites, and is espe
cially relevant in the case of allosterically regul
ated enzymes. The basic theories of cooperativity 
were developed for vertebrate haemoglobin, in 
particular human Hb A. It was because of the 
importance of these theories for understanding 
allosteric enzyme modulation that Monod jok
ingly suggested naming haemoglobin an "honor
ary enzyme". 

The cooperativity theories [13] start with the 
simple case of the binding of a ligand A to a 
monomeric protein E: 
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E + A ~ EA. (7.1) 

According to the mass effect theory, the binding 
constant is 

_ ~ [EA] ( ) 
Ka - r;;; [E] . [A] lImol. 7.2 

Instead of the binding constant Ka, one can give 
the inverse, i.e. the dissociation constant Kd = 1IKa 
in molll. The first mathematical model for the 
binding of A to a protein with n binding sites was 
derived by Hill in 1909: 

E + nA :;;::=: EAn (7.3) 

_ [EAn] 
Ka - [E] . [A]n (7.4) 

Where Y is the completely occupied proportion of 
the protein E, then 

(7.5a) 

Y 
log 1 _ Y = n log [A] + log Ka· (7.5b) 

According to the Hill equation (7.5b), log [Y/I-Y] 
plotted against log [A] (a Hill plot) gives a 
straight line whose slope n (the Hill constant) cor
responds to the number of binding sites. How
ever, this is not the case for either the tetrameric 
haemoglobins or other respiratory pigments 
(Fig. 7.3); more usually, the slope n gradually 
decreases up to extreme values of log [A] and 
never reaches a value on the curve equal to the 
number of subunits. The Hill constant is usually 
read at 50 % saturation, i.e. at 0 on the ordinate; 
for the tetrameric human Hb A the value 
obtained is 3.0. Equations (7.5a) and (7.5b) 
assume that all the fl(s are bound simultaneously, 
i.e. that only E or EAn exist. However, binding is 
apparently also simultaneous if the affinity of E is 
very low but is increased by the binding of an A. 
All the following fl(s will bind rapidly, and coope
rativity results. Thus, the Hill constant, n, does 
not correspond to the number of binding sites but 
is more a measure of the degree of interaction 
between the subunits [13]. 

The model of Adair (1925) assigns a different 
Ka value to each binding step. In this case, the O2-
binding curves may be described perfectly but the 
individual Ka values cannot be directly measured. 
The sequential model of Koshland (1958) assumes 
that each subunit can exist in two states, T and R, 
with different affinities. Somewhat simpler is the 
model proposed by Monod, Wyman and Chan
geux in 1965 (MWC model); this assumes two 

states, T and R, of the whole molecule with spon
taneous transition between the two. The ratio of 
the concentrations of the two forms in the 
absence of the ligand A is given as L, and the 
ratio of their binding constants as c: 

L = [To] (7.6) 
Ro] 

c = ~: . (7.7) 

Assuming a = [A]/KR' then 

Y = Lca(1 + ca)n-l + a(1 + a)n-l (7.8) 
L(1 + ca)n + (1 + a)n 

A sigmoid binding curve then results only if n > 1, 
L > 1 and c ~ 1 [13]. 

Instead of using oxygen, investigations of the 
molecular mechanisms of ligand binding have 
often made use of carbon monoxide, for which 
vertebrate haemoglobins have a 60- to 550-fold 
higher affinity. The CO complex can be dissoci
ated by a light flash and this method therefore 
allows measurements of the uptake kinetics in the 
millisecond range. The alterations on haemoglo
bin structure after ligand binding are known 
down to the atomic level, thanks largely to the 
pioneering efforts of Perutz and coworkers 
[131, 132]. The haemoglobin tetramer consists of 
two a~ dimers, the chains of which are held toge
ther by so-called al~l contacts (packing contacts). 
On the binding of a ligand, the al~l dimer rotates 
150 relative to the a2~2 dimer, and shifts 0.1 nm; 
responsible for this are the so-called al~2 contacts 
(sliding contacts) between the two dimers. 
Dimers and homotetramers are not cooperative. 
In deoxygenated haemoglobin, the distance 
between the ~-chains is increased so that anions, 
such as organophosphates or chloride ions, can 
bind to the positively charged side-chains. Sub
stitutions in the al~2 contact region can reduce 
cooperativity [131, 132]. 

In terrestrial vertebrates, the oxygenation of 
haemoglobin is, as a rule, sufficiently accurately 
described by the MWC model. Deoxygenated 
haemoglobin is almost completely in the T state 
and oxygenated haemoglobin in the R state; in 
marine turtles, Hb02 has been found in the T 
state [136]. The value of the Hill constant for the 
haemoglobins of mammals is always in the region 
n = 3.0; this is also true for most reptiles and 
amphibians, which show values under 2.0 only at 
low pH. Hill constants over 4.0, as are found in 
all bird haemoglobins, the haemoglobins of Rana 
catesbeiana and other frogs and several reptiles, 



are related to tetrameric aggregation [139]. The 
haemoglobin of the semi-aquatic snake Liophis 
miliaris dissociates to dimers on oxygenation. 
Sequence comparisons with human Hb A show 
five amino acid differences in the a lj32 contact 
region, including the exchanges j3G3Glu ~ Val 
and j3CD2Glu ~ Thr. It is probably this loss of 
two negative charges that is responsible for the 
lower stability of binding between the dimers 
[45, 118]. In fish, there are haemoglobins whose 
properties are not in total agreement with the 
MWC mode. They show Hill constant values as 
low as 1.0, particularly in acid conditions, and this 
indicates a marked inhibition of the T ~ R tran
sition [21]. Hill constants under 1.0 are also pos
sible if the O2 affinities of th a- and j3-chains differ 
greatly [139]. According to the MWC model, 
heterotropic ligands should change only the L 
values; KT and KR should remain constant. How
ever, in the case of the haemoglobins of several 
fish species and mammals, including man, orga
nophosphates not only increase the L value but 
also reduce KT; KR remains unchanged and the 
T ~ R transition is hindered. This effect can be 
explained by a three-state model, according to 
which there exists, in addition to T and R, a third 
state, S, in which the low affinity state T is stabil
ized by the organophosphate [75]. More recent 
cooperativity models are based upon the MWC 
model but take into account the thermodynamic 
equivalence of the salt bridges between the 
dimers, as postulated by Perutz, and allow a 
quantitative description of homotropic and hete
rotropic interactions in vertebrate haemoglobin 
[98]. 

The only vertebrate haemoglobins which are 
not built on the tetramer model described above 
are from the agnathans, the lampreys (Petromy
zontoidae) and the hagfish (Myxinoidae). The 
marine lamprey Petromyzon marinus has a princi
pal haemoglobin (Hb II) and two electrophoret
ically distinct subsidiary components (Hb I and 
Hb III), all of which are monomeric in the oxy
genated state but can aggregate to dimers after 
oxygenation at weakly acidic pH: 

G2 + 202 ~ 2G02. 

This change in the aggregation state with oxy
genation or deoxygenation may be considered an 
extreme case of conformational change as the 
result of homotropic interaction; that is why these 
haemoglobins also show cooperativity. The rea
son why they cannot form tetramers can be found 
in their amino acid sequence. All three haemo
globins lack nine amino acids in the GH region, 
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and in several positions important for a lj3l con
tacts there are more strongly polar amino acids to 
be found than in the other vertebrates; on the 
other hand, the a lj32 contacts are more similar to 
those of the mammals. Thus, these haemoglobin 
chains can be linked by contacts which corre
spond to the a lj32 contacts of the tetrameric ver
tebrate haemoglobins, but the a lj3l contacts nec
essary for tetramer formation cannot be pro
duced. The haemoglobins of the marine lamprey 
(P. marin us) and the river lamprey (Lampetraf/u
viatilis) differ at only three to five positions. In 
contrast, the haemoglobin sequences of the com
mon hagfish Myxine glutinosa and the Petromy
zontidae differ by 87-90 amino acids. The hae
moglobin of Eptatretus stoutii (Myxinoidae) 
appears to exist as monomers in the presence or 
absence of oxygen [65, 67]; on the other hand, 
the deoxyhaemoglobins of the related species 
E. burgeri and E. cirrhatus have a tendency to 
aggregate at low pH and high protein concentra
tion [20]. 

The a lj32 contacts in the haemoglobins of the 
Petromyzontidae may be looked upon as the first 
evolutionary step from the monomeric globins, 
resembling myoglobin, to the tetrameric verteb
rate haemoglobins. This first step already allowed 
cooperative and allosteric interactions. In the fol
lowing evolutionary step, two chains arose after a 
gene duplication; these could form heterodimers 
and- tetramers, and allowed finer grading of the 
homo tropic and heterotropic interactions. The 
"discovery" and refinement of cooperativity and 
the heterotropic modulation of vertebrate haemo
globins should be considered in the light of the 
increase in metabolism, which required high and 
constant oxygen partial pressures in the tissues as 
independent as possible from O2 use and CO2 
production. Further gene duplications resulted in 
the appearance of many a- and j3-like chains, 
from which a whole spectrum of haemoglobins 
with varying properties could be produced. Finer 
adaptations to various internal and external 
conditions consequently became possible. The 
course of haemoglobin evolution can be illus
trated by a molecular genealogical tree (Fig. 7.6). 

7.1.3 Heterotropic Interactions 

Vertebrate haemoglobins show an extraordinary 
variety of functional characteristics, such as their 
intrinsic O2 affinity and their sensitivity to allos
teric modulation, which allow adaption to very 
different internal and external conditions. Allos-
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Fig. 7.6. A genealogical tree of the vertebrate globins [53]. 
Open triangles denote foetal globin chains and filled circles 
embryonal globin chains. The numbers indicate the num-

teric modulators, like H+, inorganic ions, organo
phosphates and CO2 , reduce O2 affinity because 
they bind more strongly to the T form and have a 
stabilizing effect by creating electrostatic interac
tions (salt bridges) between the subunits. The 
allosteric effectors interact with particular amino 
acid residues (Table 7.3); thus, in the evolution of 
haemoglobins, substitution of one or a few of 
these key positions changed the respiratory prop
erties of the haemoglobin, whilst exchange of 
other amino acids is without functional effect 
and therefore more or less selectively neutral 
[131, 132, 183]. 

The O2 affinity of haemoglobin in terrestrial 
vertebrates is diminished by H+ ions under 
physiological conditions. This effect, which facili
tates oxygen off-loading in tissues and oxygen 
uptake in the lungs, is known as the (alkaline) 
Bohr eft'ect. Below pH 6.5, however, there is an 
increase in O2 affinity by H+ ions: this is the 
"acidic" or "inverse" Bohr effect. In both cases, 

"- -2 - f Mouse
-23- f Man-

Million years 

ber of substitutions calculated by the maximum parsimony 
method; gene duplications are shown by D 

the Hill constant remains unchanged. A quantit
ative measure of the change in O2 affinity by pro
tons is the quotient cp = ~ log p50/ ~ pH, which is 
negative for the alkaline and positive for the 
acidic Bohr effect. For most vertebrates, cp under 
physiological conditions has a value between 0 
and -1.0; extreme values up to -2.0 are encoun
tered with some fish haemoglobins. Here, the 
acidic Bohr effect is missing and the O2 affinity 
declines markedly with decreasing pH; air
saturated haemoglobin releases more than half 
the bound oxygen on reduction of the pH from 8 
to 6. The haemoglobin is not completely loaded 
with O2 even at partial pressures of 10 mPa 
(100 bar) (Root eft'ect). At the same time, n decli
nes to 1.0, or even lower, because the T state is so 
stabile that the haemoglobin tetramer is not 
transformed to the R state by the binding of the 
first O2 molecule. Values of n lower than 1.0 are 
only possible where the a- and ~-chains have dif
ferent O2 affinities, as for example in the carp and 
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18ble 7.3. The amino acids responsible for heterotropic interactions in various vertebrates [131]. The latest results show-
ing no Root effect in Xenopus haemoglobin [26] are taken into account 

Hum FIV FI Xen R.ad R.la Lep 

II Chain 
NA2 His Asp GIu Gly His His 
EF6 Lys Lys Leu Lys Lys Lys Lys 
F6 Glu Val Glu Lys GIu Glu His 
F9 Cys Ser Ala Ser Ser Ala Ser 
FGl Asp Glu Asn Glu Gly Asn Glu 
H21 His Arg Ser Lys Lys His Arg 
HC1 Lys Gin Arg Gly Gly Ser GIu 
HC3 His His Phe His His His His 

a Chain 
NA1 Val aSer aSer Leu ? aSer mArg 
C3 Thr Gin Gin Lys ? Gin Gly 

Bohr effect Norm High None Norm ? Inv Norm 
Root effect None Pres None None None None None 

Hum, human; FIV and Fl, rainbow trout Salmo irideus (S. gairdneri) Hb IV and HB I, respectively; Xen, Xenopus laevis 
(adult), R.ad and R.la, frog Rana catesbeiana adult and larval, respectively; Lep, lungfish Lepidosiren paradoxus; aSer, 
N-acetyl-serine; mArg, methylarginine; Norm, normal; Inv, inverse; Pres, present 

the tuna fish Thunnus thynnus [21, 131]. The sta
bility of the T state at low pH makes Root-effect 
haemoglobins extremely interesting for studies of 
the R-T transition [64]. The biological impor
tance of the Root effect was initially thought to lie 
in the achievement of higher gas pressure in the 
swim bladder by counter-current multiplication in 
the rete mirabile of the gas gland, a mechanism 
described in all fish physiology textbooks. How
ever, Root-effect haemoglobins are also found in 
fish lacking a functional gas gland. In this case, 
they are involved in the O2 supply to the eye by a 
multiplication effect in the network of blood ves
sels in the choroid (rete chorioidale) [21, 38, 
131]. 

The salt bridges responsible for the Bohr effect 
in human Hb A are depicted in Fig. 7.7; similar 
bonds are found in all Bohr-effect haemoglobins 
[139]. The pK values of the amino acids involved 
increase on deoxygenation and protons become 
bound. Thus, O2 binding and H+ dissociation are 
linked: on the one hand, O2 binding is pH depen
dent (Bohr and Root effects) and, on the other 
hand, protons are released by oxygenation (Hal
dane effect) and bound by deoxygenation. This 
promotes HC03- formation in the tissues and 
CO2 release in the lungs. According to Perutz, the 
Root effect arose due to the exchange of ~F9-Cys 
for a serine, which allows two further H-bridges 
to be formed with ~HC3-His, thereby stabilizing 
the T state, increasing L and reducing K [131]. 
Apart from ~F9-Ser, Root-effect haemoglobins 
usually also contain ~FG1-Glu, ~H21-Arg and 

~HC3-His. The connection between the amino 
acid sequence and the occurrence of the Root 
effect is, however, not absolute. The haemoglo
bins of the frogs Xenopus laevis, Rana esculenta 
and R. catesbeiana, the lungfish Lepidosiren para
doxus and the electric eel Electrophorus electricus 
all contain ~F9-Ser but exhibit no Root effect 
[69]. In the genus Rana this is explainable by the 
occurrence of a glycine or asparagine instead of a 
glutamine at position ~FG1 (Table 7.3); as a 
result, ~HC3-His forms a weak salt bridge to ~F6-
Glu instead of forming the stronger link to ~FG 1-

/6-----------® - C 5 <Xl Lys 

HC3~2 His 

"'" FG 1 ~2 Asp -6----------® 

CD 2 ~2 Glu -6----------®- FG 4 <Xl Arg 

Fig.7.7. Salt bridges in human deoxyhaemoglobin [131]. 
(-) denotes a carboxyl group, and (+) an amino group, a 
guanidine group or the imidazole ring. Amino acid residues 
are numbered according to the chain regions (see p. 253) 
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Glu [131, 132]. Xenopus haemoglobin contains 
both ~FG1-Glu and ~F9-Ser and, despite previ
ous findings to the contrary, still shows no Root 
effect [26]. The haemoglobin from Lepidosiren 
has the same amino acid composition and also 
exhibits no Root effect. Thus, although it is pos
sible to assign certain amino acids to key positions 
in the haemoglobin molecule [131, 132], the func
tionally important properties of the haemoglobin 
are nevertheless determined by the structure of 
the whole molecule [21]. 

The goldfish possesses a single haemoglobin 
showing a marked Root effect. The three princi
ple haemoglobins of the carp are also Root-effect 
haemoglobins. During rapid swimming, the 
reduction in blood pH in the gill may be so great 
that Root-effect haemoglobins can no longer be 
saturated; in such cases, haemoglobins with and 
without the Root effect are found together. The 
best-known example of this is the rainbow trout 
Salmo irideus (S. gairdneri): Hb IV (about 65 % 
of the total) is a typical Root-effect haemoglobin, 
but Hb I and II, in contrast, show practically no 
Bohr effect; the properties of Hb III (about 3 % 
of the total) are not known. In Hb I, all the polar 
amino acids involved in the Bohr effect and in 
binding organophosphates have been replaced by 
neutral residues: ~EF6-Lys with leucine, ~F9-Ser 
with alanine, ~FG1-Glu with asparagine, ~H21-
Arg with serine, and ~HC3-His with phenylala
nine (Table 7.3). The sequence difference 
between Hb IV and Hb I of the trout is no less 
than 41 %, and between Hb IV and human Hb A 
it only 50 %. This clearly illustrates the extreme 
specialization of the Root-effect haemoglobins 
[21, 131, 133]. Haemoglobin systems with mixed 
properties, which provide adaptation to different 
living conditions, are also found in adult amphibi
ans. Whilst in the aquatic Surinam toad Pipa car
valhoi both principal haemoglobins show minor 
Bohr effects (<p = -0.05) and strong interaction 
with organophosphates, the related semi-aquatic 
species Leptodactylus labrynthicus has the 
"aquatic" Hb II and a further haemoglobin, 
Hb III, which, like the haemoglobins of the terre
strial anurans, has a normal Bohr effect and a low 
ATP sensitivity [107]. 

Carbon dioxide reduces the oxygen affinity 
mainly by the protons it generates. A specific CO2 

effect involves the formation of carbamino 
groups with the terminal -NH2 of the a- and ~
chains and a consequent reduction in O2 affinity. 
Quantitatively, this effect plays only a minor role 
compared with that of the H+ ions. Organophos
phates compete with CO2 for the terminal-NH2 of 

the ~-chains and thereby further reduce the CO2 

effect. Blocking of the a-N-termini, as found in 
the haemoglobins of many fish and amphibians 
and of several mammals (Table 7.3), also pre
vents carbamino binding [183]. 

Certain amino acids of the ~-chains form posi
tively charged fields after protonation and these 
promote the T ~ R transition by mutual repul
sion. In the mammals, this involves the N
terminus, ~NA2-His, ~EF6-Lys and ~H21-His. 
Inorganic anions neutralize these charges and 
thereby reduce the O2 affinity of most haemoglo
bins, although to a somewhat lesser degree than 
do organophosphates. Because of its relatively 
high concentration, the Cl- ion is of particular 
physiological importance [24, 49]. The haemoglo
bin of the crocodile Caimand crocodylus is only 
slightly sensitive to H+, CO2, Ct and organophos
phates, and this clearly increases its diving capac
ity; conversely, HC03- has a reducing effect on O2 

affinity, as in other crocodile species, and this 
facilitates the efficient use of the oxygen bound to 
the haemoglobin. The HC03- effect requires the 
three amino acid substitutions ~NA1-Val to Ser, 
~NA2-His to Pro and ~HC1-Lys to GIu; reduction 
of the other heterotropic interactions comes from 
the exchanges ~H21-His to Ala and aH14-Ser to 
Ala [131, 183]. Urea, which in human Hb A increa
ses the O2 affinity by dissociating the tetramers, 
has no effect in several shark species, even at con
centrations as high as 5.0 molll. The haemoglobins 
of Squalus acanthias and Cephaloscyllium isabella 
are, however, sensitive to urea: in contrast to vari
ous enzymes, the urea effect on haemoglobin is 
not compensated by trimethylaminoxide [4]. 

Organophosphates like 2,3-bisphosphogly
cerate (DPG) , inositol phosphates (IP6, IPs, etc.), 
ATP or GTP induce salt bridges between the ~
chains and thereby stabilize the Z state. In mam
mals DPG is bound to ~NA1-Val, ~NA2-His, 
~EF6-Lys and ~H21-His, and in birds IP5 addition
ally binds to ~H13-Arg and ~H17-His. The tele
osts have the amino acids ~NA2-Glul Asp and 
~H21-Arg instead of the histidine found in the 
equivalent positions in man; this represents a 
steric adaptation to the binding of nucleoside tri
phosphates. ATP binds to five amino acids 
(~2NA1-Val, ~lNA2-GIu, ~1H21-Arg, ~1+2EF6_ 
Lys); GTP additionally binds to ~lNA1-Val and 
thereby has a twofold higher modulating effect 
[183]. Curiously, the two haemoglobins of the rhi
noceros Rhinoceros unicorn is contain not only the 
DPG-binding sites typical for mammals, ~NA1-
Val, ~EF6-Lys and ~H21-His, but also in position 
~NA2 either glutamic acid (Hb A) or aspartic acid 



(Hb B), as found in the NTP-specific haemoglo
bins of the teleosts. Thus, rhinoceros haemoglo
bins are modulated by both ATP and DPG [2]. The 
organophosphates reduce the intrinsically high O2 
affinities of most mammalian and avian haemoglo
bins to physiologically meaningful values, e.g. the 
p50 for human haemoglobin is shifted from 1500 to 
3200 Pa. They also effect an increase of the Bohr 
effect. Some groups of mammals have haemoglo
bins with intrinsically low O2 affinities and these 
are insensitive to organophosphates. This is true, 
above all, for the super-family of the cat species 
(Feloidea) with the families Felidae, Viverridae 
and Hyaenidae; the super family of the bovine 
species (Bovoidea) with the families Cervidae, 
Antelocapridae and Bovidae; and the lemurs as 
the only primates. The basic amino acid ~NA2-
His, important for DPG binding, is replaced here 
by a neutral residue such as leucine, methionine or 
phenylalanine, or, in the case of the ruminants, it 
has been completely lost [131, 132]. In some ver
tebrate haemoglobins, e.g. Hb B of the domestic 
cat or the haemoglobins of Crocodilus niloticus 
and Alligator mississipiensis, the sensitivity to 
organophosphates is reduced by blockage of the a
chain N-terminus by an acetyl group [1, 131, 132]. 

Changes in the effect of DPG in mammals 
often have to do with adaption to unfavourable 
conditions for O2 transport. Llamas and guanacos 
are adapted to the lower p02 at high altitudes not 
only by having a lower concentration of DPG in 
their erythrocytes but also the DPG sensitivity of 
their haemoglobin is markedly reduced by the 
exchange of ~NA2-His for asparagine. It is more 
difficult to understand why the same amino acid 
substitution is also found in the haemoglobin of 
elephants and the armadillo Dasypus novemcinc
tus; in the latter case, it might be an adaptation to 
a burrowing habit. A reduced organophosphate 
sensitivity of its haemoglobin also helps the goose 
Anser indicus cope with the low p02 of its habitat. 
This species breeds in Central Asian mountains at 
altitudes of about 4000 m. The intrinsic O2 affin
ity of its haemoglobin is little different to that of 
the domestic goose Anser anser but it is reduced 
much less by IPs [19]. The effect of phosphate 
increases with the number of negative charges, 
e.g. in the haemoglobin of the ostrich in the order 
GTP, ATP < IP4 < IPs < IP6 • GTP has a much 
stronger effect than ATP in many fish. This is 
related to the fact that ATP has the capacity to 
form only five H-bridges compared with six 
formed with GTP [131, 132]. Nucleoside triphos
phates affect not only the T ~ R transition, e.g. 
in the haemoglobin of the tench Tinea tinea, but 
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also the O2 affinities in the T and R states. This 
does not fit the MWC model. Whereas heterot
ropic interactions affect and stabilize the T state 
of haemoglobins in higher vertebrates, nucleo
side triphosphates also affect the R state, in par
ticular the binding constant KR [183]. 

The concentration and composition of the 
organophosphates in the erythrocytes vary 
greatly with the species and, in addition, can be 
regulated during adaptation to large fluctuations 
in the internal or external environment. The ATP 
content of enucleate mammalian erythrocytes is 
consistently lower (less than 1 [lmollml) than that 
of the nucleated erythrocytes of other vertebrates 
(up to 20 [lmollml). The erythrocytes of some tele
osts and amphibian larvae contain about as much 
GTP as ATP, and therefore assume a rather spe
cial position amongst living cells. DPG is found in 
all cells as a cofactor of phosphoglycerate mutase, 
but occurs only at high concentrations in the 
erythrocytes of amphibians and mammals. Inosi
tol tetracis-, pentacis- and hexacisphosphate (IP4 , 

IPs and IP6) are found in high concentrations not 
only in avian erythrocytes but also in those of sev
eral fish and reptile species [8]. ATP normally pre
dominates in fish erythrocytes; more GTP than 
ATP is found in Mustelus, Cyp rin us , Carassius, 
Anguilla, Lepomis and Esox; DPG predominates 
in Entosphenus, IPs in Arapaima and Squalus, and 
IP2 in Lepidosiren [8, 169]. In waters low in O2, 
the concentration of nucleoside triphosphates is 
reduced in most fish and the O2 affinity of the hae
moglobin is therefore increased. In some species 
(e.g. Pleuronectes, Fundulus, Salmo) it is the ATP 
which is regulated and in others (e.g. Cyprinus 
and Anquilla) it is the GTP [183]. 

Amongst the amphibians and reptiles, the 
adults of Ambystoma, Rana and Bufo have both 
DPG and ATP in their erythrocytes. Embryonal 
DPG is found in turtles and crocodiles; adult cro
codiles have only ATP and adult turtles also have 
IPs. Iguana iguana and various snakes apparently 
have IP6 [8]. In the viviparous species Spheno
morphus quoyii and Agkistrodon piscivorus 
(Reptilia), Typhlonectes compressicauda (Amphi
bia: Gymnophiona) and Squalus suckleyi (Elas
mobranchii), O2 transport from the mother to the 
embryo is facilitated by the presence of organo
phosphates at a lower concentration in the 
embryonal than in the maternal erythrocytes 
[183]. The predominant organophosphate of 
avian erythrocytes was previously thought to be 
IP6, but in 1969 it was identified definitely as IPs. 
Other inositol phosphates are present but play a 
subsidiary role; the ostrich Struthio camelus is 
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alone in having more IP4 than IPs in its erythrocy
tes. Avian IPs is 1,3,4,5,6-IPs and the IP4 is always 
1,4,5,6-IP4' in contrast to the mammalian isomer 
1,3,4,5-IP4 [119]. DPG is present in embryos of 
the duck, chicken, pigeon and various other 
birds, and is gradually replaced by IPs. The reduc
tion in DPG and ATP in the chicken is related to 
the maximum in blood O2 affinity before hatch
ing; this increases the efficiency of O2 transport 
through the egg membrane [183]. 

In most mammalian erythrocytes, DPG is at 
such a high concentration (4-12 f,lmollml erythro
cytes) that the haemoglobin is unsaturated and its 
O2 affinity is reduced two- to threefold. In the 
Feloidea and Bovoidea, however, not only is the 
haemoglobin organophosphate insensitive but 
the DPG concentration in the erythrocytes is 
unusually low. During hibernation, e.g. of the 
hedgehog, the ground squirrel Spermophilus 
mexican us , the marmot and the hamster, the O2 

affinity of the blood is increased by a reduction in 
erythrocyte DPG concentration [27]. The O2 sup
ply to mammalian foetuses is maintained in vari
ous ways. Primates and ruminants produce a spe
cial foetal haemoglobin. In the case of the rumin
ants, this has a high intrinsic O2 affinity and a 
reduced DPG sensitivity; furthermore, the amino 
acid NAI is missing in the non-u chains and 
~NA2-His is replaced by methionine. The foetal 
haemoglobins of man and other primates do not 
have a higher O2 affinity but do have a lower sen
sitivity to DPG; in human haemoglobin F, this is 
achieved by the presence of serine instead of his
tidine in position yH21. However, in most mam
mals, e.g. the dog, horse, pig, guinea-pig, rabbit 
and rat there is no special foetal haemoglobin but 
simply a lower DPG concentration in foetal 
erythrocytes [27]. 

7.1.4 Temperature Effects and Adaptations 

The oxygenation of haemoglobin is usually an 
exothermic process; higher temperatures there
fore reduce O2 affinity. The enthalpy value (AH) 
of oxygenation is extraordinarily variable in the 
vertebrates: in the fish it is 0 to -70 kJ/mol O2, in 
the reptiles -30 to -50 kJ/mol O2 , and in mam
mals -40 to -60 kJ/mol O2• This is related to the 
fact that O2 binding produces heat but the simul
taneous T ~ R transition absorbs heat in propor
tion to the number of broken H bonds. The differ
ence between the two processes is measurable in 
terms of the AH value. Organophosphates 
reduce the numerical value of AH; because the 

binding of organophosphates is exothermic, their 
removal during oxygenation requires heat. Thus, 
for human haemoglobin AH is -50 kJ/mol O2 in 
the absence of DPG and only -30 kllmol O2 in its 
presence [75, 183]. 

Cold-blooded vertebrates show various ways of 
preventing a reduction in O2 atrmity with increas
ing temperature. The first possibility is for several 
or all haemoglobins to have AH values close to 
zero. This is true, for example, for the haemoglo
bin of Iguana iguana and Hb I of the rainbow 
trout, compaf(~d with AH = -45 kJ/mol O2 for 
the Root-effect haemoglobin Hb IV [135]. A cor
responding solution is found in fish with a greater 
than normal swimming capacity: the arterial 
blood, which is cooled in the gills, subsequently 
passes through a venous heat-exchanger, where 
its temperature is increased by 3-5 °C (in the por
beagle Lamna ditrotus), or even by 15°C in the 
tuna Thunnus thynnus, before it reaches the 
underlying red musculature. The unavoidable O2 

loss by the venous blood is limited by the absence 
of a temperature effect on the haemoglobin 
(Lamna) or by an inverse temperature effect 
(Thunnus), i.e. the O2 affinity remains constant 
or increases with an increase in temperature 
[131, 132]. The variable temperature sensitivity of 
fish haemoglobin apparently does not correlate 
with the temperature variability of the environ
ment: haemoglobins with AH values of -60 kJI 
mol O2 are found in antarctic species of the genus 
Trematomus and in species like Fundulus hetero
ditus which inhabit regions with extremes of tem
perature [135]. The heterothermic vertebrates 
have a second possibility to reduce the influence 
of a temperature change on their haemoglobin: 
they can reduce the concentration of organophos
phates in the erythrocytes at increasing tempera
tures. This mechanism is found in, for example, 
the turtle Malacochersus tornieri, the frog Rana 
esculenta and the fish Ictalurus nebulosus. 

7.1.5 The Gene Families of Vertebrate 
Haemoglobins 

The possession of multiple haemoglobins is the 
rule rather than the exception amongst the ver
tebrates. These are mostly the products of single 
genes which are expressed only at certain devel
opmental stages or under particular physiological 
conditions. Allelic variants and post
translationally altered forms are, however also 
widely distributed amongst the haemoglobins. 
This variety can be particularly well illustrated in 
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Fig.7.8. Embryonal, foetal and 
adult haemoglobins are formed 
consecutively during human 
development [186]. Shown are 
the changes with time in the 
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bin chains, and the organs in 
which the erythrocytes are 
formed and haemoglobins syn
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man (Fig. 7.8 and Table 7.4). The erythrocytes of 
the adult contain about 94 % Hb A (az~z), 2 % 
Hb Az (azoz) and about 4-6 % Hb Ab which is 
formed post-translation ally from Hb A by N
terminal glycosylation and contains mainly glu
cose. The glycosylation first occurs in the blood 
and depends upon the blood-sugar level; the pro
portion of Hb Al in diabetics can be as high as 
2 %. Human embryos contain Hb Gower 1 (~z£z), 
Gower 2 (az£z) and Hb Portland (~zyz). Little is 
known about the functional properties of these 
embryonic haemoglobins; however, it is known 
that the ~-chain is N-terminal acetylated. From 
about the 10th week, the embryonal haemoglo
bins are replaced by the foetal Hb F (o,zyz), which 
then disappears at birth. There are two different 
y-chains in Hb F, one of which carries glycine (1y) 
at position yH14 and the other alanine (Ay). HbF, 
like Hb A, can be glycosylated in the circulatory 
system; about 10-15 % of the y-chains an; N
terminal acetylated. The amino acid sequences of 
all eight human globin chains (Mb, a, ~, Gy, Ay, b, 
£ and ~) are known [66]. 

The human globin genes are distributed on 
three chromosomes: chromosome 11 ~ars the 
gene cluster for ~-like chains, chromosome 16 
bears the a-globin cluster, and chromosome 22 
has the myoglobin genes [66]. The ~-gene cluster 
includes the genes for the five non-a chains and a 
pseudo gene (Table 7.4); the so-called 'ljJ ~2 lying 
in front of the £ gene shows no similarity to the 
globin genes. The number of genes in the a clus
ter is higher than was first thought. Just 65 bp 
behind the poly(A) signal of 'ljJ~ is the start of a 
newly discovered pseudo gene , 'ljJa2, which con-

Weeks 
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tains long inserts in exon 1 and intron 1 [59]. 
Recently, an apparently functional gene, EH, was 
discovered behind al in the orang-utan, and this 
gene belongs to an entirely new a-gene sub
family; the corresponding human gene has also 
been reported [52, 146]. Thus, the human a-gene 
cluster consists of three or four active genes and 
three pseudo genes (Table 7.4). Of the two ~ 
genes, only the 5' gene (earlier known as ~2) is 
active; the 3' gene (earlier ~1) appears to have 

Table 7.4. Gene arrangement in the a- and ~-globin clus
ters of various vertebrates 

Human [59, 146] 
a cluster: -1; - 'Ij11; - 'Ij1a2 - 'Ij1a1 - a2 - a1 - 01 -
~ cluster: - E - Gy - Ay - 'Ij1~( 'Ij1T]) - 0 - ~ -

Mus domesticus' [129, 147] 
~ cluster: - y(E) - bhO - bh1- bh2 - bh3 - b1- b2-

Peromyscus maculosus' [32, 114] 
~ cluster: - y(E) - bhO - b1 - b2 - b3 -

Rabbit [144] 
a clust~r: - 1;0 - 1;1 -,- al ~ ~1 -1;2 -1;3 - 02 -1;4 
~ cll.\st~f: ,.. ~4 "" ~3, - 'I'~ - ~1 -

Domestic cow (R) and goat (z) ~ cluster [140] 
R _ E3 _ E4 _ 'Ij13 _ ~ _ El _ E2 _ 'Ij11 _ 'Ij12 _ Y _ 
Z _ EI- En _'Ij1~X_ ~c_ EIII_ EIV _'Ij1~Z_ ~A_ EV 

_EV1_'Ij1~F_~F_ 

Chicken [84] 
a cluster: - Jt - aD - a A _ 

~ cluster: - Q - ~H - ~ - E -

Clawed frog Xenopus laevis [72] 
a~ cluster: - a\ - a\ - a A - W - ~La .,.. ~\-

a bh denotes pseudogenes and b active ~ genes; bh1, how
ever, codes for an embryonal globin. 
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been inactivated not so long ago by the nonsense 
mutation 6-GAG( GIu) ~ TAG (stop). Of the two 
a genes, a2 is expressed at levels two- to three
fold higher than a1 [106]. 

All the genes mentioned have the two introns 
typical of animal globin genes (see Fig. 2.9; 
p. 38); the plant haemoglobins contain a third, 
centrally located intron [95]. The introns of the 
various human globin genes have homologous 
positions but very different lengths. Thus, 
intron 1 of the a and ~ genes is only 117-130 bp 
long, whereas in the ~ gene it is 1265 bp long; 
intron 2 has a length of 140-149 bp in the a 
genes, 341 bp in the ~ gene, and 850-904 bp in 
the ~-like genes [80]. The human globin genes 
have clearly attained the character of a model; 
much of our knowledge of gene structure, the 
control of transcription and expression, and 
mRNA processing and translation have been 
gained by their study. Regulation of the ~-globin 
locus is achieved in the locus control region 
(LCR), which is localized in the region 6-20 kb in 
front of the E-globin gene and contains four 
DNase I hypersensitive sites [66, 105, 124]. The 
two changes in gene expression (haemoglobin 
switches) during the development from embryo
nal to foetal haemoglobin and further to the adult 
haemoglobins are amongst the most investigated 
examples of gene regulation, and, because of the 
pathological persistence of Hb F in adults, they 
also have medical significance [80]. Gene duplica
tions and deletions have often been observed in 
the globin gene clusters. For example, up to 10 % 
of the chromosomes in human populations have 
only one a gene or have three a genes; duplica
tions have also been reported in the y and ~ genes 
[66]. Comparison of neighbouring DNA sequen
ces has shown that conversion between the two 
copies of the a and y genes has occurred fre
quently in the evolution.of the primates, but con
version between the ~ and () genes has been less 
frequent [44, 89]. 

Globin gene mutations in man occur with a fre
quency of about 0.3 %; more than 400 anomal
ous haemoglobins are known so far, the study of 
which has produced valuable insight into the rela
tionship between haemoglobin structure and 
function. Structural variation may involve the 
exchange of single amino acids; the most famous 
example is Hb S, where exchange of ~A3-Glu for 
Val results in the aggregation of haemoglobin 
molecules upon deoxygenation and the formation 
of anomalous erythrocytes (sickle-cell anaemia). 
Other anomalous haemoglobins show shortened 
or lengthened chains, deletions or insertions of 

single amino acids, or frameshift mutations; the 
latter are tolerated only close to the C-terminus. 
Gene fusions result, for example, in ()~ hybrids 
(Hb Lepore), ~() hybrids (Hb Antilepore) or Ay~ 
hybrids (haemoglobin b Kenya). Mutations in 
transcription and splicing signals, nucleotide 
exchange in initiation codons, or the formation of 
new termination or splicing signals result in a- or 
~-thalassaemia, in which the corresponding 
chains are produced in insufficient amounts. The 
persistence of foetal haemoglobins in adults also 
involved changes in expression control signals 
[66, 70]. 

The location of a- and ~-gene clusters on sepa
rate chromosomes is already found in the marsu
pials [180]. In the mouse, '\jJa-like pseudogenes 
are spread over several chromosomes. There is a 
large amount of comparative information avail
able on the II cluster of the mammals (Table 7.4). 
In addition to man, the gorilla and chimpanzee 
also possess a '\jJ ~ gene between Ay and (). The 
pseudogenes of all three species have the ATG 
initiator codon mutated to GTG, and 15-TGG to 
a stop codon GTA; a frameshift mutation in 
codon 20 has resulted in many stop co dons in 
exons 2 and 3. In a genealogical tree constructed 
by the parsimony method, the primate '\jJ~ and 
the goat Ell lie on a line of orthologous genes 
which are separate from the E, y, () and ~ genes 
and must, therefore, be considered as a different 
chain type; this is closer to E and y than to () and 
~ and is designated the 'YJ chain. Thus, the original 
mammalian ~-gene cluster did not consist of four 
genes, as thought earlier, but rather of five (E-y-'YJ
()-~) [54]. The separation of the E, y, 'YJ and ~, () 
predecessors occurred 155-200 million years ago. 
Consequently, a primitive mammalian species, 
like the opossum Didelphis virginiana, possesses 
only two ~-like globin loci, one of which is 
orthologically homologous to the E, y, and 'YJ 
genes of the higher mammals, and the other to 
the ~ and () genes [88]. 

The functional predecessors of the 'YJ genes are 
encountered early in mammalian evolution; it 
may be, therefore, that there were originally 
three haemoglobin switches in mammalian devel
opment [54]. The original ~-gene cluster has seen 
many changes during mammalian evolution. 
Duplication of the y loci occurred only after the 
separation of the Old and New World apes 
(Catarrhini and Plat yrrhini) , in connection with 
the insertion of two type-Kpn transposable elem
ents in the Ely region. An active () gene is found in 
the New World apes as well as in man and the 
anthropoid apes; () is not expressed in the Old 
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World apes or lemurs [173]. Inactivation of this 
gene in Lemur fulvus is the result of hybridization 
with the ~ gene [60]. Conversions between 6 and 
~ have occurred frequently in mammalian evolu
tion and have led not uncommonly to the forma
tion of hybrid genes, e.g. rabbit 'l/J~2, mouse bh2 
and bh3, and goat 'l/JW and 'l/JW [54]. Thus, the 
rabbit ~-gene cluster (Table 7.4) consists of two 
embryonal active genes, ~4 and ~3, which are 
comparable to E and y, and a foetal/adult gene ~1, 
which corresponds to the ~ gene of other mam
mals [114]. 

Haemoglobin evolution in the rodents appar
ently led initially to three adult ~ genes. At any 
rate, three active ~ genes (b1, b2 and b3) are 
found in Peromyscus maniculatus, and several rat 
lines also express three adult ~ genes. The ~-gene 
cluster of the mouse, on the other hand, has only 
two active adult genes (Table 7.4) [129, 147]. 
During the evolution of the ruminants, an ancest
ral gene cluster with the form E, E, 'l/J, ~ was 
duplicated (cattle) or even triplicated (goat, 
sheep) (Table 7.4). Sequence comparisons bet
ween the goat and sheep show that the rate of 
evolution of the haemoglobins after the two 
duplication steps was about threefold higher com
pared with that in man and the mouse. The goat 
produces three consecutive non-embryonal ~ 
types; the foetal chain ~F (earlier y) is followed by 
the juvenile form ~c for up to 3 months after 
birth, when it is replaced by the adult type ~A. 
This third switch is reversible; ~c is again pro
duced after extensive loss of blood [144]. Sheep 
of the haplotype A have the same 12 genes at the 
~ locus as have the goat, and also produce ~c dur
ing anaemic stress. Haplotype B sheep lack four 
genes, including ~c [47]. The third gene block 
with the juvenile/stress haemoglobin chain ~c is 
also missing from the bovine genome (Table 7.4). 
Furthermore, one of the bovine pseudogenes is 
duplicated, and in relation to this remarkable 
phenomenon it should be recalled that pseudoge
nes may serve as gene reservoirs [144]. The hae
moglobin system of the domestic pig also has 
some special features: there is only one adult hae
moglobin, a2~2' but four embryonal haemoglo
bins with the compositions ~2E2' azEz, ~z8z and 
az8 z. This 8-chain, which should not be confused 
with the product of the 8 gene recently found in 
the a cluster, so far appears unique to the pig [11]. 

There are, as yet, no such detailed concepts of 
the evolution of the mammalian a-gene cluster 
(Table 7.4). It occurs at a significantly faster rate 
than that of the ~ cluster [58]. Two ~ genes are 
found in man and the chimpanzee. The ~1 gene, 

which in man has become a pseudogene, appears 
to be active in the chimpanzee [185]. Duplicated 
a loci are found in many mammals, e.g. dogs, 
rodents, horses, cattle and primates, and appear 
to be subject to frequent gene conversion [34]. 
Genes in homologous positions in different spe
cies may be active or non-functional, depending 
upon whether or not they have been recently cor
rected through conversion with a functional a 
gene [58]. The sensational discovery of the 81 
gene of the orangoutan as the first representative 
of a new a subfamily will certainly stimulate fur
ther research into the evolution of the a-gene 
cluster. Genes of the 8 family have been detected 
in various primates, the rabbit and probably also 
the horse. In contrast to the genes of the rabbit 
and the primitive primate Galago, the genes of 
the higher primates Papio anubis and Pongo pyg
maeus (orang-utan) are intact and probably func
tional. Transcripts of the 81 globin gene have 
been found in embryonal erythroidal cells and in 
a human erythroleukaemia cell line [68, 102]. The 
81 genes of Pongo and Papio have only 27 subs
titutions, of which 22 are synonymous. The amino 
acid sequences of 81 and a1 differ in only 
55 positions, from which it can be concluded that 
a duplication a/8 occurred about 260 million 
years ago. There is more than one 8 copy in 
Papio, Pongo and man [146]. The ~-globin locus 
of the rabbit consists of three active genes and 
one pseudo gene , whereas the a locus has five 
embryonal ~ genes in addition to one a and two 8 
genes (Table 7.4); in this case, ~1, ~2 and ~3 have 
suffered deletions and the substitution of critical 
amino acids, and they no longer produce func
tional globin chains [32, 114]. 

Post-translationally altered haemoglobins are 
widely found in the mammals. The proportion of 
'glycosylated haemoglobins, however, appears to 
be dependent upon their rate of formation, which 
itself is determined by the glucose permeability of 
the erythrocyte membrane [137]. Allelic variants 
of the haemoglobins are actually no less common 
in other vertebrates than in man, but they have 
been less intensively investigated [123]. As well as 
in man, the sickle-cell phenomenon has been 
observed in numerous deer species, in sheep, 
goat, genets, the mongoose and even lizards; 
only in man and the deer has a mutation of the ~ 
chain been shown to be causal [149]. 

The only avian haemoglobin system to have 
been extensively investigated is that of the 
chicken. Some illuminating changes in the course 
of embryo development have received particular 
attention. There are four embryonal haemoglo-
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bins in the chick, Jt2Q2, Jt' 2Q2, a\£2 and aD 2£2, and 
two adult forms, a\f32 and aD 2132, which altoge
ther contain four a-like chains (Jt, Jt', a A and aD) 
and three f3-like chains (Q, £ and (3). All these 
chains have been sequenced. A particular 13 type 
(f3H) is produced at the time of hatching. Mature 
embryos produce three so-called Koelliker hae
moglobins with a A chains lacking the terminal 
141-Arg. Unfortunately, these are found in quant
ities sufficient for analysis only in the breeding 
strain "HYPECO" [33]. The chicken also con
tains two globin clusters. In the a cluster, as in the 
mammals, the genes are so arranged that the 
early expressed genes (Jt, aD, a A ) are 5'; in con
trast, the gene arrangement of the 13 cluster 
(probably Q, f3H, 13, £) does not appear to follow 
this rule [140]. The switch between embryonal 
and adult haemoglobins in the chicken is peculiar 
in that embryonal and adult genes are transcribed 
in haematopoietic cells towards the end of the 
switching period, but only adult globin is pro~ 
duced; this suggests the existence of post· 
transcriptional control. 

Unlike in the mammals and birds, the a- and 13-
gene clusters of the clawed frog Xenopus Zaevis 
are close. The tetraploid species X. Zaevis has two 
af3 clusters and the diploid species X.tropicaZis 
has only one. The two gene clusters of X.Zaevis 
each contain two larval and one adult gene (Tab
le 7.4). The adult globin chains differ between 
the primitive X. tropicalis and the tetraploid spe
cies X. Zaevis and X. borealis in 12 % of positions; 
this is a larger difference than that found between 
mammalian species of different orders. The dif
ference between homologous chains from the two 
clusters of the tetraploid species is 3-4 %. It can 
be estimated from these data that the genome 
doubling which separated X. tropicalis from the 
other species occurred about 110-120 million 
years ago [84, 152]. The larval globins differ from 
the adult forms in 40-50 % of their amino acids, 
and the different larval genes are expressed with 
different time schedules [6]. The larval a chains 
are more than 90 % similar; however, in the tad
pole there is a further a chain (aT5) of unknown 
gene localization which has only 72-75 % similar
ity to the other larval a chains. Finally, in the ear
lier stages of embryo development, two other 13 
chains are produced (f3E1 and f3E2) but these dis
appear in the feeding stage [7]. 

Thus, in the amphibians there is also at least 
one switch in globin gene expression which is 
related to metamorphosis, the timing of which, 
however, is very species specific. In many urode
lans, the switch begins long before metamorpho-

sis but extends over a long period. In the anurans, 
the switch usually occurs rapidly, mostly at the 
time of metamorphosis, although in HyZa it 
occurs 10 days later. Only in the case of Bufo bufo 
does the switch over begin months after metamor
phosis and lasts for several months [30]. Experi
mental anaemic stress in Rana and Xenopus 
results in the renewed production of larval hae
moglobins. Most of the investigated fish species 
showed alterations in haemoglobins during post
embryonal development. In many amphibians 
and fish, the availability of a whole spectrum of 
structurally and functionally different haemoglo
bins facilitates adaptation to changing environ
mental conditions (p. 257). The heterogeneity of 
haemoglobins in fish is very great; 71 out of 77 
Amazonian fish genera examined possessed sev
eral Hb bands (2-12, with a mean of 3.9). As 
many as 18 different haemoglobins appear in the 
course of the life cycle of Oncorhynchus and 
other salmonids. The coexistence of numerous 
haeruoglobins is made possible by the fact that 
the dissociation of fish haemoglobins to dimers is 
restrained compared with the situation in other 
vertebrates, and therefore heterotetramers, like 
aa'f3f3', are stable. 

7.1.6 Myoglobins 

Myoglobins are present in the heart and skeletal 
muscle of most vertebrates and in the muscle of 
many invertebrates. They promote O2 supply to 
the sarcosomes, their most important property in 
this connection being their high rate of O2 dissoci
ation. Even Antarctic fish which lack haemo
globin-containing erythrocytes have myoglobins 
in their heart muscle [41]. The concentration of 
myoglobin is particularly high in the muscles of 
aquatic mammals, where is also serves as an O2 
store. Vertebrate myoglobins are all monomers 
with 153-154 amino acids and a molecular mass 
of 17.8 kDa. The sequences of more than 60 my
oglobins are now known, mainly from the mam
mals [110]. One myoglobin gene has been 
described for each of man, the seal and the 
mouse, species in which there are probably multi
ple Mb genes. Myoglobin genes, like those for all 
globins, have two introns, but they are unusually 
long: intron 1 in the species mentioned is about 
4.4 kb; the human intron 2 is 3.6 kb, that of the 
seal is 3.2 kb, and in mouse it is only 1.5 kb [14]. 
Myoglobin exists in solution in two conforma
tional isomers in which the haem is rotated 180 a 

around the axis a-yo One of the forms generally 
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predominates and constitutes the native form of 
the pigment. In the sperm whale, the deviant 
form makes up less than 10 % of the myoglobin at 
equilibrium; in contrast, in the tuna fish the two 
myoglobin forms are equally represented [10]. 

7.1.7 Methaemoglobin Formation 
and Reduction 

Although the Fe (II) in the haem pocket is rela
tively well protected from oxidation, both eryth
rocyte haemoglobin and muscle myoglobin of the 
vertebrates is continuously converted to methae
moglobin (or -myoglobin) with Fe (III) , which can 
bind no more O2 • The auto-oxidation rate is tem
perature dependent; the haemoglobins of the 
marine teleosts show some adaptation to the aver
age temperatures of their habitats, such that at 
any given temperature cold-water fish have a ten
fold higher auto-oxidation rate than warm-water 
fish. On the other hand, hydrostatic pressure has 
no influence upon auto-oxidation [187]. The 
reduction of methaemoglobin to functional hae
moglobin in vertebrates of all classes is achieved 
mainly by NADH- and NADPH-specific MetHb 
reductases, all of which are partly membrane 
bound [71, 103, 145]. Vertebrate blood at equilib
rium contains 1-3 % methaemoglobin. The much 
higher values given in the literature for the repti
les are probably artefacts. 

7.2 Invertebrate Haemoglobins 
and Chlorocruorins 

The haemoglobins of invertebrates are remark
ably sporadic in their distribution. Whereas the 
vertebrates always have myoglobins in their heart 
and skeletal muscle and, with few exceptions, 
possess haemoglobin-containing blood cells, hae
moglobins are found in many phyla of invertebra
tes (Table 7.2) but only in individual species or 
groups. Therefore, the question of the biological 
importance of the haemoglobins to the inverteb
rates is not so clearly answerable as it is for the 
vertebrates. Haemoglobins are found either 
freely dissolved or in haemoglobin-containing 
cells (erythrocytes) in the blood, haemolymph or 
body-cavity fluid (Table 7.2). Intracellular hae
moglobins are also present, often simultaneously, 
in invertebrate muscle, nerve cells and other cell 
types. For example, in the echiurid Thalassema 
haemoglobins are present in cells of the coelom 

fluid, coelom epithelium, body wall muscles, gut 
wall, fat cells, nervous system, anal vesicles, and 
eggs. Haemoglobins are even found in several 
protozoans. Some animal species have several 
different types of respiratory pigment, e.g. hae
moglobin in the muscle or body cells together 
with chlorocruorin dissolved in the body fluid 
(e.g. the polychaete Potamilla), or haemocyanin 
(e.g. Polyplacophora, Gastropoda Busycon and 
Aplysia). Other species possess both dissolved 
haemoglobin and an intracellular form in the cells 
of the coelom fluid (certain polychaetes), or they 
have both extracellular haemoglobin and chloro
cruorin in the blood (the polychaete Serpula). 

The universally used term "haemoglobin" 
emphasizes the presently accepted homology of 
all these proteins, regardless of whether they 
occur in plants or animals [55, 174]. Before this 
homology was defined, other terms were applied 
and these are still partly in use today. The name 
"erythrocruorin" has a complicated history. It 
was coined by Lankester in 1868 to distinguish the 
haemoglobins of certain invertebrates from green 
chlorocruorin; it was adopted in 1933 by Sved
berg to differentiate between the intracellular, 
low molecular weight vertebrate haemoglobins 
and the then known extracellular, high molecular 
weight invertebrate haemoglobins. Today, when 
many low molecular weight invertebrate haemo
globins are known, the name erythrocruorin may 
no longer be used for all invertebrate haemoglo
bins, but should be reserved for the highly poly
meric, extracellular haemoglobins of the molluscs 
and annelids in order to emphasize their unique 
character. Myoglobin refers only to the muscle 
haemoglobins and not to those of other body 
cells. 

The intracellular haemoglobins of the inver
tebrates are, as a rule, mono-, di- or tetramers, 
and only seldom higher polymers, with subunits 
of 12-16 kDa and one haem group. There are, 
however, intracellular haemoglobins with subun
its of twice this size, and these include two 
domains each with a haem group, e.g. in the lar
vae of the bot fly Gasterophilus and in the mussel 
Barbatia reeveana. The extracellular haemoglo
bins are divided into four types according to their 
structure [174]. The first type are mono-, di- or 
tetramers with subunits of 16 ± 2 kDa and with 
one haem group; this is the structure of the hae
moglobins in the haemolymph of the larvae of 
non-biting midges (Chironomidae). Haemoglo
bins of the second type have subunits of 
30-40 kDa with two haem-bearing domains; the 
haemoglobin molecule of several lower crusta-
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ceans is composed of 10-24 such subunits, and 
that from the body cavity fluid of the roundworm 
Ascaris and its relatives has 8 subunits. The poly
peptide chains of the third group each carry 8-20 
haem groups; the haemoglobins of certain fresh
water snails (Planorbidae), marine mussels 
(Astartidae and Carditidae) and the brine shrimp 
(Artemia salina) are made up of two or more such 
subunits. The fourth type includes the haemoglo
bins of the annelids and Pogonophora as well as 
the polychaete chlorocruorins, which contain a 
somewhat different prosthetic group but are 
otherwise extraordinarily similar to the haemo
globins. The pigments of this fourth group are all 
molecules of several thousand kilodaltons, and in 
the electron microscope have the characteristic 
appearance of two superimposed hexagons. The 
molecular architecture of these giant molecules 
has not yet been defined; they often consist of 
subunits of about 16 kDa with one haem group 
which are partly linked by disulphide bridges, but 
they may also have subunits of twice, or someti
mes three or four times, the size and haem-free 
polypeptides. 

The haem-bearing subunits or domains consis
tently have molecular masses of 16 kDa and 
lengths of between 132 and 157 amino acids [9]. 
The amino acid sequences of haemoglobins from 
very different invertebrate groups have recently 
been determined; these include the ciliates, anne
lids, pogonophorans, echiurids, crustaceans, 
insects, molluscs and holothurians. In contrast, 
the genes are known in only two cases: a globin 
gene from the earthworm Lumbricus has a struc
ture similar to that of the vertebrates with two 
introns, whereas the globin genes of the non
biting midges (Chironomidae) have no introns. 
Pairwise comparison of the amino acid sequences 
of distantly related animal species usually shows 
only a few identical positions. The phylogenetic 
history of these haemoglobins apparently goes far 
back in time. Even different globin chains of the 
same species can vary greatly. For example, the 
chains I and II of the haemoglobin from the 
earthworm Lumbricus terrestris have only 59 
(42 %) identical amino acids [148]; pairwise com
parisons of the 12 haemoglobins in Chironomus 
thummi thummi consistently show only 50 % 
agreement [128]. Only when a large number of 
sequences are available will it be possible to der
ive a molecular genealogy which reflects the rela
tionships between the various invertebrate hae
moglobins. Despite the large sequence differ
ences, there is still no doubt that all haemoglo
bins are homologous. For example, the sequence 

of the very unusual globin F-I of the echiurid 
Urechis caupo in fact agrees in only 11-20 % of 
positions with those of man, the agnathan Petro
myzon, the holothurian Molpadia, the insect Chi
ronomus, the annelids Glycera and Lumbricus, 
the molluscs Anadara and Aplysia, and the soy
bean, but 51 % of the amino acids of Urechis are 
also present in at least one of the other chains 
[46]. The spatial structure of invertebrate hae
moglobin has, up to now, been examined only in 
the case of CIT-III from Chironomus thummi 
thummi, where there is extensive similarity to ver
tebrate haemoglobin (Fig.7.4). Extrapolating from 
the amino acid sequences, it would appear that all 
known haemoglobin chains have similar second
ary and tertiary structures, and this is not analog
ous to that of any other protein family [9]. Thus, 
despite fundamental changes in sequence in the 
course of evolution, structural parameters essen
tial for the function have been retained [174]. 

Only two amino acids are invariant in all hae
moglobins: CD1-Phe and the haem-binding 
"proximal" F8-His. The haem iron is coordinately 
bound, on the one hand, to the four pyrrole-N 
residues and, on the other hand, to the imidazole 
ring of this histidine; the haem itself is anchored 
in the haem pocket by non-polar interactions with 
about 15 other amino acids. The region of the 
haem pocket has been especially conserved dur
ing evolution. Position E7 is also occupied by his
tidine, the "distal" histidine, in almost all hae
moglobin chains. On oxygenation, this amino 
acid swings away from the entrance to the haem 
pocket, thereby providing access for O2, Apart 
from histidine, sterically the most suitable amino 
acid for this function is glutamine, which in fact 
replaces E7-His in some globins, e.g. the myoglo
bin of the African and Indian elephants, the 
myoglobin of the shark Mustelus antarcticus, the 
a-chain of the opossum, the ~-chain of the snake 
Liophis miliaris, the globin of the agnathan Myx
ine, the larval globin CT-IIIA of the non-biting 
midge Chironomus thummi thummi, the globin of 
the echiurid Urechis caupo, and haemoglobin I of 
the mussel Calyptogena soyoae [46, 108,118, 159, 
174]. One finds E7-Leu in the monomeric globin 
of the polychaete Glycera dibranchiata, but in the 
monomeric myoglobins of the snails Aplysia lima
dna and Dolabella auricularia E7-Val occurs 
[156, 189]. The haemoglobin of the small liver
fluke Dicrocoelium dendriticum has tyrosine at 
position E7, and not glycine as was thought ear
lier [97]. 

Cooperativity and heterotropic modulations in 
the tetrameric vertebrate haemoglobins involve 



interactions between heterodimers. However, 
these concepts cannot, as a rule, be applied to 
invertebrate haemoglobins. Cooperative homodi
mers and the resulting tetramers are known from 
various mussel species of the family Arcidae. In 
these cases, the contacts between the subunits are 
formed via the helices E and F; consequently, the 
subunits have exactly the opposite orientation to 
those in vertebrates where E and F are external 
[17, 108]. Compared with vertebrate tetramers, 
the homotetramers of haemoglobin F-I from Ure
chis caupo are also "inside out"; the G/H helices 
lie on the tetramer surface. The contacts between 
the subunits, however, are different to those in 
the Arcidae; the haemoglobin shows neither 
cooperativity nor a Bohr effect nor any other 
heterotropic interaction [46, 86]. In the giant hae
moglobins of the annelids, the Hill constants, n, 
have maximal values of about 7-8, although the 
whole molecule contains at least 144 haem 
groups. In this case, the cooperative subunit 
apparently corresponds to one of the 12 structural 
units visible in electron micrographs of this mol
ecule, which has the form of two hexagons [108]. 
The even larger extracellular haemoglobins of the 
marine mussels from the families Astartidae and 
Carditidae, which contain hundreds of haem 
groups, show no cooperativity whatsoever [163]. 
Many, but by no means all, invertebrate haemo
globins show a Bohr effect. Many of the haemog
lobins show both the normal (alkaline) and the 
inverse ( acidic) Bohr effect; the haemoglobins 
CTT-III and CTT-IV of Chironomus have only 
the alkaline effect, and Dicrocoelium shows only 
the acidic effect [151]. Of all the invertebrate hae
moglobins, the molecular mechanism of the alka
line Bohr effect has been clarified to some extent 
only in Chironomus [151]. Heterotropic modula
tion of haemoglobins by organophosphates, 
which is of great importance in the vertebrates, is 
apparently not found in the invertebrates [174]. 

The enthalpy values (~H) of oxygenation are 
as variable in the invertebrates as they are in the 
poikilothermal vertebrates. The different hae
moglobins of Chironomus have values between 
--40 and -81 kJ/mol O2 [182]; the haemoglobin of 
the earthworm Maoridrilus montanusi has a value 
of -27 kJ/mol O2 , like other annelids [43]; and 
the tetrameric and monomeric haemoglobins of 
the mussel Barbatia reeveana have values of -22.6 
and -12.1 kJ/mol O2 , respectively [57]. In spite of 
the basic similarity of haem pocket structures, 
marked deviations in the amino acid sequence 
result in large differences in Orbinding kinetics 
between invertebrate haemoglobins, especially in 
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Table 7.5. The rate constants according to Eq. (7.2) 
(p.254) for O2 binding (kon) and release (koff) of various 
haemoglobins [72] 

Human a chain 
Human ~ chain 
Sperm whale myoglobin 
Glycera dibranchiata 
Chironomus thummi thummi 
Dicrocoelium dendriticum 
Ascaris lumbricoides 
Aplysia limacina myoglobin 
Leghaemoglobin 

kon koff 
!lmol-'s-' s-' 

50 
60 
19 

190 
300 
300 

1.5 
15 

150 

28 
16 
10 

2800 
218 
30 
0.004 

70 
11 

terms of the rate constant for dissociation (koff) 

rather than that for binding (kon) (Table 7.5). The 
kinetic constants for CO or ethylisocyanide, on 
the other hand, are much less variable [36, 72]. 

Little is known about the biosynthesis and 
degradation of invertebrate haemoglobins. Just 
as in the vertebrates, they are undoubtedly sub
ject to inactivation by methaemoglobin forma
tion. Superoxide dismutase, which can reduce 
this effect, is widely found in the invertebrates 
(p. 706), but methaemoglobin reduction has so far 
been detected only in the sipunculid Themiste sp. 

7.2.1 Annelids, Pogonophora and Echiurids 

A particularly large variety of respiratory pig
ments is found in the annelids. Many polychae
tes, oligochaetes and leeches possess soluble hae
moglobins in the blood, and sometimes also in 
the coelom fluid (e.g. Nephthys hombergi). In 
several polychaete families, the blood contains 
green chlorocruorin; this has the slightly different 
spirographis haem as the prosthetic group, 
instead of protohaem (Fig. 7.2), but is otherwise 
very similar to the annelid haemoglobins. Intra
cellular haemoglobins are also found, for exam
ple, in cells of the coelom fluid of some poly
chaete families, and in the muscles and nerve 
cells of several species, either as the sole respirat
ory pigment (Aphrodite aculeata) or in addition 
to soluble haemoglobin (Abarenicola pacifica), 
soluble chlorocruorin (Potamilla leptochaeta) or 
coelom cell haemoglobin (Glycera robusta). 
Magelona is probably the only polychaete to pos
sess haemerythrin. The haemoglobins found in 
some pogonophoran species are very similar to 
annelid extracellular haemoglobins. 
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The extracellular baemoglobins of the annelids 
are giant molecules whose structure can be ana
lysed with the electron microscope. They have the 
form of two superimposed hexagons with more
or-less spherical subunits. For technical reasons, 
previous studies reported widely varying values 
for the dimensions of these molecules. More 
recent investigations consistently give a diameter 
of 30 nm and a height of 20 nm. The molecular 
mass is 3.6-3.8 MDa [56, 79]. In addition to 
molecules with the described dimensions, the 
polychaetes Ophelia bicornis and Euzonus muc
ronata of the family Ophelidae contain aggrega
tes with a two- to threefold larger mass [108]. 

In mildly alkaline conditions, the molecules 
dissociate into fragments of varying size but 
always include a fragment that is 1I12th of the ori
ginal mass. Whereas Ca2+ stabilizes the molecu
lar structure, ethylene diaminetetraacetic acid 
(EDT A) promotes dissociation. A few species 
show reversible dissociation (Dina dubia, Hae
mopis sanguisuga), and in Eunice aphroditis an 
association-dissociation equilibrium exists over a 
wide pH range around the neutral point. Dissoci
ation of the native haemoglobin molecule can 
also occur at acidic or neutral pH values upon 
addition of urea, perchlorate or certain other ani
ons[108]. For a long time there was controversy 
over just how many different polypeptides exist in 
extracellular haemoglobins and chlorocruorins of 
the annelids, and which are the stoichiometric 
relationships between these types of polypepti
des. It is now agreed that the haemoglobins of the 
polychaetes and oligochaetes consist of four types 
of haem-bearing 16-kDa chains, three of which 
are linked by disulphide bridges. There are, in 
addition, at least two types of non-haem-bearing 
30-kDa chains known as "linkers". The situation 
in the leech Macrobdella decora is somewhat dif
ferent. SDS-gel chromatography under non
reducing conditions in this case gives three types 
of subunit: monomers of about 17 kDa, non
reducible dimers of 30 kDa, and reducible haem
bearing dimers of 34 kDa. According to the N
terminal sequences, at least five different poly
peptides are present [79]. Amino acid sequences 
have been obtained for all four haem-bearing 
chains of the polychaete Tylorrhynchus hetero
chaetus and of the common earthworm Lumbri
cus terrestris, and for the monomeric subunits of 
the freshwater oligochaete Tubifex tubifex and of 
the earthworm Pheretima sieboldi. The ten haem
bearing chains agree in 30-50 % of positions; of 
the 25 invariant amino acids, 9 are conserved in 
the human B-chain [56, 154]. Linkers 1 and 2 of 

Tylorrhyncus and one linker of the deep-sea pogo
nophoran Lamellibrachia have also been se
quenced; they show agreement in 23-27 % of 
their 224-253 positions but show no relationship 
to the haemoglobin sequences [160]. The only 
annelid haemoglobin gene so far to have been 
sequenced, the gene for chain III (or c) of Lumb
ricus terrestris, contains two introns of 1344 and 
1169 bp in positions homologous to those in ver
tebrate haemoglobin genes [76]. 

Because of the existence of polypeptides with
out haem, the haem (2.6 ± 0.4 %) and iron 
(0.23 ± 0.01 %) contents of the annelid haemo
globins are both very low compared with those of 
other haemoglobins; this results in the unusually 
high mean molecular mass of 23-26 kDa per 
haem [175]. The nomenclature of the haem
bearing chains is inconsistent: in Tylorrhynchus, 
the monomeric chains are labelled as I and the 
subunits of the trimers as IIA-IIC; the corre
sponding designations in Lumbricus are I or d 
and II-IV or a-c. Because of the greater sequence 
similarity pairwise, the designations a, A, b, B 
were suggested more recently for the four chains 
[56]. Accordingly, the monomeric subunit is ter
med a (Tylorrhynchus I, Lumbricus I or d), and 
the subunits of the trimers are called A (Tylor
rhynchus IIA, Lumbricus II or b), b (Tylorrhyn
chus IIC, Lumbricus III or c) and B (Tylorrhyn
chus lIB, Lumbricus IV or a). Despite many 
investigations with the most advanced electron 
microscopic techniques, the quarternary structure 
of the annelid haemoglobins has not yet been 
unambiguously defined. One model that is 
acceptable to many workers in the field is similar 
to the "bracelet" model proposed by Vinogradov 
in 1986; in this, 12 complexes with the composi
tion (aAbB)4 are bound together via 24 haem-free 
subunits to form two sets of six linked rings. The 
value of 192 haem groups per molecule which 
emerges from this model is somewhat larger than 
that calculated from the haem content and mole
cular mass [56, 174]. 

The extracellular annelid haemoglobins show 
cooperativity. For earthworm haemoglobin, Hill 
constants, n, have been recorded as between 2.5 
and 7.9, depending upon the pH; Ca2+ shifts the 
pH for nmax from 8.1 to 7.6, and at the same time 
increases both the O2 affinity and the Bohr effect. 
The 1/12th fragments also show cooperativity; 
although the n values for these fragments are 
always lower than for native haemoglobin, the 
homotropic interaction nevertheless appears to 
lie mainly, or entirely, within this 1/12th structure 
[50, 108, 176]. The O2 affinities of annelid 



haemoglobins are in general higher than those of 
the vertebrate haemoglobins. An (alkaline) Bohr 
effect, where it exists, is usually only of weak 
intensity. Annelid haemoglobins are able to bind 
anions and cations but only the latter influence 
structural and functional properties. The affinity 
is 1000-fold higher for divalent ions, like Ca2+ and 
Mg2+, than for monovalent ions. There are high
affinity binding sites which are always saturated 
under physiological conditions and are responsi
ble, above all, for stabilizing contacts between 
the 1I12th fragments. There are also Ca2+ -binding 
sites of lower affinity which modulate functional 
properties such as O2 affinity and cooperativity 
[108]. The haemoglobins of Lumbricus and Tylor
rhynchus were found to contain 1-4 tightly bound 
copper and zinc atoms in addition to 50-61 cal
cium atoms [153]. Organophosphates have no 
effect on annelid haemoglobins. The temperature 
sensitivity appears to be generally low; the AH of 
about -25 kJ/mol O2 is lower than for many ver
tebrate haemoglobins [43]. 

The structure of pogonophoran haemoglobins 
allows conclusions to be drawn about the syste
matic position of this unique group of animals. 
These sedentary worms of the seabed were ini
tially considered to be a unique phylum close to 
the Hemichordata on the basis of their three body 
subdivisions (archimerie); more recent studies of 
intact Pogonophora, however, show the existence 
of a fourth, bristle-bearing, segmented region 
which was missing in the original specimens. This 
morphological similarity to the annelids is paral
lelled by marked similarities between the hae
moglobins. 

The giant, tube-inhabiting worms of the genera 
Riftia and Lamellibrachia, which are amongst the 
characteristic inhabitants of hydrothermal vents, 
have recently been divorced from the Pognophora 
and placed in a new phylum, the Vestimentifera. 
Hydrothermal vents are openings in the seabed 
from which hot water with a high hydrogen sul
phide content emerges; they were discovered in 
1977 at a depth of 2000-3000 m off the Galapagos 
Islands. This extreme habitat with temperatures of 
6-25 °C, a pH value of about 3.5, and an H2S con
centration of over 10 mmolll is occupied by giant, 
tube-dwelling worms (Riftia pachyptila) , which 
are 1-3 m long and have a diameter of 4-5 cm, 
and by large mussels of the species Calyptogena 
magnifica, with a diameter of 25-30 cm. Riftia has 
no gut but instead has a special organ (tropho
some) that hosts chemosynthetic, symbiotic bacte
ria which oxidize sulphide to sulphate; the energy 
extracted in this way is used to convert carbon 
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dioxide to various organic substances. Similar 
bacteria are to be found in the gills of the mussel 
and also in various deep-sea annelids [74]. 

Riftia has two haemoglobins in the blood and 
coelom fluid; the predominant Hb A form in the 
blood has a hexameric structure and a molecular 
mass of 1.5 MDa, and the Hb B of the coelom 
fluid has a mass of 400 kDa. Both forms have the 
capacity to bind SH- ions, whereby the binding 
capacity of Hb A (1-2 mol sulphide/mol haem) is 
greater than that of Hb B (0.4-1). The haemoglo
bin here apparently serves to supply the symbiotic 
bacteria with SH- ions and to protect the animal 
tissues from the highly toxic effect of a high con
centration of free sulphide [108]. The second 
pogonophoran species with a well-investigated 
haemoglobin is Lamellibrachia sp., which lives in 
less extreme hydrothermal regions. These species 
also possess two haemoglobins with different 
molecular masses. The 3-MDa haemoglobin con
tains two haem-free linker chains, AV and AVI, of 
about 30 kDa, and four haem-bearing chains of 
about 16 kDa, of which AlII and AIV are present 
as monomers and AI and All are associated as a 
dimer. The 440-kDa haemoglobin is made up only 
of the haem-bearing chains BI-BIY. The N
terminal sequences have been determined for all 
eight haem-bearing chains; All agrees with BII, 
and AlII with BIll. The complete amino acid 
sequences are known for AlII and the linker 
chain AV. The chains AI, All, AlII, BII and BIll 
all have a free cysteine residue which probably 
represents the sulphide-binding site. The haem
bearing chains of Lamellibrachia are all signifi
cantly homologous to those of the annelids and 
may be incorporated into the annelid dichotom
ous phylogenetic tree; AI, BI and AIIIIBIII 
belong to the aA group of annelid subunits, and 
AIIIIBII, AIV and BIV belong to the bB group. 
The AV linker agrees at 27 % of positions with the 
homologous subunits of the polychaete Tylor
rhynchus heterochaetus [161]. 

The green chlorocruorins are present in solu
tion in the blood of the sedentary polychaetes of 
the families Sabellidae, Serpulidae, Chlorhaemi
dae and Ampharetidae. The prosthetic group is 
spirographis haem, which differs from proto haem 
only by having a 2-formyl instead of a 2-vinyl resi
due (Fig. 7.2). Apart from this, the chlorocruo
rins are identical to the annelid extracellular hae
moglobins in molecular size, electron microscopic 
appearance, haem content, and dissociation 
kinetics. Even very closely related species differ 
simply with respect to these two respiratory pig
ments, e.g. Spirorbis borealis has chlorocruorin, 
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whereas S. corrugatus has haemoglobin. In Ser
pula vermicularis, both pigments are present in 
the same animal. In this case the blood is gree
nish-brown with absorption maxima of 605 and 
577 nm, corresponding to the a-bands for chlo
rocruorin and haemoglobin (Table 7.1). There is 
about 60 % protein-bound spirographis haem and 
40 % protohaem, and as these have as yet proved 
impossible to separate, it may be that there is 
only one protein present with all the properties of 
a typical extracellular annelid pigment and bear
ing both prosthetic groups on the same molecule 
[174, 176]. 

Coelom cell haemoglobins are found in poly
chaetes of the families Glyceridae, Terebellidae, 
Opheliidae, Capitellidae and Ceratulidae, occur
ring together with extracellular blood haemoglo
bin in the terebellids Amphitrite ornata and Thele
pus crispus. The coelom cell haemoglobins are all 
monomers of about 14 kDa in the terebellids, and 
32-kDa dimers in the opheliid Travisia. The eryth
rocytes of the "blood worm" Glycera dibranchiata 
(Glyceridae) contain five to six monomeric hae
moglobins of about 17 kDa and at least six globin 
chains of the same size; on oxygenation these 
form octamers and higher polymers by self
association. The monomers M-II and M-IV and 
the components Pl, P2 and P3 of the polymer 
fraction have been completely sequenced and P4, 
P5 and P6 have been partially sequenced. The 
five complete sequences include 39 invariant 
positions. A further 44 positions are found in all 
three polymeric globins but not in the two mono
mers. In the two monomeric globins, the distal 
E7-His is replaced by leucine, which is no longer 
able to stabilize the Hb02 by an H-bridge. Some 
of the haemoglobins of Glycera and of the larvae 
of the non-biting midge genus Chironomus 
include conformational isomers with the haem 
rotated 180 0 , as has already been described for 
vertebrate myoglobins. This isomerism has, of 
course, functional consequences [3, 122, 189]. 
The Glycera haemoglobin has a unique, ex
tremely rapid O2 dissociation (Table 7.5). In 
addition to blood and coelom cell haemoglobins, 
the annelids also have myoglobins. These are gen
erally monomers with a molecular size of about 
16 kDa, although those of Travisia foetida are 
dimeric. Dimeric myoglobins are otherwise only 
encountered in the molluscs [163]. 

The coelom cells of the echiurid Urechis caupo 
contain several tetrameric haemoglobins and the 
muscles possess a monomeric myoglobin. The 
haemoglobins show no cooperativity and no Bohr 
effect. At least five polypeptides, which differ 

only slightly from each other, are detectable in 
the haemoglobins, suggesting that U. caupo pos
sesses several very similar globin genes. The 
amino acid sequence of globin F-I has been 
determined directly and via the cDNA; the chain 
of 141 amino acids is ~-like with well-formed D 
helices, but shows no more than 20 % sequence 
similarity to other globins. The CD1-Phe and the 
proximal F8-His are conserved, whereas the dis
tal E7-His is replaced by glutamine. Compared 
with human Hb A, only 2 each of the 17 al~l and 
the 13 al~2 contacts are present. The subunits are 
so arranged in the homotetrameric F-I molecules 
that the GIH helices lie at the outer surface of the 
molecule and not at the inner surface, as in the 
vertebrate haemoglobins. In this respect, F-I 
resembles the heterotetrameric haemoglobins of 
the mussel family Arcidae (p.271), although the 
contacts between the subunits in Urechis and the 
Arcidae are very different [117]. 

The haemoglobins of the echiurid Thalassema 
mellita have rather deviant properties. Here, 
there are two disulphide-linked dimers and 
smaller amounts of a monomer, which in total are 
made up from three different polypeptide chains 
of 13-16 kDa. One of the dimeric haemoglobins 
is a heterodimer having one chain in common 
with the monomeric haemoglobin; the other is a 
homodimer composed of chains of the remaining 
type. The coelom cells and their lysate show 
cooperative O2 binding with n = 1.5-1.9, but the 
isolated haemoglobin has little cooperativity 
(n = 1.0-1.3) [172]. 

7.2.2 Haemoglobins of the Molluscs 

Amongst the molluscs there are various haemo
globin types with characteristic distributions. 
High molecular weight extracellular haemoglo
bins are found only in the aquatic pulmonate 
snails of the family Planorbidae; otherwise, the 
typical respiratory pigment of the gastropods is 
haemocyanin. Mussels of the families Carditidae 
and Astartidae have a further type of extracellu
lar haemoglobin. Haemoglobin-containing eryth
rocytes are found in mussels from at least seven 
families, but only a few species of the Arcidae 
have been examined in any detail. Myoglobins 
are present in the radula and buccal muscles of 
the polyplacophores and the gastropods, and in 
the shell adductors and foot muscle of the mus
sels; in fact, intracellular haemoglobins are also 
found in the heart and in gill and nerve cells of 
some molluscs [163]. 



The extracellular haemoglobins of the plan or
bids Helisoma, Planorbis and Biomphalaria have 
a completely unique structure. They are large 
molecules of 1.75-2.25 MDa which appear in 
electron micrographs as decagons with a diameter 
of 20 nm. SDS or guanidine breaks up the struc
ture into fragments of 350-380 kDa which are 
composed of two disulphide-linked subunits of 
175-190 kDa per haem, and thus each subunit 
must consist of 10-12 haem-bearing domains. On 
the basis of electron microscope studies, it was 
previously always assumed that there were up to 
ten subunits in the molecule [61, 163]. However, 
very accurate measurements of the molecular 
mass in Helisoma trivolvis give values of 
2.25 MDa for the native haemoglobin and 
190 kDa for its subunits; the derived model of 12 
subunits arranged on a spherical surface would 
appear as a decagon in the electron microscope 
[108]. The functional interactions between the 
subunits and internally between the different 
domains have by no means been fully clarified. 
The native haemoglobin of Planorbis corneus has 
a p50 of 650 Pa, cooperativity (n :::; 3.4), and an 
alkaline Bohr effect, but no other heterotropic 
interactions. Partial proteolysis with subtilisin 
yields fragments with one haem; these can still 
bind O2 but are no longer cooperative. Similar 
properties were reported for a haemoglobin pre
sent together with haemocyanin in the blood of 
the marine snail Aplysia california [163]. The 
Biomphalaria haemoglobin is unusual in contain
ing 3 % carbohydrate; one of the two oligosac
charides is bound to an asparagine and the other 
to threonine or serine [171]. 

The blood of the marine mussels Cardita 
borealis, C. affinis (Carditidae) and Astarte casta
nea (Astartidae) contains extracellular haemoglo
bin with a molecular mass as large as 12 MDa. 
This is the largest known respiratory protein, lar
ger even than gastropod haemocyanin, which has 
a mass of up to 10 MDa. These haemoglobins 
appear in electron micrographs as cylinders that 
are 20-34 nm in diameter and 36-120 nm long. 
Above pH 9 they break up into fragments of 1.4 
MDa; subunits obtained by the usual methods are 
about 300 kDA in size. From the haem content it 
may be calculated that each subunit carries 18-
20 haem groups. As in the previously mentioned 
case, fragments formed by partial proteolysis con
tain one haem and bind O2 but show as little 
cooperativity as the native haemoglobin [174]. 

Mussels of the genera Scapharca and Anadara 
from the family Arcidae contain two types of hae
moglobin in nucleated erythrocytes, homodi-
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meric Hb I and tetrameric Hb II, the latter being 
made up from two heterodimers. On deoxygena
tion, Hb II tends to form aggregates of up to four 
tetramers. The amino acid sequences of various 
Hb I and Hb II chains are now known. All these 
chains carry a further helix in front of helix A; 
this is known as "N" or "pre-A" and lies parallel 
to G and H between H and the EF edge. The 
sequences of the haem-binding helices E and F 
deviate markedly from those of other haemoglo
bins; however, the non-polar nature of the haem 
pocket is preserved [108, 134, 163]. The sequence 
difference between the two haemoglobin types is 
greater than the species-specific differences. For 
example, the Hb I chains of Anadara broughtoni 
and A. trapezia agree at 82 % of positions, but 
Hb I and Hb IIa of A. broughtoni are only 45 % 
similar [108]. All these mussel haemoglobins are 
rather unusually dissociation resistant: 1 m01l1 
solutions of sodium iodide, propylurea or guani
dine hydrochloride, which dissociate not only 
human Hb A but also the more resistant fish hae
moglobin, have no effect [17]. 

The subunits of the homodimer Hb I are 
bound via contacts between the E and F helices; 
the tetrameric Hb II is composed of two similarly 
linked dimers. Whereas helices E and F point out
wards in vertebrate haemoglobin dimers, they lie 
internally in the haemoglobins of the Arcidae and 
are responsible for the stability of the molecule 
and for interaction between the subunits [108]. 
All these haemoglobins have relatively low O2 

affinities, equally low Bohr effects and show no 
further heterotropic interactions. They are 
cooperative, with n values of 1.5 for the dimers 
and 2.1 for the tetrameric forms. The responsible 
homotropic interactions, however, are funda
mentally different from those of vertebrate hae
moglobins. In the latter, cooperativity and hete
rotropic modulation involve interaction between 
heterodimers; in the Arcidae, the dimers them
selves are already cooperative. Furthermore, ver
tebrate haemoglobins, with values of n :::; 3.0, 
have more effective interaction than mussel hae
moglobins [17, 37, 141]. 

The erythrocytes of other Arcidae, e.g. Noetia 
ponderosa or Barbatia virescens, possess only 
heterodimeric haemoglobins with subunits of 
16 kDa. In addition to such heterodimers, the 
related species Barbatia reeveana and B. lima also 
contain polymeric haemoglobins of 430 kDa, 
consisting of 12-14 subunits of 32 kDa with two 
haem-bearing domains. Both domains apparently 
arose by gene duplication and consequently show 
high sequence similarity with each other and also 
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with subunits of other Arcidae haemoglobins. 
Although the polymeric Barbatia haemoglobins 
are the largest known intracellular haemoglobins, 
they have a relatively low Hill coefficient of 
n = 1.8 [108, 158]. Of the erythrocyte haemoglo
bins from the other mussel families, only those of 
the genus Calyptogena (Vesicomyidae) have been 
investigated. The famous C. magnifica of the hot 
hydrothermal vents possesses one tetrameric hae
moglobin, whereas C. soyoae from cooler deep
sea regions has two homodimeric haemoglobins. 
The subunits of C. soyoae show 42 % sequence 
agreement with each other but only 12-20 % with 
other mollusc haemoglobins; they therefore 
represent a very primitive type of globin. The dis
tal E7-His of Hb I has been replaced by gluta
mine [159]. 

The molluscs are the only animal phylum in 
which are present not only monomeric myoglo
bins (of about 16 kDa) but also dimers of twice 
the size. The myoglobins of the shell-closing 
muscle of the mussels Mercenaria mercenaria and 
Saxidomus nuttali are monomeric. Monomeric 
myoglobins are also found in the radula muscles 
of opisthobranchs (e.g. Aplysia) , pulmonates 
(e.g. Siphonaria, Helisoma) and certain pro sob
ranchs (Patella, Nerita, Lunatia, Polinices); other 
prosobranchs have dimeric myoglobins (Bucci
num, Busycon, Littorina, Nassa). Dimeric and 
monomeric myoglobins exist side by side in all 
examined Polyplacophora, and the amino acid 
composition is much more similar within each of 
the two classes than between the monomers and 
dimers of the same species. The amino acid 
sequences are known for the monomeric myoglo
bins of Aplysia kurodai, A. limacina and Dola
bella auricularia and for the dimers of Busycon 
canaliculatum and Cerithidea rhizophorarum. All 
monomeric myoglobins lack the distal E7-His but 
it is present in the dimeric forms [156, 163]. Sev
eral of the dimeric myoglobins (in Amaurochiton, 
Nassa, Buccinum) show weak cooperativity 
(n = 1.2-1.5); however, this is more the result of 
a dissociation equilibrium between monomers 
and dimers than of real homotropic interactions; 
the dimeric myoglobin of Busycon is not cooper
ative [22, 163]. 

7.2.3 Haemoglobins of the Crustaceans 

The typical respiratory pigment of the higher 
crabs (Malacostraca) is haemocyanin; haemoglo
bins in the crustaceans are restricted to the Cope
poda, Cirripedia, Ostracoda, Phyllopoda and 

Anostraca. Detailed investigations have been car
ried out on just a few species of the latter two 
groups; here, haemoglobins are always found dis
solved in the haemolymph and their structure in 
the Anostraca is completely different to those of 
the three subgroups of the Phyllopoda, viz. 
Notostraca, Conchostraca and Cladocera. In the 
cirripede Briarosaccus callosus, a parasite on 
brachyurans, there is a heterogenous mixture 
of haemoglobins with molecular masses of 
250-4000 kDa, which appear on SDS gels under 
reducing conditions as subunits of 17-19 kDa; 
they have no similarity to any other arthropod 
haemoglobin [108]. Intracellular haemoglobins 
are also found in the crustaceans, e.g. in muscle, 
nerve and fat cells and in the eggs of the water 
flea Daphnia [174]. Three haemoglobins of about 
260 kDa are present in the brine shrimp Artemia 
salina (Anostraca) and these differ in some func
tional characteristics; two are homodimers and 
the third is heterodimeric. The 130-kDa subunits 
consist of eight domains (E1 to E8) that are all 
different (the sequence agreement between pairs 
is 17-38 %) but display about 20 % similarity with 
vertebrate haemoglobins. The residues CD1-Phe 
and F8-His are present in all nine domains that 
have been sequenced so far [167]. Their second
ary and tertiary structures are clearly similar to 
those of vertebrate globins. The molecules appear 
in electron micrographs as two superimposed 
disks, and in bisexual populations these haemo
globins are highly polymorphic. The related spe
cies Parartemia zietziana and Streptocephalus tor
vicornis also have haemoglobins of this type. 

The haemoglobins of the Phyllopoda have very 
variable molecular masses. The largest are found 
in the Notostraca: for example, about 800 kDa in 
Lepidurus apus and about 600 kDa in Triops lon
gicaudatus. Values between 420 and 700 kDa are 
reported for the haemoglobins of various Daph
nia species (Cladocera); that of D. magna is 
490 kDa and appears in electron micrographs as 
two superimposed octagons with a diameter of 
14 nm. The haemoglobin of Cyzicus hierosolymi
tanus (Conchostraca) is a double pentagon with a 
diameter of 13 nm and a mass of 280 kDa. Dena
turation of all these haemoglobins produces sub
units of 30-34 kDa. The iron and haem contents 
correspond to the usual values of 15-17 kDa per 
haem, i.e. the subunits apparently have two 
haem-bearing domains. The native haemoglobin 
molecules are composed of 10-24 such subunits 
which, according to electron microscope studies, 
are organized in two superimposed rings. SDS 
electrophoresis of the haemoglobins of Daphnia 



magna produces a complex spectrum of subunits 
under both reducing and non-reducing condi
tions; these subunits apparently arise partially by 
reciprocal conversion. The structure of these hae
moglobins is thus more complicated than was ori
ginally assumed [130]. Crustacean haemoglobins 
show only weak cooperativity (e.g. for Artemia 
n= 1.6-1.9) and never a strong Bohr effect. Hae
moglobin synthesis in Daphnia is stimulated by 
reductions on pOz, and in Artemia salina by an 
increase in the salt concentration of the environ
ment. The haemoglobin concentration in the hae
molymph of both species shows corresponding 
wide fluctuation, reaching 15 gil in Daphnia and 
up to 20 gil in Artemia salina. Curiously, the con
centration in the Australian species Parartemia 
zietziana is always very low (0.1 gil) and is not 
influenced by the pOz [85]. 

7.2.4 Haemoglobins of the Insects 

Intracellular haemoglobins are found in only a 
few insect species. Larvae of the fly Gasterophilus 
intestinalis, which live in the horse stomach, ini
tially have haemoglobin in various body cells, but 
in later developmental stages haemoglobin occurs 
only in tracheal cells. The Gasterophilus haemo
globin is a non-cooperative homodimer of 
34 kDa, and belongs to the few haemoglobins 
which have a lower affinity for CO than for Oz. 
Tracheal cell haemoglobin is also found in the 
back-swimmers (Notonectidae) of the genera 
Anisops and Buenoa. The haemoglobin of Ani
sops assimilis is a monomer of 16 kDa in the oxy
genated state, and aggregates on deoxygenation. 
The Hill plot is triphasic with n = 1.1, 5.2 and 
2.6. The extremely high cooperativity in physio
logical conditions is explained entirely by the Oz
dependent dissociation. In this case, the haemog
lobin assists in the production of an Oz gas-bubble 
for regulating buoyancy. Buenoa haemoglobin 
also tends to aggregate. Intracellular haemoglo
bins have also been reported in the accessory 
glands of the male genital tract of the water bug 
Macrocorixa geoff roy and in the eggs of the louse 
Pediculus humanus and the blood-sucking bug 
Rhodnius prolixus [128, 174]. 

Extracellular haemoglobins are restricted to 
the larvae of the non-biting midges (Chironomi
dae). These inhabit the mud regions of stagnant 
water and appear red due to the haemoglobin dis
solved in the haemolymph. As in the case of 
Daphnia and Artemia, the haemoglobin concen
tration is higher in animals from low-Oz biotopes. 

7.2.4 Haemoglobins of the Insects 273 

The concentration in most species is highest dur
ing the fourth larval stage, and shows a marked 
seasonal rhythm with a maximum in summer. In 
extreme cases, haemoglobins make up more than 
90 % of the haemolymph protein [104]. Contrary 
to the rule that extracellular haemoglobins have 
high molecular weights, the Chironomus hae
moglobins are monomers or dimers, and seldom 
tetramers (c. strenzkei) , of 16-kDa subunits. 
Dimeric forms predominate in most species. All 
the chironomid species possess 6-12 different 
haemoglobins encoded by different genes. Twelve 
haemoglobins have been described in the most 
investigated species C. thummi thummi: these are 
monomers CIT-I, -lA, -III, -IlIA, and -IV; 
homodimers CTT-Il~, -VI, -VIlA, -VIlB, -VIII 
and -IX; and CIT-X exists as monomers and 
dimers in equilibrium [128]. 

The amino acid sequences are known for all 
12 haemoglobins of C. thummi thummi [81, 108]. 
The chains vary in length between 136 and 151 
amino acids due to extensions at both ends or to 
deletions. Pairwise sequence comparisons give a 
consistent 50 % agreement; 21 positions are 
invariant if CIT-IlIA is not considered, but only 
12 are conserved when this haemoglobin is 
included in the analysis. Thus, all these haemo
globins apparently arose 200-400 million years 
ago from a common monomeric ancestor. The 
three-dimensional structure has been examined 
only for CIT-III (Fig. 7.4) but, including all H
bridges, haem contacts etc., the analysis is at least 
as thorough as for sperm whale myoglobin. 
Dimer formation involves the interaction of G 19-
His (Lys in CTT-Il~) and G7-Glu. The mono
meric forms contain G19-His but lack G7-Glu 
[128]. The haem has the usual proximal contacts, 
including F8-His, but the distal haem contacts are 
unusual. With the exception of CIT-I, position 
Ell is always occupied by isoleucine; this inter
acts with the haem iron and forces the E7-His out 
of the haem pocket. CTT-I has valine at position 
Ell and the Fe contact here is possibly via E7-
His. E7 in CIT-IlIA is occupied by glutamine. 
The haemoglobins CIT-III and CTT-IV include 
isomers in which the haem is rotated 180 0 , as has 
already been described for vertebrate myoglobins 
and the haemoglobin of the annelid Glycera 
[31, 128]. 

It has been proposed that the site of haemoglo
bin biosynthesis in the chironomids lies not only 
in the fat bodies but also in the oenocytes; how
ever, tracer experiments have now shown that 
haemoglobins are synthesized in subepithelial fat 
bodies and temporarily stored in the oenocytes. 
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The juvenile hormone switches on the transcrip
tion of haemoglobin genes and ecdysterone swit
ches them off [125, 128]. In C. thummi thummi, 
these genes lie close together on the third of the 
four chromosomes, as expected for genes that 
have arisen by duplication. Several copies exist of 
CTT-I1I, -IV and VIIB [82]. More recently, 
investigations of the haemoglobins and haemo
globin genes of the subspecies C. thummi piger 
have been initiated [82, 142]. In contrast to all 
other globin genes from plants or animals, the 
sequences available so far for this family are uni
que in having no introns. 

All the Chironomus haemoglobins have a high 
O2 affinity (p50 = 40-170 Pa), and most have a 
considerable alkaline Bohr effect (cp = -0.30 to 
-0.94; but cp(CTT-I) = 0) and a high oxygenation 
enthalpy (~H = -40 to -81 kJ/mol) [182]. The 
dimeric haemoglobins also show no cooperativity 
(n = 0). The Bohr effect, which is also observed 
with the monomeric haemoglobins, results from a 
change in conformation which can be described in 
the case of CTT-III as a switch between two 
states: t ~ r + H+. In the t state, the distance 
between the haem iron and the proximal F8-His is 
reduced and the O2 affinity decreases; this state is 
stabilized by a salt brigde between G2-His and 
H22-Met. This bridge, which is ultimately respon
sible for the Bohr effect, does not occur in CTT-I 
due to the exchange G2-His ~ Pro [31, 128]. 

The biological importance of the Chironomus 
haemoglobins lies, above all, in the improvement 
of O2 diffusion in low p02 environments and in O2 
storage. Because, like all haemoglobins, they also 
have pseudoperoxidase and mono-oxygenase 
activity, they may also contribute to resistance 
against toxic substances [128]. Finally, where they 
constitute as much as 27 % of the dry weight of 
larvae, they may also have a nutritional role. It 
has been shown that haemoglobins are taken up 
by maturing oocytes, processed and stored; these 
altered forms disappear during embryo develop
ment [166]. The biological significance of the mar
ked heterogeneity of Chironomus haemoglobins 
is still a puzzle. 

7.2.5 Haemoglobins of Other Invertebrates 

There is really very little biochemical information 
available about the haemoglobins in representat
ives of other phyla (Table 7.2). Ciliates of the 
genera Paramecium and Tetrahymena contain low 
concentrations (0.1-1.0 mglg fro wt.) of haemo
globins with molecular masses of 13-15 kDa. The 

globin chains of Paramecium caudatum and Tetra
hymena pyriformis agree with each other in 34 % 
of their 116-119 amino acids but are so different 
from other globins that sequence alignment and 
comparison are very difficult. Analysis, centred 
upon the invariant residues CD1-Phe and F8-His, 
suggests the absence of the D helix and shorten
ing of the A helix. The distal E7-His is apparently 
replaced by glutamine. The biological role of this 
pigment is unclear [73]. Haemoglobins have been 
detected in the parenchyme cells and the pharynx 
musculature of many turbeUarians and tremato
des. The only pigment to have been examined in 
detail, and almost completely sequenced, is that 
from the small liver-fluke Dicrocoelium lanceola
tum; this is a monomeric non-cooperative hae
moglobin of about 16 kDa. Its O2 affinity is one 
of the highest recorded (p50 = 2-20 Pa); the 
explanation lies possibly in the unusual structure 
of the haem pocket. The distal E7-His is replaced 
by tyrosine and not, as initially assumed, by gly
cine. This haemoglobin is the only one known 
with an acidic but no alkaline Bohr effect 
(cp = +0.96) [97, 151]. 

Haemoglobins are widely found in both para
sitic and free-living nematodes, either in the body 
cavity fluid or in various tissues. The best 
described are those of the round-worms (Ascari
dae). The body cavity fluids of Ascaris suum (in 
the pig), A.lumbricoides (in humans) and Paras
caris equorum (in the horse) contain haemoglo
bins of about 330 kDa, which are composed of 
eight subunits of 42 kDa with two haems. The 
haem content of up to 2.86 % corresponds to 
21.6 kDaimol haem, but is sometimes lower due 
to the reduced occupancy of some haem-binding 
sites [39]. This haemoglobin shows no cooperativ
ity but an extremely high O2 affinity (p50 
= 0.2 Pa); this is in accordance with an O2 dis
sociation constant of 0.004 s-l, which is lOOO-fold 
lower than that of mammalian haemoglobin 
(Table 7.5). In contrast, the dissociation con
stants for CO and ethylisocyanide are not signifi
cantly different from those of other haemoglobins 
[36]. Nematode haemoglobin is one of the few 
with a lower affinity for CO than for O2, As it 
requires about 10 min to unload 50 % of the hae
moglobin, a transport function would appear to 
be unlikely; however, a role as an O2 store is not 
excluded. Although the roundworms have an 
anaerobic metabolism to supply energy, they do 
require oxygen for the hydroxylation of the pro
line in collagen. The haemoglobin in the body 
wall of Ascaris is about 40 kDa and has a low O2 
affinity. The parasite of fowl respiratory tracts, 



Syngamus trachea, possesses a haemoglobin of 
38 kDa which probably carries two haem groups 
[174]. In the marine gastrotrich species Neodysis 
sp. (Nemathelminthes), haemoglobins are found 
in special cells associated with nerve and muscle 
cells. These animals have such a small body size 
(less than 1 mm) that the function of these respi
ratory pigments is something of a mystery [35]. 

The phoronidans possess red blood cells from 
which four different globin chains of 16 kDa have 
been isolated in both Phoronopsis viridis and 
P. architecta. Two of these are always monomeric 
and the other two aggregate to form dimers on 
deoxygenation (P. viridis) or CO binding (P. ar
chitecta) [170]. Haemoglobins in the cells of the 
coelom fluid are widely distributed in the holo
thurians and may also occur in the opbiurids. Sev
eral Cucumaria species have been closely exa
mined; their haemoglobins are dimers of about 
35 kDa when oxygenated and aggregate to give 
tetramers and higher polymers on deoxygenation. 
They show weak cooperativity (n = 1.4), which 
may either involve homotropic interaction within 
the dimers or be the result of Oz-dependent dis
sociation. The coelom cells of the holothurian 
Paracaudina chilensis contain three globin chains. 
The sequence of 157 amino acids of globin I 
agrees 25 % with the human ~-chain, but has an 
N-terminal extension of 9-10 amino acids. The N
terminus is also acetylated. Furthermore, globin I 
has 59 % similarity to globin D from Molpadia 
arenicola. In the latter, there are four different 
chain types, all of which are acetylated. In con
trast, M. oolitica and other holothurian species 
have only one chain type, also with a blocked N
terminus [157]. 

7.3 Haemocyanins 

Haemocyanins are found only in the arthropods 
and the molluscs (Table 7.4). Amongst the arth
ropods, haemocyanin is generally distributed in 
the higher crab genera (Malacostraca), the horse
shoe crabs (Xiphosura) and various groups of spi
ders (Arachnida), but it is also present in the chi
lopod Scutigera coleoptrata. In the molluscs, it is 
found in the polyplacophores, gastropods and 
cephalopods and has just recently been detected 
in several mussel species. There have been only a 
few investigations of the changes in haemocya
nins during development. For example, in the 
edible crabs of the genus Cancer, the haemocya
nins of the embryonal and larval stages have dif-
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ferent subunits and a lower O2 affinity [179]. The 
polypeptide chains of the haemocyanins have a 
"binuclear" Oz-binding site with two copper 
atoms, Cu(A) and Cu(B) , which in the deoxygen
ated state are present as Cu(l) and in the oxygen
ated state as Cu(II) (Fig. 7.1). Although both 
copper atoms are apparently bound to a histidine 
residue, the region around them may vary greatly. 
Sequence comparisons between haemocyanin 
subunits from the spiny lobster Panulirus inter
ruptus (Pint-a), the spider Eurypelma califomi
cum (Eury-e) and the edible snail Helix pomatia 
(~c-Hcd) and tyrosinases from Neurospora crassa, 
Streptomyces glaucescens and the mouse give only 
one region with significant similarity, viz., the 
42-60 amino acids around the Cu(B). Thus, 
whilst Cu(B) is apparently phylogenetically very 
old, Cu(A) appeared on several independent 
occasions. In contrast, the Cu-binding sites (one 
dinuclear and two mononuclear) of a third type of 
copper protein, caeruloplasmin, show no similar
ity at all to haemocyanins or tyrosinases 
[100, 108, 109, 178]. 

The quaternary structures of arthropod and 
mollusc haemocyanins are very different but, in 
both cases, extraordinarily complex. Mollusc 
haemocyanins are cylindrical molecules with a 
diameter of about 35 nm, a length of 38 nm and 
a molecular mass of up to 10 MDa; they consist 
of 10 or 20 subunits, each with seven or eight Oz
binding domains of about 55 kDa. In contrast, 
the arthropod haemocyanins are composed of 
one, two, four or eight hexameric basic units 
which are themselves made up of 75-kDa subun
its, each with one Oz-binding site. Each mol
ecule may consist of up to eight different types of 
subunit. Some haemocyanins contain carbohy
drate, and the structures of the oligosaccharides 
differ significantly between arthropods and mol
luscs (see Fig. 7.10) [91, 92]. The scientific inter
est in the haemocyanins extends far beyond their 
role in the respiratory physiology of arthropods 
and molluscs; they not only have very well
defined and measurable functions but also 
exhibit molecular structures of great complexity. 
It is difficult to envisage a better protein for 
studying the way in which interaction between 
different subunits and domains can lead to the 
structural and functional properties of a very 
large molecule. Particularly intensive research in 
recent years has contributed significantly to our 
knowledge of the haemocyanins [108, 174]. The 
abbreviation "Hc" should be used for haemocya
nin to avoid confusion with homocysteine "Hcy" 
[108]. 
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The O2 aff"mity of the haemocyanins is deter
mined to a large extent by the pH, ion concentra
tion and temperature. Because cooperativity is 
influenced by the same factors, the Hill constants 
for arthropod and mollusc haemocyanins usually 
have values of only 3-4; however, extremely high 
values may be achieved under optimal condi
tions, e.g. n = 7 for f3c-Hc of the edible snail 
Helix pomatia, and n = 7-9 for the haemocyanin 
of the spider Eurypelma californicum [108]. CO 
also binds to the copper atoms of haemocyanin, 
but in the arthropods with a much lower affinity 
and cooperativity than does O2 [40]. An attempt 
has been made many times to describe the coope
rativity of the haemocyanins in terms of the 
MWC model, but there are in fact few observa
tions of relevant conformational changes. For 
example, the haemocyanins of Helix pomatia and 
Eurypelma californicum undergo changes in Cu
Cu spacing and the number of Cu ligands on oxy
genation which involve conformational changes 
in the protein bridges between the copper atoms 
[99, 108]. In terms of the molecular mass of a 
respiratory pigment which is required for the 
binding of one oxygen, the haemocyanins 
(75 kDa for the arthropods and 55 kDa in mol
luscs) are significantly inferior to the haemoglo
bins (16 kDa). However, the arthropod haemocy
anins in particular are modulated by allosteric 
factors to an extent found in vertebrate, but 
rarely in invertebrate, haemoglobins [115]. 

The O2 affinity of the haemocyanins is influ
enced by heterotropic interaction with H+, Cl-, 
Ca2+, Mi+ and Na+. The transport of O2 in whole 
animals is in fact regulated mainly by pH changes 
which affect haemocyanin directly and without 
the damping effect of an intervening erythrocyte 
membrane. Organic factors, such as lactate and 
uric acid, also function as modulators in the crus
taceans [108]. The pH effects on affinity and 
cooperativity are independent, suggesting the 
involvement of different protonated groups. The 
pH dependence of the p50 of haemocyanins in 
Limulus and several snails is given by a maximum 
curve, e.g. in Buccinum undatum a maximal p50 
value of 7.7 kPa is reached at pH 8.1; at pH 
values below the maximum, an increase in pH 
reduces the O2 affinity (a reverse Bohr effect). 
This pH effect is so great in B. undatum that the 
pigment cannot be completely saturated (reverse 
Root effect). The biological sense of these 
inverted pH effects is that under low oxygen 
conditions acidic metabolic products can increase 
the O2 affinity of haemocyanin [23]. Most haemo
cyanins have a normal Bohr effect which varies 

greatly with the species and conditions. Particu
larly pronounced Bohr effects are found in some 
arthropods with cp values of up to -1.3; normal 
Root effects have been reported for Octopus dof
leini and Panulirus interruptus [120]. Because the 
oxygenation of haemocyanins is also an exo
thermic process, the O2 affinity is generally 
reduced with an increase in temperature. The AH 
values for various arthropod and mollusc haemo
cyanins were -13 to -47 kJ/mol at temperatures 
between 15 and 25 °C [29]. It has been demon
strated by the detection of intracellular haemocy
anins or the corresponding mRNA that the bio
synthesis of haemocyanins occurs on membrane
bound ribosomes of the branchial glands of 
cephalopods and on free ribosomes in so-called 
cyanocytes of the arthropods. The latter cells are 
found especially in tissues behind the eye of 
Limulus polyphemus, in the hepato-pancreas and 
close to the eye artery of the crustaceans Carci
nus, Cancer and Astacus, and on the inner wall of 
the heart of the spider Eurypelma [48]. Sequenc
ing of haemocyanin mRNAs via the correspond
ing cDNAs is currently in progress [177]. Tracer 
experiments indicate haemocyanin biosynthesis 
in the mantle tissues of the snail Lymnaea stagna
lis. This creature secretes a mixture of air and 
haemolymph from the haemal pore to scare pre
dators, losing in the process 1-3 mg haemocya
nino Although the rate of synthesis subsequently 
increases fivefold, it requires 14 days to make up 
the loss. Iodinated species-specific haemocyanin 
is degraded in the lobster Homarus americanus 
with a half-life of 26 days. 

7.3.1 Haemocyanins of the Arthropods 

The arthropod haemocyanins are hexamers, or 
multiples thereof, with subunits of about 75 kDa 
bearing a single Oz-binding site. Various aggrega
tes with differing sedimentation coefficients can 
be distinguished: 16S (6-mer), 24S (12-mer), 36S 
(24-mer) and 60S (48-mer). One or two of these 
aggregation states predominates in each arthro
pod species, depending upon the number of dif
ferent subunits and the possibilities for associ
ation. In the crabs, the 24S 12-mer is characteris
tic for the Astacura, Brachyura and Anomura; a 
few species of this group have predominantly or 
exclusively 6-mers. For example, in the semi
terrestrial crab Ocypode quadrata, 56 % of the 
haemocyanin is 6-mer and 44 % is 12-mer [77], 
whereas the crab Uca urvillei and the crayfish 
Jasus sp. have only 6-mers. Larger aggregates in 



addition to 6-mers and 12-mers are reported to 
occur in the crayfish Cherax destructor. The 6-
mers are the rule in the Palinura (Panulirus, Scyl
larus) , Natantia (Palaemon) and Euphausiacea 
[108, 115, 178]. The haemocyanins of most Cheli
cerata are larger than those of the Crustacea, with 
only the Xiphosura (Limulus, Tachypleus) having 
48-mers, the scorpions, uropygi, amblipygi and 
most spiders having 24-mers, and the opiliones 
having 12-mers [16, 108, 115]. Some spider spe
cies have haemocyanin molecules smaller than 
24-mer: Cupiennius salei has 12-mers, and 6-mers 
occur in Filistata insidiatrix and Dysdera crocata 
[108, 115]. The haemocyanin of the chilopod Scu
tigera coleoptrata is apparently made up of six 
hexamers [108]. 

The dissociation of native haemocyanins into 
subunits is a slow process which is promoted at 
alkaline pH, and strongly promoted by the 
removal of divalent cations and the addition of 
denaturing reagents. Thus, dissociation of hae
mocyanin in Limulus and other chelicerates is 
initiated only at pH 9.6 in the presence of Caz+, 

but at pH 8.8 upon addition of 10 mM EDTA or 
2 % SDS + 1 % mercaptoethanol. Some crusta
cean haemocyanins can resist dissociation at 
pH 10 in the presence of Caz+. Reaggregation at 
neutral pH in the presence of a sufficiently high 
Caz+ concentration is often incomplete or results 
in products which are not identical to the native 
haemocyanin [77, 108]. The subunits of the arth
ropod haemocyanins are polypeptides with about 
630-670 amino acids, 20 a-helices and a seven
stranded ~ structure; they are subdivided into 
three domains, the middle domain bearing the 
Oz-binding site. They appear in electron micro
graphs as kidney-shaped structures (Fig. 7.9); 
these interpretations of the secondary and terti
ary structures have been confirmed by X-ray anal
ysis of the haemocyanin subunits of the spiny 
lobster Panulirus interruptus [108, 115, 178]. 

Most arthropod species possess several electro
phoretically or immunologically distinct types of 
baemocyanin subunit. In crustacean haemocya
nin, three types of subunit can usually be dis
tinguished: a, ~ and y. Types a and yare related 
immunologically, whilst ~ forms a separate class. 
Two different a-types may often be found. In 
some crustacean species or groups, the haemocy
anins have a simpler organization: the 6-mers of 
Uca urvillei, Euphausia superba and Palinurus 
vulgaris appear to have only type a, the 6-mers of 
Panulirus interruptus and Palaemon elegans only 
a and y, and the 12-mers of the Grapsidae only a 
and ~. The larger haemocyanin molecules of the 
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Fig.7.9. A model of the haemocyanin from the scorpion 
Androctonus australis [150]. The molecule is a 24-mer built 
up from eight different subunits designated 2, 3A, 3B, 3C, 
4, SA, 5B and 6 

chelicerates have a very complicated composi
tion. The 48-mer of the xiphosuran Limulus poly
phemus consists of eight different subunits (I, II, 
IIa, IlIa, IIIb, IV, V, VI), as does the 24-mer of 
the scorpion Androctonus australis (1,2, 3A, 3B, 
3C,4, 5A; Fig. 7.9). The 24-mer of the spider 
Eurypelma californicum has seven subunits 
(a-h). In contrast, only two types of subunit are 
recognizable in the 12-mers of the spider Cupien
nius salei and the harvestman Leiobunum limba
tum [108, 115, 126, 155]. 

The amino acid sequences of various haemocy
anin subunits have been partially or completely 
determined for the crustaceans Panulirus inter
ruptus, Palinurus vulgaris and Astacus leptodacty
Ius and for the chelicerates Limulus polyphemus, 
Tachypleus tridentatus and Eurypelma californi
cum [5, 108, 126, 127, 143, 177]. Asparagine
linked carbohydrates have been detected in two 
haemocyanin subunits (Pint-a and -b) of the spiny 
lobster Panulirus interruptus and in the haemocy
anin of the scorpion Androctonus australis. In the 
latter, the classical type of N-linked oligo sacca
ride (ManMGlcNAc)z is found, whereas the lobs
ter haemocyanin contains very uncommon carbo
hydrate chains (Fig.7.lOa) [91, 92]. The chelicer
ate subunits differ from each other by 43-47 % 
and from the a-chain of P. interruptus in 69-70 % 
of positions. A significant difference between the 
haemocyanin sequences of these two arthropod 
groups is the presence in crustacean, but not che
licerate, subunits of a loop of 21 amino acids 
(positions 22-42) [5]. Based upon the known 
three-dimensional structure of the sequenced 
P. interruptus a-chain, all subunits would appear 
to have a similar spatial structure. Differences in 
sequence are greater in the terminal domains 
than in the central Oz-binding domain [108]. The 
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binding-site sequences of Cu(A) and Cu(B) of 
the crustaceans (HHVTWH and HNTAH) and 
the chelicerates (HHWHWH and HNWGH) are 
very similar [lOS]. Comparison of the presumably 
orthologous subunits Lim-IIlEury-a and Tachy-a/ 
Eury-e suggests a moderate rate of evolution for 
the haemocyanins of 0.72-0.S5 . 10-9 amino acid 
~ubstitutions per year (see Table 4.12; p.161). 
The gene duplications leading to the appearance 
of multiple subunits would appear to have 
occurred before the separation of the Arachnida 
and the Xiphosura [126]. Surprisingly, there is sig
nificant homology between arthropod haemocya
nins and several haemolymph proteins of the lepi
doptera, e.g. the SP1 protein of Bombyx mori, 
the arylphorin of Manduca sexta and the acidic 
juvenile hormone-suppressible haemolymph pro
tein, AJSP-1, of Trichoplusia ni [7S, 116]. 

The number of molecules in the different sub
units in native baemocyanin molecules, their 
organization and their contribution to the coher
ence of the molecule have been investigated in 
Limulus polyphemus, Androctonus australis and 
Eurypelma californicum by means of four differ
ent approaches: 

1. Determination of the stoichiometry of the 
individual subunits. 

2. Analysis of the fragments after dissociation. 
3. Reaggregation experiments with different 

combinations of subunits. 
4. Immuno-electron microscopy, i.e. electron 

micrographic analysis of haemocyanin molecu
les labelled with subunit-specific antibodies or 
antibody fragments [115]. 

The 4S-mer of Limulus dissociates under mild 
conditions into 24-mers which resemble those of 
Androctonus (Fig. 7.9) or Eurypelma. In the lat
ter species, the two hexamers of the 12-mers are 

a) 

linked via two bc dimers, and the two 12-mers of 
the 24-mer are linked via interaction between 
the f subunits. This is also true for the 24-mers of 
Limulus and Androctonus. The hexamers in the 
12-mer of the spider Cupiennius are held toge
ther by a disulphide bridge, as are the hexamers 
of the 12-mers in the crayfish Cherax destructor 
and Astacus leptodactylus; in the case of Homa
rus american us and Cancer magister, the link 
appears to be non-covalent [lOS]. The similarity 
of the contacts between the subunits of chelice
rates (e.g. Limulus, Androctonus and Eury
pelma) is such that hybrid molecules are formed 
in reaggregation experiments with subunits from 
different species [115]; despite immunological 
differences, the subunits of the crayfish Cherax 
and Jasus can also form hybrid hexamers [lOS]. 
There are, however, exceptions to this scheme. 
For example, the 12-mer of the stomatopod 
Squilla mantis appears in electron micrographs 
as two hexamers which overlap by only 60 % 
[12]. 

The native haemocyanin of Eurypelma califor
nicum is characterized by a low O2 affinity, high 
cooperativity with n values of more than 9.0, and 
a strong alkaline Bohr effect. Isolated subunits 
bind O2 with a higher affinity but exhibit neither 
cooperativity nor a Bohr effect. The hexamer 
already has the normal O2 affinity and Bohr 
effect; however, cooperativity increases stepwise 
from the hexamer to the 12-mer and then to the 
24-mer. This phenomenon is described as "nest
ing" in cooperation models: the conformation of 
the multimeric molecule influences ligand bind
ing to the subunits in a hierarchical manner with 
several steps. According to this idea, the 24-mer 
of Eurypelma consists of two allosteric 12-mers 
whose properties are dependent upon the con
formation of the 24-mer. The nesting model can 
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Fig.7.10a, b. The carbohydrate 
chains of the haemocyanins from 
a the spiny lobster Panulirus inter
ruptus [91] and b the pulmonate snail 
Lymnaea stagnalis [93] 



also be used to describe the cooperativity of the 
12-mer from Homarus americanus and of the 48-
mer of Limulus polyphemus. Cooperative basic 
units present in both 6-mers and 12-mers may 
each be in either the T or the R state [25, 40]. 
Homohexamers can arise from certain haemocya
nin subunits of various crustaceans and chelicera
tes; these may even show weak cooperativity, e.g. 
the subunit Lim-II with n = 1.8 [108, 111]. 

The importance of subunit interaction for the 
respiratory properties of the whole molecule can 
be examined by the use of toxic mercury salts. 
Each Eurypelma subunit binds 1-2 Hi+; 24-
mers formed from reaggregated subunits treated 
in this way have the same binding characteristics 
as isolated subunits, i.e. all interaction is blocked. 
The use of individually poisoned subunits in the 
reaggregation of the 24-mers of Eurypelma or of 
the 48-mers of Limulus has facilitated the study 
of their roles in the complete molecule [108, 115]. 
The O2 affinity of haemocyanins from many crus
taceans is increased by L-Iactate. D-Iactate, gly
colate and pyruvate are less active and D- and L
alanine have no effect; thus, all four substituents 
of the asymmetric carbon atom are involved in 
the interaction. The strength of the reaction 
varies with the species; the value of L\logp501 
L\[L-Iactate] varies from -0.096 (Carcinus mae
nas) to -0.560 (Palaemon elegans). The strength 
of the Bohr effect, with <p values between -0.38 
(Maja squinado) and -1.40 (Liocarcinus depur
ator), is not correlated to the lactate effect [108]. 
The haemolymph contains other unknown hae
mocyanin modulators (UF, unidentified factors) 
in addition to lactate; a part of the UF activity can 
be ascribed to uric acid [94, 108]. 

7.3.2 Haemocyanins of the Molluscs 

The edible snail Helix pomatia possesses three 
different haemocyanin forms to which the names 
a-Hc, ~s-Hc and ~c-Hc were initially given. The a
Hc, which makes up 75 % of the total, is charac
terized by the fact that it dissociates into two hal
ves in 1 mol/1 NaCI at pH 5.7. Of the non
dissociated ~-Hc, one part (30-50 %) precipitates 
at pH 5.3 (~c-Hc) and the rest remains in solution 
(~s-Hc). After it was discovered that a-Hc and ~s
Hc are made up from the same subunits (a and 
a'), the haemocyanins were renamed aD-Hc (dis
sociating) and aN-Hc (non-dissociating); the 
name ~c-Hc for the third component, which is 
made up of different (type ~) subunits, was 
retained. ~c-Hc is the most investigated form. The 
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haeniocyanin of Helix aspersa may also be 
divided into three fractions [52]. In electron mic
rographs, the baemocyanin molecules from Helix 
pomatia and other gastropods appear as hollow 
cylinders that are 35 nm in diameter and 38 nm 
long; the ends are partly closed by two so-called 
collars (Fig. 7.11a). This haemocyanin sediments 
in the ultracentrifuge with 100S, corresponding to 
9 MDa, but molecules of 120S, i.e. with 1.5 times 
greater mass, are also found. At weakly alkaline 
pH and low Ca2+ concentration, gastropod hae
mocyanin molecules split into fragments of 60S 
(half),20S (1/10) and 11S (1120). Each subunit (II 
20) consists of eight domains, each with one Or 
binding site, and appears in the electron micro
scope as a chain of eight spheres with a diameter 
of 5.5 nm. The copper content of about 0.23 % 
gives a mass of 55 kDa per 02-binding site. In 
marine snails of the family Melongenidae, which 
includes the genera Melongena and Busycon, the 
haemocyanins exist as extended, tubular aggrega
tes of five or more 60S half molecules; they are 
consistently organized such that both ends of the 
tubulus are closed by a collar [63]. Partial tryptic 
digest of the subunits gives eight fragments (a-h) 
with a mass of 55 kDa, six of which form the wall 
of the tubulus and two form the collar. In the 1/10 
fragments, the two subunits are apparently 
arranged in parallel (Fig. 7.11a). The eight frag
ments of the subunits differ greatly in their amino 
acid and carbohydrate composition, and in their 
functional properties. For example, the carbo
hydrate content in Helix pomatia varies from 
17.6 % for fragment g to 0.7% for fragment c, 
with a mean of 8.2 % [108, 188]. The structures of 
the carbohydrates have been analysed in H. po
matia and Lymnaea stagnalis (Fig.7.10b). They 
differ from the N-linked oligosaccharides of other 
animals by the presence of xylose and 0-
methylated sugars. The association of further 
sugars can lead to their transformation into com
plex carbohydrates of greater molecular mass 
[93]. The methylated sugars are not incorporated 
as such, but are later methylated with adenosyl
methionine as the cofactor. 

The functional subunit d from the ~c-Hc of 
H. pomatia has been completely sequenced. The 
sequence of 410 amino acids agrees 42 % with the 
399-amino-acid C-terminal domain of octopus 
Hc, which was sequenced via the cDNA [96]; 
however, it exhibits homology to arthropod hae
mocyanins only in a small, 42-amino-acid frag
ment. This segment corresponds to the Cu(B) 
region of the haemocyanin from the spiny lobster 
Panulirus interruptus,. homologous sequences are 
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also found in various tyrosinases. The second Cu
binding site of the Helix subunit has not yet been 
identified but is, in any case, completely different 
to the Cu(A) of the arthropods [42]. It was previ
ously assumed that the Helix Hc model was a gen
eralization valid for all gastropod haemocyanins. 
However, accurate measurements of the haemo
cyanin of the pulmonate snail Levantina hieroso
lima give 10.4 MDa for the whole molecule and 
334 kDa for the subunit; also in this case, the 
copper content of 0.23 % gives a mass of 55 kDa 
per Oz-binding site. These data do not fit the 
model of 20 subunits each with eight domains, 
but rather correspond to a molecule with 30 sub
units each with six domains [108]. 

It has recently been discovered that members 
of the most primitive mussel order (Protobran
chia) also possess haemocyanins. The pigments of 
the species Acila castrensis, Yoldia thraciaefromis, 
Y. limatula and Nucula hanleyi are very similar to 
the gastropod haemocyanins, both in the size of 

a) 

b) 

1/1 

~ t[jJ 

Fig.7.11a, b. Models of mollusc haemocyanins [184]. a In 
the edible snail Helix pomatia, the haemocyanin molecule 
is a hollow cylinder closed at both ends by a collar. The first 
dissociation step divides the molecule transversely to the 
longitudinal axis into identical halves (1/2). Each half con
sists of five wall fragments, each with a section of collar (1/ 
10), and each 1/10 unit is made up oftwo identical polypep-

the native molecules and their subunits and 
in their appearance in electron micrographs 
[62, 164, 165]. The haemocyanins of the Polypla
cophora and Cephalopoda are 60S and therefore 
only half the size of the gastropod haemocyanins. 
The structure of the haemocyanins of the polypla
cophores Katharina tunicata, Acanthopleura gra
nulata, Crytochiton stelleri and Stenoplax conspi
cua also corresponds to a half helical cylinder 
with one collar [63]. In contrast, the cylindrical 
haemocyanin molecule of the cephalopod Sepia 
officinalis with two collars resembles more the 
whole cylinder of the edible snail but in a shor
tened form (Fig.7.11b). Of the eight Oz-binding 
domains present here, b-g lie in the cylinder wall, 
whilst a and h form the collars at either end. The 
haemocyanin molecule of the cephalopod Nauti
lus pompilius also includes two collars [63, 184]. 
The haemocyanin subunits of Octopus dofleini 
and O. vulgaris contain only seven, rather than 
eight, domains [63, 108, 121]. 
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tide chains (1/20) each with eight domains, of which six lie 
in the wall and two lie in the collar. b In the cephalopod 
Sepia officinalis, the haemocyanin molecule is similar in 
size to one half of the Helix molecule but bears a collar at 
both ends. The molecule is made up of five identical sec
tions, each consisting of two parallel polypeptide chains 
with eight domains; the first and last domains form a collar 



The majority of mollusc haemocyanins consist 
of only one type of subunit, but electrophoretic
ally or immunologically distinct types are found 
in some species. The 100S haemocyanin of the 
snail Murex fulvescens is made up of ten each of 
two subunits, A and B, which differ especially in 
their respiratory properties. Reassociation prod
ucts with the characteristics of the native mol
ecule result only from mixtures of the two subunit 
types; A or B alone produces only dimers. Hete
rogeneons subunits are also found in Nautilus 
pompilius, the snail Megathura crenulata, and the 
Polyplacophora [63, 108]. Single subunits, and 
even isolated domains, can bind O2 but generally 
exhibit no cooperativity and a reduced Bohr 
effect. Reassociation of the subunits usually leads 
to molecules with the structural and functional 
properties of the native haemocyanin [108]. 

7.4 Haemerythrins 

The haemerythrins have a curious, sporadic dis
tribution (Table 7.2). Haemerythrin-containing 
cells (erythrocytes) are found in the coelum fluid 
of all sipunculids and priapulids as well as several 
species of the ecardinate brachiopods (e.g. Lin
gula reevei) , and are present in the enucleate 
blood cells and muscles of the polychaete Mage
Zona papillicornis. Blood cells and muscles of the 
sipunculids also contain haemerythrins with 
somewhat different properties (myohaemeryth
rins). The myohaemerythrins are monomers of 
about 13.S kDa, whereas the pigments in the 
blood and coelom cells of the sipunculids, priapu
lids and brachiopods are trimers, tetramers or 
octomers of subunits with the same size [83, 108, 
174]. The major vascular haemerythrin of Mage
Zona has the unusually large size for an intracellu
lar respiratory pigment of 693 ± 32 kDa [113]. 
Myohaemerythrins and the subunits of the poly
meric haemerythrins have a similar tertiary struc
ture with four helical segments, A-D (Pig. 7.12). 
The octomers always consist of two layers, each 
with four subunits which are joined "head to 
side" by hydrogen bonds; the layers are held 
together mainly by electrostatic interactions [83]. 

The sequences are known for the 118 amino 
acids of myohaemerythrin from Themiste zosteri
cola and for the 113 amino acids of the coelom
cell haemerythrin from Phascolopsis gouldii and 
Themiste dyscritum. The coelom-cell haemeryth
rins agree 79 % with each other and 42 % with the 
muscle pigments; there is no homology to the 
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Fig.7.12. A haemerythrin chain with the four helices A-D 
and the Oz-binding site (black) [83] 

haemoglobins. Both the amino acid sequences 
and the tertiary structures exhibit marked sym
metry between the two halves of the molecule, 
suggesting the occurrence of a duplication some
time during haemerythrin evolution. The haem
erythrins are usually distinctly polymorphic: at 
least 20 different forms can be distinguished in 
Siphonosoma sp. and at least 10 in PhascoZosoma 
aggassizii [83]. The two iron atoms constituting 
the active centre are complexed with three histidi
nes and one aspartate of helices C and D as well 
as with two histidines and one aspartate of helices 
A and B [190]. In deoxygenated haemerythrin, 
both irons are present as Pe(II), and in the oxy
genated form they occur as Pe(III); the oxygen is 
bound by means of oxidative addition with elec
tron transfer (Pig. 7.1). The oxidation of one or 
both iron atoms leads to semi-methaemerythrin 
and methaemerythrin, which can still bind azide 
ions but not oxygen [83, 108]. A metha
emerythrin-reducing system, consisting of cytoch
rome bs and an NADH-cytochrome bs reductase, 
has been demonstrated in PhascoZopsis gouldii 
[168]. 

The pSO values for the haemerythrins consis
tently lie between 0.1 and 2 kPa. The haemeryth
rins of the blood cells (pSO = 2.0 kPa), coelom 
cells (pSO = 0.47 kPa) and muscles (pSO = 
O.lS kPa) of Themiste zostericoZa make up a trans
port chain. Homotropic and heterotropic interac
tions generally appear to be absent in the octo
meric haemerythrins, although the haemerythrin 
of the brachiopod Lingula reevei exhibits weak 
cooperativity (n = 1.7-1.8) at pH 7-8 and an 
alkaline Bohr effect. The responsible conforma
tional changes of the octomer are partly 
described by the MWC model if, in addition, a 
TIR hybrid condition is assumed. The conforma
tion changes between pH 7.7 (mainly oxy-R) and 
pH 6.3 (T + T/R + R) can be directly seen with 
resonance-Raman spectroscopy [138, 191]. Mage
lona haemerythrin shows cooperativity (n = 2.1) 
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only at high O2 saturation levels; the Bohr effect 
is very small (<p = -0.13) [113]. 
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8 Peptide Hormones 

8.1 
8.2 
8.2.1 
8.2.2 

8.2.3 
8.3 
8.3.1 
8.3.2 
8.3.3 
8.3.4 
8.4 
8.4.1 
8.4.2 

Hormones of the Neurohypophysis 
Hormones of the Hypothalamus and Urophysis 
Release and Release-Inhibiting Factors 
Peptides from the Hypothalamus, Gut 
and Frog Skin 
Hormones of the Urophysis 
Hormones of the Adenohypophysis 
Glycoproteins of the Adenohypophysis 
Pro-Opiomelanocortins 
Opioids 
Growth Hormone, Prolactin and Lactogen 
Hormones of the Stomach, Intestine and Pancreas 
The Gastrin-Cholecystokinin Family 
The Insulin Family 

Next to the steroids, the most important signal
ling molecules in animals are peptides. Their high 
information content and unambiguous genetic 
coding make them particularly suitable for signal 
transmission in the body. In addition to their clas
sical endocrine functions, peptides also play a 
role as neurotransmitters, neuromodulators and 
growth substances. This variety of functions is 
reflected in the term "regulatory peptides". In 
the vertebrates, we now know more about regu
latory peptides than all other types of signalling 
molecule put together (steroids, amines and 
amino acids), and they continue to be discovered. 
The concentrations of regulatory peptides, even 
in organs of synthesis or storage, are mostly of the 
order of nanograms per tissue; consequently, 
their isolation often requires extraction from 
thousands of individuals, especially when dealing 
with small invertebrates. The paucity of material 
available hinders direct sequencing; this is made 
still more problematic by the blocked N- and C
terminals of many peptide hormones. As a result, 
the investigation of regulatory peptides relies 
more and more upon the determination of cDNA 
and gene sequences. The ever-increasing sophis
tication of analytical methods has led to a drastic 
increase in the number of known peptides in the 
last two decades, but in many cases neither the 
action spectrum nor biological role has yet been 

8.4.3 
8.4.4 
8.S 
8.6 
8.7 
8.8 
8.8.1 
8.8.2 
8.9 
8.9.1 
8.9.2 
8.9.3 

The Glucagon-Secretin Family 
The Family of Pancreas Polypeptides 
Peptides Regulating Blood Pressure 
Calcitonins and Parathormone 
Growth Factors 
Peptide Hormones of Invertebrates 
Peptide Hormones of Molluscs 
Peptide Hormones of Arthropods 
Hormone Receptors 
G-Protein-Linked Receptors 
Nicotinic Acetylcholine Receptors 
Insulin Receptors 
References 

defined. The following sections deal only with 
those peptides for which some comparative bio
chemical data are available [73, 81]. 

The sizes of the regulatory peptides range from 
tripeptides to polypeptides of over 100 amino 
acids, which as a rule also bear carbohydrate 
chains. The peptides usually arise from signifi
cantly larger precursors (prepro-hormones). The 
primary translation products begin, as in the 
majority of secreted proteins, with a pre- or sig
nalling sequence which is removed by a signal 
protease during translation. The peptide precur
sor is modified in the endoplasmic reticulum and 
Golgi apparatus by N- and O-glycosylation, by 
the phosphorylation of certain serines or threoni
nes, and by the sulphation of certain tyrosine resi
dues. The precursor is endoproteolytically 
cleaved in the secretory granules, or sometimes 
this has already occurred in the Golgi apparatus. 
The responsible proteases are highly specific, the 
cleavage sites in the precursor sequence being 
marked by pairs of basic amino acids (arginine, 
lysine) or by single arginine residues. In some 
cases, a whole series of peptides of varying 
length, but with the same active sequence, is pro
duced by irregular cleavage of the pro-protein. 
One of the proteases involved in this process is 
carboxypeptidase E, which belongs to the same 
family as the carboxypeptidases A and B, 



although it shares only 20 and 17 %, respectively, 
of their sequences [248]. Only one molecule of 
the bioactive peptide may arise from the precur
sor (e.g. prepro-insulin), but in most cases several 
are produced; these may be identical (e.g. 
prepro-caerulein), just similar [e.g. prepro
encephalin, prepro-endorphin, prepro-glucagon, 
prepro-vasoactive intestinal polypeptide (VIP)], 
or completely different (e.g. vasopressinlneuro
physin, oxytocinlneurophysin, pro-opiomelano
cortin). Precursors giving rise to several bioactive 
peptides are known as polyproteins. The first typ
ical polyprotein to be discovered (in 1977) was 
pro-opiomelanocortin, and at present almost 
20 mammalian polyproteins are known. Several 
peptide hormones of the invertebrates have also 
been shown to have larger precursors, e.g. the 
egg-laying hormone of various snails [75]. 

The peptides arising by cleavage of a precursor 
may be further modified at the N-terminus by 
formation of a pyroglutamyl residue or by N
acetylation, and at the C-terminus by a
amidation. The amide group orginates in a C
terminal glycine from which a carbohydrate chain 
is removed as glyoxylate. The reaction requires 
molecular oxygen and ascorbic acid, which is 
oxidized to dehydroascorbate. The amidating 
monoxygenases are specific for the amidated 
amino acids [24, 248]. The genes of the prepro
hormones often show subdivision of the exons 
corresponding to the organization of the polypep
tide chain into individual domains or active pepti
des, e.g. in prepro-glucagon, vasopressinlneuro
physin and calcitoninlCGRP (calcitonin gene
related peptide). In contrast the genes of the pro
encephalins and pro-opiomelanocortins show no 
correspondence between exon and domain 
boundaries. Alternative splicing of the primary 
transcription product of one and the same gene 
can lead to different mRNAs and peptides; thus, 
expression of the calcitoninlCGRP gene results in 
calcitonin in the C cells of the thyroid and CGRP 
in the brain [59]. 

By the use of highly sensitive immunological 
methods or the analysis of corresponding 
mRNAs, it has recently been shown that typical 
peptide hormones of the alimentary system are 
also present in the central nervous system and 
vice versa: hence the term "neuro-intestinal pep
tide". Many of these regulatory peptides are syn
thesized and secreted by nerve cells. Such pepti
do genic neurons are found in large numbers in, 
for example, the hypothalamus and the neurohy
pophysis, but they also occur in the gut wall. 
However, bioactive peptides do not only arise in 

8 Peptide Hormones 289 

neurons; for example, the adenohypophysis cor
responds to an epithelial gland, and endocrine 
gland cells are present in the pancreas associated 
with the islets of Langerhans. Growth factors are 
produced by many different types of cell. Some 
peptides, e.g. cholecystokinin, are produced both 
in gland cells of the intestine and in neurons, e.g. 
in the limbic system of the brain. 

Some peptides act as neurotransmitters dur
ing the excitation of synapses. This has been 
demonstrated for substance P, ~-endorphin, en
cephalin and somatostatin, and probably also 
applies to VIP, pancreas polypeptide (PP), angio
tensin, adrenocorticotropic hormone (ACTH), 
and cholecystokinin (CKK). Approximately one
half of the synapses in the human brain function 
with classical neurotransmitters, such as acetyl
choline, biogenic amines (dopamine, noradrena
lin, serotonin) and amino acids (y-aminobutyric 
acid, glycine, glutamic acid and aspartic acid); 
the rest are possibly all peptidergic. Neuromodul
ator functions of peptides refer to their activities 
over longer distances, longer times or as inhibi
tors, in contrast to a normal neurotransmitter. 
Apart from nerve cells, other cell types can also 
effect neighbouring cells via active substances 
(paracrine functions). This applies to the biogenic 
amines, like histamine and serotonin, and also to 
the peptide somatostatin and the growth factors. 
If a peptide is to function as a hormone, neuro
transmitter, neuromodulator or growth factor on 
a target cell, the latter must carry on its surface 
the appropriate acceptor molecules. In biochem
ical language these integral membrane proteins 
are referred to as "receptors", a term the biolo
gist reserves for whole cells or even whole organs. 
Interestingly, there are peptides that function as 
sexual lures, i.e. they serve as pheromones for 
signal transfer between individuals. An example 
is aphrodisin in the vaginal secretions of the 
hamster Mesocricetus auratus; this is a glycopro
tein of 151 amino acids from the super-family of 
the Uzu-globulins and stimulates copulatory 
behaviour in the males via the accessory olfactory 
system [77]. 

Also, in the case of the peptide hormones, 
attempts have been made to assign similar 
sequences to families and derive their common 
ancestors. Difficulties are encountered with short 
sequences in that convergent evolution cannot 
always be excluded. It is very relevant to concepts 
of peptide hormone evolution that many hormo
nes initially discovered in vertebrates are also 
found in invertebrates. For example, peptides 
corresponding in their immunological and biolo-
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gical activities to vertebrate insulin are also 
detected in tunicates, insects, crustaceans, gastro
pods, cephalopods, ciliates, and even fungi and 
prokaryotes. Representatives of these inverteb
rate groups have also been shown to possess 
somatostatin, encephalin, gastrin, CKK, secretin, 
substance P, PP, VIP, calcitonin and other vertebr
ate peptides. It must be stated, however, that in 
invertebrates these peptides have been detected 
almost exclusively using immunological methods, 
and their identity with vertebrate peptides is not 
completely certain. Conversely, the brain and gut 
of amphibians, birds and mammals apparently 
contain the neuropeptide FMRF-amide of mol
luscs, and mammals also possess the "head activ
ator" of the freshwater polyp Hydra. As will be 
discussed later for individual peptides, only in a 
few cases is it known whether the vertebrate pep
tide has a hormone function in invertebrates and 
how far this corresponds to the activity in verteb
rates. Because each hormone needs a corre
sponding specific receptor, the evolution of which 
does not necessarily occur simultaneously with 
that of the peptide, the simple presence of a par
ticular hormone does not allow firm conclusions 
to be drawn about its function. It is also true that 
some peptide hormones are phylogenetically very 
old and have possibly changed in function during 
evolution (127, 166]. What follows is a discussion 
of, in particular, the structure and formation of 
regulatory peptides from a comparative bioche
mistry point of view; comparative observations 
on their activities can be found in the many text
books on hormone physiology. 

8.1 Hormones of the Neurohypophysis 

The neurohypophysis releases nonapeptide hor
mones into the blood. The high molecular weight 
precursors of these peptides are synthesized in 
certain neurons of the hypothalamus and are pro
teolytically cleaved; the nonapeptides are bound 
to specific carrier proteins (neurophysins) and 
transported as neurosecretory granules via nerve 
processes to the neurohypophysis, where they are 
released. In the blood plasma they are bound to a 
~-globulin fraction. Ten variants of these nona
peptides have been found in investigations of 
more than 40 vertebrate species (Fig. 8.1). They 
are characteristically distributed amongst the dif
ferent vertebrate classes, and the data allow the 
construction of a phylogenetic tree which provi
des a classical example of molecular evolution. 

Arg-Vasopressin C Y F Q N C P R G -amide 
Lys-Vasopressin Y F Q K 
Phenypressin F F Q R 
Vasotocin Y I Q R 
Oxytocin Y I Q L 
Mesotocin Y I Q I 
Isotocin Y I S I 
Glumitocin Y I S Q 
Valitocin Y I Q V 
Aspargtocin Y I N L 

Fig. 8.1. The nonapeptides of the neurohypophysis 

Two classes of these peptide hormones can be dif
ferentiated: the basic variety with arginine or 
lysine at position 8, which act antidiuretically or 
are vasoconstricting in mammals, and the neutral 
variety, which induce uterus contractions and 
milk secretion. Both structural types are found in 
all vertebrates from the cartilaginous fish 
onwards, but their specific functions are not clear 
in all cases. 

The prototype of the basic nonapeptides is 
arginine-vasotocin, which is generally distrib
uted from the agnathans to the birds and is 
also present in mammalian embryos, although 
it is often replaced by arginine-vasopressin 
[114, 188]. In some mammals, lysine-vasopressin 
is found in addition to arginine-vasopressin or 
may occur alone. Amongst the higher mammals, 
the Placentalia, lysine-vasopressin is found only 
in swine (Suidae); it is the only vasopressin in 
the domestic pig, and occurs together with 
arginine-vasopressin in the warthog Phacochoe
rus aethiopicus. Contrary to earlier assumptions, 
no lysine-vasopressin is found in the related 
families of the hippopotamus (Hippopotamidae) 
and the peccary (Tayassuidae) [1, 183]. The egg
laying monotreme mammals, the duck-billed pla
typus Ornithorhyncus anatinus and the echidna 
Tachyglossus aculeatus, possess arginine-vaso
pressin [35]. In contrast, the marsupials (Marsu
pialia) are heterogeneous: the Australian Phalan
geridae have arginine-vasopressin, the kangaroos 
(Macropodidae) lysine-vasopressin and pheny
pressin, and the American opossums (Didelphi
dae) both lysine-vasopressin and arginine
vasopressin [1]. 

Vasotocin- and vasopressin-like peptides have 
been detected using immunological, chromato
graphic and pharmacological methods in the 
freshwater polyp Hydra and in the ganglia of vari
ous insects (e.g. Locusta migratoria) and molluscs 
(Aplysia californica, Lymnaea stagnalis, Octopus 
vulgaris) [140, 147]. Two such neuropeptides are 
found in the migratory locust: F1, with the 



sequence CLITNCPRG-amide, and F2, which is 
an antiparallel dimer consisting of two such 
chains. The sequence similarity of the last five 
positions is responsible for the immunological 
cross-reactivity with arginine-vasopressin [174]. 
The venom of marine gastropods of the genus 
Conus contains vasopressin-like peptides referred 
to as conopressins. The Lys-conopressin-G from 
C. geographus has the sequence CFIRNCPKG
amide, and the Arg-conopressin-S from C. stria
tus has the sequence CIIRNCPRG-amide [46]. 
Homology of these invertebrate peptides with the 
hypophysis hormones is not certain; their short 
sequences make it difficult to exclude convergent 
evolution. 

With the exception of the agnathans, all ver
tebrates possess nentral nonapeptide hormones 
in addition to the basic type. Of the cartilaginous 
fish, the sharks have aspargtocin or valitocin, the 
rays glumitocin, and the chimaeras oxytocin. Iso
tocin (ichthyotocin) appears to be characteristic 
of the bony fish classes Teleostei, Holostei, 
Chondrostei and Polypteri; however, as only a 
very few members of this extensive group have as 
yet been examined, some surprises may be in 
store. The lungfish, amphibians, reptiles and 
birds all possess mesotocin. The Placentalia have 
exclusively oxytocin, as have the South American 
marsupials (Didelphidae). However, the three 
groups of Australian marsupials (Dasyuridae, 
Phalangeridae, Macropdidae) produce mesoto
cin, and the North American opossum Didelphis 
virginiana has both mesotocin and oxytocin. The 
occurrence of mesotocin in the marsupials could 
be taken as an ancestral sign were it not for the 
fact that the even more primitive monotreme spe
cies both possess only oxytocin [35]. The higher 
molecular weight precursor of the nonapeptides 
also includes the sequences for the neurophysins 
(NPs). Thus, individual neurons in mammals con
tain either vasopressin or oxytocin together with 
the corresponding NP, although in vitro both 
nonapeptides can bind either of the NPs. The 
approximately 17-kDa precursors of arginine
vasopressinIMSEL-NP and oxytocinNLDV-NP 
from several mammals have been sequenced via 
their cDNA. The prepro-AVPIMSEL-NP is made 
up consecutively of the signal peptide (19 amino 
acids), arginine-vasopressin (9 amino acids), the 
linker peptide Gly-Lys-Arg with the glycine resi
due for amidation of the terminal-COOH and the 
basic amino acids of the cleavage site, the MSEL
neurophysin (NP-II) (93-95 amino acids), and a 
glycopeptide (copeptin) of 38-39 amino acids. 
Prepro-OTNLDV-NP is similarly constructed 
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with the signal sequence, oxytocin (OT), the lin
ker peptide and NI-I, but it has a histidine residue 
in place of copeptin [35]. The genes for these pre
cursors are organized into three exons. In the 
guinea-pig, an NP glycopeptide fragment results 
from incomplete processing of the AVP/NP-II 
precursor, an indication that different enzymes 
are responsible for the cleavage sites A VP/NP and 
NP/glycopeptide. This processing is complete in 
the rat, although the sequence of the precursor 
differs at only two positions from that of the 
guinea-pig [34]. In the vasotocinINP and isotocin/ 
NP precursors from the teleost Catostomus com
mersoni and in the duplicated prepro-vasotocin/ 
NP from Oncorhynchus keta, the NP sequences 
have a C-terminal extension of about 30 amino 
acids, which, apart from one missing glycosyla
tion site, is very similar to mammalian copeptin 
[146]. A new type of neurohypophysis hormone 
found in the anurans arises by variant processing 
of the vasotocinINP precursor; these hormones 
are found only in anurans and are appar
ently involved in osmoregulation. Hydrin 1 
(vasotocinyl-Gly-Lys-Arg) is found in Xenopus 
laevis, and hydrin 2 (vasotocinyl-Gly) occurs in 
various species of the genera Rana and Bufo 
[138, 184] . 

The neurophysins are acidic proteins of about 
10 kDa with 90-100 amino acids; complete or 
partial sequences are known for NPs of various 
mammals and of the cod Gadus morrhua. 
They are phylogenetically very conservative, 
positions 10-74 being practically invariant in the 
mammals. The classification suggested by Chau
vet in 1976 is based on the occupation of positi
ons 2,3,6 and 7, and distinguishes the MSEL 
classes linked to vasopressin and the VLDV 
classes belonging to oxytocin. However, the lar
ger amount of material now available for com
parison reveals considerable variability, particu
larly at positions 2 and 3. Whatever the case, the 
sequence differences between the .two NP types 
are always greater than the species-specific differ
ences within each type. Thus, the gene duplica
tions leading to the appearance of the two 
nonapeptide-NP precursors occurred much ear
lier than the separation of the present mammalian 
species [1]. Both NP classes are to be found in 
birds. The only sequenced example, from the ost
rich, agrees in only 60-65 % of its 93 amino acids 
with mammalian neurophysin [116]. 
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8.2 Hormones of the Hypothalamus 
and Urophysis 

8.2.1 Release and Release-Inhibiting Factors 

Hormone release from the adenophysis is regul
ated by peptide factors from the hypothalamus: 
thyrotropin-releasing factor (TRF) , gonadotro
pin- or lutropin-releasing factor (GnRF or LH
RF), growth-hormone-release-inhibiting factor 
(GH-RIF) or somatostatin (SST), corticotropin
releasing factor (CRF) and growth-hormone
releasing factor (GRF). These are also sometimes 
referred to as releasing hormones (RH) or re
lease-inhibiting hormones (RIH) [123]. The 
thyrotropin-releasing factor stimulates the re
lease of thyrotropin and prolactin in mammals. It 
is a tripeptide, blocked at both ends (Fig.8.2a), 
which can already be detected in the brain of the 
marine lamprey, but does not have the same activ
ity in fish and amphibians as it does in mammals. 

a) Thyrotropin-RF (mammals): 
b) Gonadotropin-RF (mammals): 
c) Somatostatin-14 (sheep, pig): 
d) Corticotropin-RF (sheep): 

It is, nevertheless, found in large amounts in the 
poison glands of frog skin. Xenopus laevis posses
ses two prepro-TRFs in which the TRF sequence 
appears seven times; the TRF precursors of the 
rat have only five TRF copies [111, 117]. 

A gonadotropin-releasing factor is found in all 
vertebrates from the agnathan Petromyzon mar
inus onwards; it appears to be missing in the more 
primitive common hagfish Myxine glutinose. In 
addition to the mammalian hypothalamus, GnRF 
is found also in the retina, adrenal body, testis, 
ovary and placenta. The decapeptide known from 
mammals (Fig. 8.2b) is also found in amphibians 
and fish, where it occurs in addition to widely dis
tributed GnRFs with deviant sequences: in five 
positions in agnathans (Petromyzon marinus) , 
and in two different positions in the bony fish 
(Oncorhynchus keta) and reptiles [173,200]. 
Apart from in the mammals, a specific plasma 
protein binding GnRF has been detected only so 
far in the goldfish Carassius auratus [84]. Multiple 
GnRFs, presumably with different functions, are 

pEHP-amide 
pEHWSYGLRPG-amide 

AGCKNFFWKTFTSC 

SQEPPISLDLTFHLLREVLEMTKADQLAQQAHSNRKLLDIA-amide 

e) Substance P (mammals): RPKPQQFFGLM-amide 
Neurokinin A (cattle): HKTDSFVGLM-amide 
Physalaemin (Physalaemus fuscumaculatus) : pEADPNKFYGLM-amide 
Scyliorhinin-I (Scyliorhinus canicula) : AKFDKFYGLM-amide 
Eledoisin (Eledone moschata) : pEPSKDAFIGLM-amide 

f) Neurotensin (cattle): pELYENKPRRPYIL 

g) Urotensin-I (Catostomus commersoni) : 
NDDPPISIDLTFHLLRNMIEMARIENEREQAGLNRKYLDEV-amide 

h) Urotensin-II (Gillichthys mirabilis) : AGTAADCFWKYCV 
Somatostatin-14 for comparison: AGCKNFFWKTFTSC 

i) Gastrin-17 (pig): pEGPWLEEEEEAYGWMDF-amide 
CKK-33 (pig): KAPSGRVSMIKNLQSLDPSHRISDRDYMGWMDF-amide 
Caerulein (Hyla caerulea) :. pEQDYTGWMDF-amide 

k) Glucagon (pig): HSQGTFTSDYSKYLDSRRAQDFVQWLMNT 
Secretin (pig): HSDGLFTSEYSKMRGNAQVQKFIQNLM-amide 
Helospectin I HSDATFTAEYSKLLAKLALQKYLESILGSSTSPRPPSS 

(Heloderma suspectum) : 

1) Calcitonin (pig): CSNLSTCVLSAYWRNLNNFHRFSGMGFGPETP-amide 

m) epidermal growth factor (mouse): 
NSYPGCPSSYDGYCLNGGVCMHIESLDSYTCNCVIGYGSDRCQTRDLRWWELR 

n) 'head activator' (Hydra, mammals): 

Fig. 8.2a-n. The peptide hormones of the vertebrates, and 
related peptides from invertebrates [16, 35, 39, 86, 172, 
205]. For the peptides of the gastrinlCKK family (i), the 

EPPGGSKVILF 

minimal sequences required for the biological activity are 
underlined. pE, pyroglutamic acid 
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found in teleosts and birds. Two GnRFs are 
known in the chicken, of which type I shows one 
difference to the mammalian GnRF and type II 
shows three differences. Whereas chicken GnRFs 
give reduced receptor binding and hormone 
release in rats, the chicken receptors react to 
mammalian GnRF to the same degree as to their 
own factor [249]. GnRF-like substances have 
been detected immunologically in the tunicate 
Ciona intestinalis but not in either crustaceans or 
platyhelminthes. The a mating factor of yeast 
coincides in 6 of its 13 amino acids with mamma
lian GnRF, binds to rat receptors and releases 
hormone from the rat hypophysis [249]. The 
human GnRF precursor consists of a signal pep
tide (23 amino acids), QnRF (10 amino acids), 
linker peptide Gly-Lys-Arg, and a C-terminal 
sequence of 56 amino acids [249]. 

Somatostatin is a peptide of 14 amino acids 
(Fig. 8.2c) that inhibits the release of growth hor
mone, TRF and other hormones. SST-14 is highly 
conservative, the same sequence being present 
from the agnathan Myxine to the mammals. The 
only known exception was found in two primitive 
fish species: 5-Asn to Ser in the Pacific ratfish 
Hydrolagus colliei (Holocephali), and 12-Thr to 
Ser in the lamprey Petromyzon marinus (Agna
tha) [4,41]. SST-14-like substances have been 
detected immunologically in tunicates and insects 
and even in the ciliate Tetrahymena and in E. coli. 
In mammals, both SST-14 and SST-28, with 28 
amino acids, are produced from the same SST; 
the relative proportions of the two products in the 
hypothalamus, gut and pancreas vary. Fish also 
contain larger SSTs with 22-37 amino acids; how
ever, these do not arise by the tissue-specific pro
cessing of the same gene product but are encoded 
by a further gene. Detailed investigations of the 
angler fish Lophius piscatorius showed that 
gene I produces the conservative SST-14 and gen
e II the SST-28, which is in part hydroxylated on 
23-Lys [144]. 

Corticotropin-releasing factor, which stimula
tes the secretion of adrenocorticotropins and /3-
endorphins, is a peptide of 41 amino acids 
(Fig. 8.2 d); the human and rat sequences coin
cide but differ from that of the sheep in seven 
positions. It is noteworthy that the CRF sequence 
of the teleost Catostomus commersoni differs 
from the human and rat sequences in only two 
positions at the C-terminus [159]. CRF agrees to 
a certain extent with sauvagin (40 amino acids) 
from the skin of the South American frog Phyllo
medusa sauvagei, and with urotensin-I from the 
urophysis of various teleosts [35]. Growth-

hormone-releasing factors have been isolated 
from the hypothalamus of various mammalian 
species and have been sequenced. They are pepti
des of 44 amino acids which are C-terminal amid
ated and only vary slightly in the C-terminal 
region. They stimulate the release of growth hor
mone, i.e. they are antagonists of the SSTs. Mam
malian GRFs also function in fish and GRF-like 
substances have been detected immunologically 
in the salmon Oncorhyncus keta and O. kisutch 
[129]. The GRFs belong to the glucagon-secretin 
family. Rat GRF is unusual in that it is only 43 
amino acids long, is not ami dated at the C
terminus and differs from human GRF in no less 
than 14 positions. Human GRF causes the release 
of growth hormone in both birds and fish 
[123, 249]. 

8.2.2 Peptides from the Hypothalamus, 
Gut and Frog Skin 

Peptides of rather similar structure are found in 
the hypothalamus and other parts of the central 
nervous system (CNS), in the gut wall and the 
pancreas, and in the skin of various frogs. This 
surprising discovery has been rationalized in that 
gut neurons and skin glands both arise from cells 
of the neural groove, which is replaced by the 
neural tube during embryo development. These 
substances may be grouped around neurotrans
mitters or neuromodulators, like substance P, and 
the neurotensins [14]. Substance P (SP) is an 
undecapeptide (Fig. 8.2 e) found especially in the 
hypothalamus, although it also occurs in other 
parts of the CNS and in the first part of the small 
intestine; it is released as a transmitter by pain
conducting nerve fibres. This is the best
investigated representative of the tachykinins, 
which are characterized by the C-terminal 
sequence -FXGLM-amide [153]. Alternative 
splicing of the products of the SP-precursor gene 
results in several prepro-tachykinins, each of 
which, apart from SP, contains other tachykinin 
sequences [74]. The same peptide family includes 
various species-specific peptides found at high 
concentrations in the skin of anurans, e.g. physa
laemin from Physalaemus fuscumaculatus, or the 
four ranatachykinins from Rana catesbeiana 
[109]; other examples are scyliorhinins from the 
gut of the shark Scyliorhinus canicula [39], and 
eledoisin from the salivary glands of the cephalo
pod Eledone moschata (Fig. 8.2). Physalaemin
like peptides from rabbit stomach have also been 
isolated and sequenced [233]. Bombesin, from 
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the skin of the toad Bombina bombina (see 
Fig. 9.2, p. 324), which arises from a 107-amino
acid precursor, has a C-terminal structure similar 
to that of tachykinin. This peptide stimulates the 
secretion of gastrin and other gastrointestinal hor
mones in mammals; the gastrin-releasing peptide 
(GRP) isolated from the gut of man and other 
mammals is identical to bombesin in 9 out of 10 
C-terminal amino acids [181]. A peptide similar to 
mammalian GRP has been isolated from the 
brain of the frog Rana ridibunda [42]. Bombesin
like peptides with species-specific sequences are 
known from the skin of other anurans (see 
Fig. 9.2). Neurotensin (NT) (Fig. 8.2f) was disco
vered in bovine hypothalamus, but is also found 
in the alimentary canal. NT and the NT-like neu
romedin N (six amino acids) stimulate gut con
tractions. Both arise from a common large pre
cursor of 170 amino acids [31] and are already 
detectable in the chicken. Xenopsin (see 
Fig.9.2), found in the skin of the clawed frog 
Xenopus laevis, is very similar to NT in its C
terminal sequence. Altogether, more than 40 dif
ferent peptides have been detected in Xenopus 
skin, including the xenopsin-like levitide, a fur
ther peptide identical to the mammalian TRF, 
and caerulein (Fig.8.2i), which belongs to the 
gastrin-cholecystokinin family but is considered 
here because of its location. The presence of a 
further peptide (PYLa) of unknown biological sig
nificance was postulated on the basis of cDNA 
analysis; so far it has been isolated only in a shor
tened form, PGU [80, 172]. The xenopsin precur
sor has a length of 80 amino acids and carries the 
sequence of the octapeptide at its C-terminus; its 
sequence agrees up to 86% with the levitide pre
cursor and to 54 % with that of physalaemin 
[172]. There are at least three caerulein precur
sors in Xenopus skin, and these are classified, 
according to the number of caerulein sequences 
they contain, into types I, III and IY.1YPes I and 
III are encoded by different genes, both of which 
have eight exons. The sequence of the decapep
tide caerulein is encoded in small 45-bp exons. In 
the gene of type I, one caerulein-encoding exon 
is replaced by a coding sequence for a novel pep
tide that appears to have only six amino acids 
(60 %) in common with caerulein but has not yet 
been isolated [180,225]. The other peptides 
detectable in Xenopus skin apparently arise from 
the precursors of TRF, xenopsin, PGL a and cae
rulein by cleavage at single arginine or lysine resi
dues [70]. An endoprotease specific for the 
sequence - RXVRG - has been isolated from 
Xenopus skin [112]. 

8.2.3 Hormones of the Urophysis 

In addition to the hypothalamus-hypophysis sys-
. tern, the bony fish have a further neurosecretory 
region in the bone marrow of the tail, the urophy
sis, which produces several hormonal factors 
known as urotensins. Urotensin I (Fig. 8.2 g) is 
41 amino acids long and significantly homologous 
to the mammalian CRF. Urotensin II (Fig.8.2h) 
shows some similarity in its 12 amino acids to 
SST-14 and appears in the fish in several forms 
[86]. 

8.3 Hormones of the Adenohypophysis 

8.3.1 Glycoproteins of the Adenohypophysis 

Lutropin (LH), follitropin (FSH) and thyrotropin 
(TSH) of the hypophysis, and choriongonadotro
pin (CG) of the placenta are all glycoproteins of 
about 30 kDa made up of an a and a fl chain. The 
a chains of all hormones in a species are ident
ical, or at least very similar, whilst the fl chains 
responsible for the hormone activity are homo
logous but quite variable. The a-chain sequences 
of different mammals differ in only 2-5 % of their 
96 amino acids, and compared with those of the 
teleosts by only 30-35% [9,87,126]. The chum 
salmon Oncorhyncus keta is so far the only ver
tebrate known to have two different a chains (in 
gonadotropin I). The two chains are only 72 % 
similar, which is little more than the similarity to 
the bovine a chain [87]. Although the rate of 
evolution of the fl chains is significantly higher 
than that of the a chains, the species-specific dif
ferences of the fl chains of a particular hormone 
are much less than the sequence differences 
between the fl chains of different hormones in 
one species. Thus, in humans, almost all pairwise 
comparisons of fl chains give merely 30-40 % 
identical amino acids; only the ~ chains of LH 
and CG agree by 80 %. In contrast, the sequence 
.similarity of the LH fl chains from the sperm 
whale and swine is 90 %, from the dog and rat is 
89 %, and from the sperm whale and man is 
70 %; the human and equine CG fl chains agree 
by 66 % [166,213,236]. The a and fl chains of 
different species can combine to give biologically 
active hybrid molecules, independently of the 
normal specificity of the fl subunit [187]. The car-



bohydrate content of the hormones varies widely, 
e.g. from 16 % in bovine LH to 45 % in equine 
CG. 

The amphibians, turtles, crocodiles, birds and 
mammals produce two different gonadotropins 
(GTH): FSH and LH. There is apparently only 
one GTH present in lizards and snakes, and this is 
immunologically distinct from mammalian FSH 
but has no LH activity. On the other hand, sheep 
FSH is immunologically cross-reactive not only 
with the FSH of other mammals but also with that 
of birds, turtles, crocodiles and amphibians. Usu
ally only one GTH is present in fish and this 
shows species-specific differences in structure and 
activity. For example, androgen production in 
mammalian testis is stimulated to the same extent 
by the GTH from Tilapia sp. as by mammalian 
LH, but is stimulated 500-fold less by the GTH 
from Muraenesox cinereus. The salmonids con
tain two gonadotropins, GTH-I and GTH-II, 
which are produced in different cells of the hypo
physis and differ greatly in their ~ subunits. The 
subunit GTH-I~ has only 31 % sequence agree
ment with GTH-II~, but almost 40 % agreement 
with human LH~ and FSH~. In contrast, GTH
II~ is very similar to the ~ subunits of other tele
ost GTHs and has higher sequence similarity to 
human LH~ (48%) than to FSH~ (38%). Thus, 
the differentiation between LH and FSH is 
already indicated here [87]. The in vitro associ
ation of the a and ~ subunits of mammalian LH 
proceeds very slowly, requiring several hours at 
normal body temperature and several days at low 
temperatures. Fish GTHs, in contrast, show 
adaptation to low temperature, e.g. the associ
ation of GTH subunits of carp is almost complete 
after 45 min at 20°C. Hybrids of bovine LHa and 
Cyprinus gonadotropin j3 associate at an inter
mediate rate. 

The choriongonadotropins have been exa
mined in detail only in the primates and Equidae, 
but have also been detected in the rat, mouse, 
guinea-pig, rabbit and sheep. The human and 
equine CG~ chains are 30 amino acids longer at 
the C-terminus than are the 115-118 amino acids 
of LH~ and FSH~; this implies a stop-codon 
mutation and is probably related to the localiza
tion in the placenta [213]. There is only one 
human LH~ gene but seven genes for CG~, 
although only three are expressed. There is also 
only one CGa gene, but despite this there is a sur
plus of a chains in the placenta [213]. In the 
horse, the amino acid sequences of the ~ chains 
from LH and CG are identical, including the C
terminal extension typical of CG; only the carbo-
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hydrate contents are different, with 24 % in LH 
compared with 45 % in CG. As a result of these 
particular characters, equine LHlCG has both 
LH and FSH activity; furthermore, the LHlCG ~ 
subunits can be combined only with a subunits of 
the same species and, unlike other ~ subunits, 
cannot form hybrid molecules [23, 213]. Peptides 
that are immunologically similar to LH and FSH 
have been detected in the CNS of the cockroach 
Periplaneta americana; these substances stimulate 
testosterone secretion in the Leydig cells of 
mouse testis [223]. 

The gonads and the placenta produce two pep
tides which inhibit FSH release from the anterior 
lobes of the hypophysis by a negative-feedback 
mechanism; these are inhibin A and B. They are 
heterodimers of a glycosylated a chain of 16 kDa 
and a ~ chain of 14 kDa, which occurs in pigs and 
cattle as two sequence variants [35, 210]. In addi
tion to the inhibins, the follicle fluid also contains 
homo- and heterodimers of the ~ subunits, which 
stimulate FSH release and are consequently refer
red to as activins. Finally, this fluid also contains 
a monomeric glycoprotein of 35 kDa, follistatin, 
which is apparently not related to the inhibins but 
nevertheless inhibits FSH release [201]. 

8.3.2 Pro-Opiomelanocortins 

Adrenocorticotropin (ACTH), the Iipotropins (~
and y-LPH), the melanotropins (a-, ~- and y
MSH) and the opioid endorphins (~- and a
END) arise by proteolysis of a common precur
sor, pro-opiomelanocortin (PO Me) (Fig. 8.3). 
The hormone-coding domains in this case are also 
flanked by pairs of basic amino acids which are 
attacked by specific serine proteases. After cleav
age, the peptides are further modified, e.g. glyco
sylated (ACTH), N-acetylated (a-MSH, ~
END), C-terminal amidated (a-MSH), Serf 
Thr phosphorylated (CLIP), or Tyr sulphated 
(ACTH). The processing is tissue specific: the 
POMC produced in the pars distalis gives pri
marily ACTH and ~-LPH; in the pars intermedia, 
ACTH is in part further cleaved to a-MSH and 
CLIP, and ~-LPH to y-LPH and ~-END, and in 
some species also to ~-MSH [185]. In Xenopus 
laevis, and apparently also in the salmon Oncor
hynchus keta and other vertebrates, there are two 
POMC genes, and thus two sets of cleavage prod
ucts [133,249]. The POMC mRNA of O. keta 
lacks the coding sequence for y-MSH [101]. 

Human ACTH differs from that of the mouse 
in 2, from that of the frog in 9 and from that of the 
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PRO-OPIOMELANOCORTIN (31 kDa) 
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~-MSH II II a-END L!!!!..1 ~ 

Fig.8.3. Proteolytic products of human 
prepro-opiomelanocortins [43]. ACTH, 
adrenocorticotropin; CLIp, hormonally 
inactive peptide; END, endorphins; 
LPH, lipotropins; MSH melanotropins; 
SP, signal peptide 

fish in 15 of its 39 amino acids [133]; the ACTHs 
of the ostrich Struthio camelus and the shark 
Squallus acanthias are identical to mammalian 
ACTH in the first 12 positions, but differ in 6 and 
8 amino acids, respectively, in the C-terminal 
region. Substances with immunological similarity 
to ACTH have been detected in the earthworm 
Lumbricus terrestris, and MSH-like substances 
have been detected in the gastropods [93]. As 
POMC contains three copies of the melanotropin 
sequence - His-Phe-Arg-Trp -, cleavage produces 
three different MSHs in all vertebrates (Fig. 8.3). 
Mammals all contain the same a-MSH, which 
only differs in the shark Squalus acanthias at one 
of 13 positions. On the other hand, ~-MSHs are 
quite variable, even in the mammals; Squalus ~
MSH (15 amino acids) differs from the bovine 
variety (18 amino acids) in 8 of the comparable· 
amino acids. In the shark, the peptide corre
sponding to mammalian ~-MSH is hormonally 
inactive [35]. ~·LPH sequences of 79-93 amino 
acids are known from various mammals and the 
ostrich; they show particularly high variability at 
the N-terminus [124]. 

8.3.3 Opioids 

Peptides have been found in the brains of many 
vertebrates from the mammals to the bony fish 
which bind to the same receptors as the plant opi
ate alkaloids. All these opioids have the penta
peptide sequence of the encephalins (Tyr-Gly
Gly-Phe-MetlLeu) at the N-terminus, but arise 
from three different precursors: POMC, pro
encephalin and pro-dynorphin. POMC gives rise 
to the 31-amino-acid ~-endorphin (~-END) and 
the C-terminal-shortened variant a-END (Fig. 
8.3). Only 9 of the 31 amino acids of the ~-ENDS 
vary from the mammals to the amphibians, e.g. 
human ~-END differs from that of the turkey in 

only 6 positions. In the salmon, positions 6-12 
are replaced by a completely different sequence 
of 9 amino acids, giving a ~-END of 33 amino 
acids [79]. The human prepro-encephalin gene 
consists of four exons, of which the largest 
(exon IV) encodes all active peptides: four Met
ENC, one Leu-ENC and two Met-ENC extended 
at the C-terminus by - Arg-Phe - and - Arg-Gly
Leu -. Human and bovine prepro-encephalins 
differ in only 36 of 267 amino acids [249]. The 
prepro-encephalin of Xenopus laevis encodes 
seven Met-ENC but no Leu-ENC. The brains of 
turtles, crocodiles and lizards as well as the hagf
ish Eptatretus stouti contain Met-ENC, Leu-ENC 
and Met-ENC-Arg-Phe but no Met-ENC-Arg
Gly-Leu. Petromyzon marinus possesses Met
ENC and Leu-ENC but no C-terminal extended 
forms of the Met-ENC [54, 122] 

Just as the endorphins can be looked upon as 
large Met-encephalins, so the mammals, and also 
probably the amphibians, possess large Leu
encephalins e.g. dynorphin, a-neoendorphin and 
rimorphin, which arise from a third precursor. 
Prepro-dynorphin, which contains three encepha
lin sequences, differs between man and the pig in 
59 out of 256 amino acids. The similarity of the 
encephalin sequences near the C-terminus and of 
the cysteine residues near the N-terminus makes 
it likely that the encephalin and dynorphin pre
cursors are homologous; however, as the central 
regions of the known precursors can not be defi
nitely aligned, the evolutionary distance of the 
two precursors cannot be properly assessed [249]. 
Substances with immunological similarity to 
endorphin and encephalin have been found in the 
annelids, gastropods, cephalopods and bivalves 
[2]. Met-ENC and Leu-ENC have actually been 
isolated and sequenced from the thoracic ganglia 
of the shore crab Carcinus maenas [128]. A family 
of opioid pep tides was recently discovered in the 
skin of arboreal frogs of the subfamily Phyllome-



dusinae, and these peptides have the highest 
known morphine-like activity. They include the !!
receptor-specific dermorphin (Tyr-D-Ala-Phe
Gly-Tyr-Pro-Ser-Nh2) and the o-receptor-specific 
dermencephalins and deltorphins, which all carry 
a D-Ala or D-Met residue in position 2. In the 
mRNAs of the longer precursors, however, the 
corresponding positions have the co dons GCG or 
AUG, coding for L-Ala or L-Met; frog brain con
tains in addition to the 2-D-Met dermencephalin 
the corresponding L-Met compound, in fact at a 
l00-fold higher concentration. The D-amino acid 
residues apparently arise by post-translational 
processing of the precursor via an incompletely 
described isomerization reaction of low efficiency 
[143]. 

8.3.4 Growth Hormone, Prolactin 
and Lactogen 

The growth hormone somatotropin (GH) and 
prolactin (PRL) from the adenohypophysis toge
ther with lactogen (LS) or chorionsomatomam
motropin from the placenta belong to the same 
hormone family. GH is present in all vertebrates, 
with the possible exception of the agnathans, and 
is consistently involved in growth regulation. In 
contrast, the equally widely found PRL has very 
varied functions, from osmoregulation in the tele
osts to control of lactation in mammals. The role 
of PRL in birds is not yet clear; in the pigeon it 
stimulates production of crop milk [228]. 

The growth hormones, whose amino acid 
sequences have been determined directly or via 
cDNA or gene sequences in all classes of verteb
rates, are very variable. The GH genes of most 
vertebrates, including the carp Cyprinus carpio, 
consist of five exons; in Salmo gairdneri and S. sa
lar there are six exons [36, 90]. GH varies in 
length, e.g. within the mammals from 178 to 
196 amino acids; the smallest GH, with only 
173 residues, is found in the flounder Paralichthys 
olivaceus [142]. The similarity of the amino acid 
sequences correlates with the extent of the phylo
genetic relationships. For mammalian GHs, 
between 98 % (primates) and 66 % (human/sei 
whale) identical amino acids are found. Compari
sons with the GH of the sea turtle Chelonia midas 
gave the following percentage similarities: 
chicken 89 % , rat 79 %, bullfrog Rana catesbeiana 
69 %, blue shark Prionace glauca 68 %, and eel 
58 % ; for the chum salmon Oncorhyncus keta it is 
only 40 %. Differences in GH sequences are 
greatest within the teleosts; compared with the 
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carp Cyprinus carpio, the salmon Salmo salar 
shows 66 % agreement, but the yellow tail Seriola 
quinqueradiata shows only 49 % [36, 105,242]. 

The PRL sequences vary within and between 
vertebrate classes to an extent similar to that of 
the GH sequences. Relative to the turtle Chelo
nia midas, one finds 86 % identical amino acids in 
the chicken, 81 % in the horse, pig and fin whale, 
75-71 % in cattle, sheep and humans, 60-56 % in 
the mouse and rat, and only 35-31 % in various 
fish species [94, 228, 243]. Further members of 
the GHlPRL family have been discovered in the 
hypophyses of the Atlantic cod Gadus morrhua 
and the flounder Paralichthys olivaceus; these are 
21-27 % similar to the GH and PRL of the tele
osts and are therefore referred to as somatolactins 
[178]. The GHlPRL family also includes peptide 
hormones produced in the placenta. The placen
tal lactogen (PL), which stimulates milk synthe
sis, has so far been detected in primates, Artio
dactyla, Lagomorpha and Rodentia; it is by no 
means certain that it is universal in the Placenta
lia. The bovine hormone is very different from 
that of all other species, e.g. with a molecular 
mass of 32 kDa it is much larger than the rest 
(20-22 kDa). Whereas human PL has 85 % 
sequence agreement with human GH, bovine PL 
is more similar to PRL than to GH (51 % agree
ment as against 20 % ). The similarity of bovine 
and human PL is only 20 %, but compared with 
placental hormones of the rodents it is about 
30 % [196]. Further PRL-like placental pro
teins have been detected in cattle, mice and rats 
[239]. 

8.4 Hormones of the Stomach, Intestine 
and Pancreas 

8.4.1 The Gastrin-Cholecystokinin Family 

The peptides gastrin and cholecystokinen (CKK) 
from the alimentary canal, together with caeru
lein from frog skin, may be considered homolog
ous based upon the agreements shown by their C
terminal sequences (Fig. 8.2i). As the precursors 
can be cleaved at various positions, there exist 
gastrins and cholecystokinins with N-terminal 
regions of different length: gastrin-34, -17 and 
-14; and CKK-58, -39, -33, -22 and -8. The 
sequence - YMGWMDF - is sufficient for bind
ing to the CKK receptor; the gastrins contain the 
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homologous sequence - YGWMDF-amide [167]. 
The tyrosine residue of CKK is always sulphated, 
but in gastrin it is sulphated only in certain ver
tebrates. The CKK receptor in mammalian panc
reas is highly specific for the sulphated CKK, 
whereas the receptors in the stomach and brain 
bind both sulphated and non-sulphated gastrins 
just as well as CKK [249]. The chicken also con
tains the specific pancreas receptors and the non
specific brain receptors; whereas in fish, amphibi
ans and reptiles all the receptors are non-specific 
[224]. CKK is apparently phylogenetically older 
than gastrin; fish and amphibians already possess 
CKK but not· gastrin. CKK is already found in 
both the gut and brain of the agnathans, and also 
in the skin of amphibians [35]. A peptide of 36 
amino acids, isolated from the stomach wall of 
the chicken, has the C-terminal sequence -
WMDF - but otherwise has no similarity to mam
malian gastrin or to CKK. It stimulates secretion 
in the stomach but not in the pancreas; this may, 
in fact, be an avian gastrin. CKK has also been 
detected immunologically in both the gut and 
brain of birds [51]. 

The prepro-gastrin of mammals consists of 
101 amino acids; the CKK precursor has a length 
of 114 amino acids as the result of an insertion. 
Otherwise, the cDNA sequences of the two pre
cursors are very similar; 63 % of bases in codon 
positions 1 and 2 are identical [48]. Internal 
homologies indicate a gene duplication during 
their evolution [18]. Human gastrin-34 corre
sponds to positions 59-92 of the precursor; the 
immediate flanking sequence - Gly-Arg-Arg -
provides both the cleavage site and the glycine for 
amidation of the terminal - COOH. Cleavage of 
the precursor at position 75/76 gives gastrin-17. 
The human and porcine precursors differ at 
29 positions, of which only 4 lie within the 
gastrin-34 region [18]. Gastrin- or CKK-like pep
tides have been detected immunologically in cni
darians, annelids, insects, crustaceans, xiphosu
rans, gastropods, bryozoans and tunicates 
[61, 71, 154]. A sulphated, gastrin-like peptide 
has even been sequenced from the cockroach 
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Leucophaea maderae (see Fig.8.6k) [148]. Cio
nin (NYYGWMDF-amide) from the ascidian 
Ciona intestinalis is identical at the C-terminus 
with gastrin, but is sulphated on both tyrosine 
residues [91]. The decapeptide caerulein, found 
in the skin and gut wall of amphibians (Fig. 8.2i), 
and described with other frog-skin peptides on 
p. 294, differs in only one position of the active 
peptide from the CKK sequence and has 
CKK activity [167]. 

8.4.2 The Insulin Family 

From the point of view of comparative bioche
mistry, the insulins are by far the best
investigated peptide hormones. In mammals, 
insulin is produced in the B cells of the pancreas 
islets tissue; here one also finds the glucagon
producing A cells and other endocrine cell types. 
In many teleosts, the endocrine pancreas tissue is 
a separate organ, the so-called Brockman'sche 
body, and this has facilitated isolation of the hor
mone mRNA, e.g. from the angler fish Lophius 
americanus. In the elasmobranchs, as in the tetra
pods, the islets tissue is integrated in the pancreas 
[38, 60]. Human insulin is made up of an A chain 
with 21 and a B chain with 30 amino acids and 
these are linked by two disulphide bridges. The 
primary translation product is prepro-insulin with 
113 amino acids. The pro-insulin which remains 
after cleavage of the signal peptide is made up of 
the B chain at the N-terminus and the A chain at 
the C-terminus; the intervening region (the 
C peptide) is excised after A and B are joined 
(Fig. 8.4). The storage granules of the B cells con
tain crystalline insulin in the form of hexamers 
with bound zinc. Isolated B cells from the rat 
form at least six other peptides in addition to 
insulin and these are also possibly constituents of 
the storage granules [206]. Insulin is dissolved in 
the blood as a monomer. 

The sequences of the insulin A and B chains, 
and in some cases even of prepro-insulin, are 
known for more than 40 vertebrate species from 
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the location of the C peptide. 
The variable positions in the 
mammals except the Hystri
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the agnathans to the mammals. Greater differ
ences between species are found in the C peptide 
than in the A and B chains; this is related to the 
fewer functional specifications of the former 
(Table 4.12; p. 161). The amino acids responsible 
for hormone activity, zinc binding and chain 
association are highly conserved; 22 of the 51 in
sulin amino acids are invariant in all vertebrates 
[35]. The insulins of most mammals are very simi
lar to human insulin, differences being found at 
only eight positions of the two chains (Fig. 8.4) 
[72, 131]. The insulin ofthe South American dou
roucouli Aotes trivirgatus differs markedly from 
those of other primates; compared with that of 
man, Aotes prepro-insulin has three amino acid 
substitutions in the signal peptide, two in the 
B chain, seven in the C peptide and three in the 
A chain. The receptor binding affinity of Aotes 
insulin is fivefold lower than that of human insu
lin [198]. 

The most marked differences to other mamma
lian insulins are shown by the insulins of the Hys
tricomorpha, e.g. the African porcupine Hystrix 
cristata, the guinea-pig Cavia porcel/us, the casi
ragua Proechimys quarirea, the chinchilla Chin
chilla /aniger, and the nutria Myocastor coypus. 
The extremely aberrant nutria insulin has only 
5 % of the receptor affinity and 3 % of the effect 
on lipogenesis shown by porcine insulin in a test 
system involving rat fat cells. Due to amino acid 
substitutions at the zinc-binding site BlO-His and 
positions responsible for molecular contacts, the 
hystricomorphan insulins are always monomers. 
Compared with bovine insulin, that of casiragua 
has 17 differences, that of the guinea-pig 18, and 
that of nutria as many as 22; the spatial structu
res, however, remain similar [6]. Despite large 
sequence differences, the insulins of the H ystrico
morpha fit into the genealogical tree of the mam
malian insulins and are therefore orthologous 
according to the definition on p. 155. 

As expected, the rlSh differ most of all from the 
mammals [12,40, 108, 186]. The prepro-insulin 
of the agnathan Myxine g/utinosa, which with 
115 amino acids is somewhat longer than that of 
the mammals, has the signal sequence (26 amino 
acids), B chain (31 amino acids), C peptide (37 
amino acids) and A chain (21 amino acids) 
arranged consecutively. However, the mature 
insulin differs at 16 positions from that of the carp 
and at 21 positions from human insulin. It cannot 
bind zinc and can only form dimers, whereas 
insulin from the shark Scyliorrhinus canicu/a can 
already form zinc-stabilized hexamers. The insu
lin of the lamprey Petromyzon marin us differs 
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from that of the common hagfish Myxine (17 
amino acid differences) more than from porcine 
insulin or from that of the salmon (both with 
14 differences) [168]; this underlines the large 
evolutionary distance between the two agnathan 
groups Myxinoidea and Petromyzontoidea. There 
are 17 differences between the insulin of the carp 
Cyprinus carpio and human insulin, including two 
extra N-terminal amino acids on the B chain; 
however, the zinc-binding B10-His and the amino 
acids responsible for aggregation and biological 
activity are all present. Carp insulin in the fat-cell 
test has only threefold weaker binding and has 
the same maximum activity as porcine insulin. 
Amino acid substitutions in the region of the BI 
C cleavage site lead to 37- to 38-amino-acid 
B chains in the holocephalans Chimaera monstru
osa and Hydro/agus colliei, whereas that of the 
related species Callorhynchus milii has only the 
normal 31 amino acids [12]. 

The gene sequences of human prepro-insulin 
and those of a range of mammals, the chicken, 
various teleosts and Myxine are now known. All 
consist of three exons: the first exon codes for a 
part of the non-translated (NT) 5' sequence; the 
second for the remaining 5'-NT, the signal 
sequence, B chain and a part of the C peptide; 
and the third for the rest of the C peptide, the 
A chain and the 3'-NT [209]. The sequence cod
ing for the signal peptide occurs once again in a 
slightly modified form in the C-coding region. It 
is possible that two genes with identical signal 
peptide regions arose initially by gene duplica
tion, and were then later joined by a large intron 
to give one gene. There are two prepro-insulin 
genes in the mouse and rat which lie only 100 kb 
apart on chromosome 1 of the rat but are found 
separately on chromosomes 6 and 7 of the mouse. 
In both rodent species, gene I is very similar to 
gene II in the coding sequence but lacks the sec
ond intron. As in the chicken insulin gene, the 
presence of two introns is probably the ancestral 
state; the insulin genes rat-I and mouse-I appar
ently arose by the reinsertion of partly processed 
transcripts. It is interesting that the retrotranspo
sons of the two species differ much more than the 
original insulin genes rat-II and mouse-II [232]. 

Insulin-like substances have been detected 
by both immunological and pharmacological 
methods in a wide spectrum of very different 
organisms: tunicates, insects, crustaceans, gastro
pods and cephalopods, and even in the ciliate Tet
rahymena, the lower fungi Aspergillus and Neu
rospora, and the prokaryote E. coli [68, 118]. 
Insulin-receptor proteins have been identified 



300 8 Peptide Hormones 

immunologically in Neurospora and Streptococ
cus [50], and insulin-like peptides have been 
sequenced via their cDNA in the snail Lymnaea 
stagnalis and the insects Bombyx mori and 
Locusta migratoria (p.307). Only in the case of 
the insects have sufficient quantities of insulin
like peptides been isolated with which to study 
activity. In the honey bee, reinjection of the pep
tide brings about a reduction in the concentra
tions of trehalose, glucose, diacylglycerols and 
phospholipids, and an increase in free fatty acids 
and triacylglycerols in the haemolymph. As in the 
vertebrates, these typical insulin effects are inhi
bited by the simultaneous injection of vertebrate 
somatostatin [22]. Drosophila melanogaster pos
sesses not only a typical insulin receptor but also 
a specific insulin protease like those known in 
mammals; this suggests specific functions for 
insulin in the fly [56, 63]. 

Insulin belongs to the same super-family as the 
ovarian hormone relaxin, the insulin-like growth 
factors IGF-I and IGF-II (somatome dins) , and 
probably also the B chain of the nerve growth fac
tor (NFG) and the lens growth factor lentropin 
[8]. Relaxins synthesized in the ovary and also in 
the uterus and placenta are made up of an 
A chain of 22-24 and a B chain of 25-35 amino 
acids, and are considered to be homologous to 
the insulins, especially because of the positions of 
the disulphide bridges. In mammals, relaxin is 
responsible for adaptation of the uterus muscula
ture to the foetus and for expansion of the pubic 
bone symphysis prior to birth [197]. The two 
human relaxins have only 77 % sequence agree
ment. Relaxins are already found in the cartila
ginous fish, the relaxins of the shark species 
Squalus acanthias and Odontaspis taurus being 
45-46 % similar to human relaxin; the relaxins of 
the pig and rat show an equivalent degree of simi
larity. The relaxin of the skate Raja erinacea, 
which has 48 % amino acids in common with that 
of Squalus and 31 % with human relaxin, has only 
1 % of the activity of mammalian relaxin when 
tested on mammals [28]. Relaxin-like substances 
are even found in the ciliate Tetrahymena pyrifor
mis. It also appears from this that the substance is 
much older than its present function in the mam
mals. The observation that the insulin activity of 
organ extracts is often not completely abolished 
by anti-insulin antibodies led to the discovery of 
the insulin-like growth factors (IGFs). There are 
two IGFs (IGF-I and IGF-II) and corresponding 
specific receptors. Both IGFs bind to the insulin 
receptor, but insulin itself binds only to the IGF-I 
receptor and not to that of IGF-II. IGF-I (with 

70 amino acids) shows more than 60 % sequence 
similarity with IGF-II (67 amino acids). The three 
regions B, C and A are distinguishable in the IGF 
precursors, as in pro-insulins, but they are 
extended at the C-terminus by a short D region 
and an E region, which consists of about 35 
amino acids in pro-IGF-I and of 85-90 amino 
acids in pro-IGF-II. Region E is removed during 
IGF processing, but sections C and D remain in 
the mature molecule. The IGFs are bound to spe
cific proteins in the blood plasma, possibly in 
order to prevent interaction with receptors, e.g. 
the IGF concentration of 100 nmoUl in human 
plasma is lOOO-fold higher than that of insulin and 
would have a 50-fold higher insulin activity 
[85, 119]. IGFs are known from vertebrates of all 
classes down to the Atlantic hagfish Myxine gluti
nosa [150]. The acranian Branchiostoma califor
niensis has an insulin-like peptide (ILP) which 
has approximately the same sequence similarity 
to insulin in both IGFs, and arises from a precur
sor with the regions B-C-A-D-E; thus, it is 
apparently very closely related to the ancestral 
gene of the insulin family [32]. 

8.4.3 The Glucagon-Secretin Family 

Glucagon, glicentin and secretin, together with 
the vasoactive intestinal peptide (VIP), the 
gastric inhibitory peptide (GIP) , the growth
hormone releasing factor (GRF) and the helos
pectins in the poison of the venomous lizard 
Heloderma suspectum (p. 324), make up a family 
of peptides with 9-15 of their 27-43 amino acids 
in common (Fig. 8.2 k) but with widely varying 
activities. Glucagon and glicentin stimulate glu
coneogenesis and glycogenolysis, whereas secre
tin, VIP and the helospectins promote secretion 
from the pancreas. In addition, VIP brings about 
relaxation of the vascular and other smooth 
muscles; GIP inhibits acid and pepsin formation 
in the stomach. The glucagon secreted by the 
A cells of the islets tissue and the glicentin pro
duced by the L cells of the gut mucosa arise from 
the same precursor by differential proteolytic 
cleavage. The human precursor and that of vari
ous mammals has a length of 180 amino acids and 
consists of a signal sequence, glicentin with 69 a
mino acids, including the glucagon sequence in 
positions 33-61, and two glucagon-like sequences 
GLP-1 and GLP-2. The angler fish Lophius amer
icanus possesses two glucagon genes which, how
ever, lack the GLP-2 region [3, 161]. The teleosts 
Ictalurus punctata, Oncorhynchus kisutch and 



Cottus scorpius, the archaic gar-pike Lepisosteus 
spatula (Holostei), and the skate Torpedo marmo
rata all produce only one glucagon and one GLP. 
Mammals, and also lower vertebrates such as the 
bullfrog Rana catesbeiana and Lepisosteus spa
tula, possess not only glucagon and GLP but also 
the somewhat longer oxyntomodulin (36 amino 
acids), which is made up of the glucagon 
sequence and a C-terminal extension; this pep
tide is 5- to lO-fold less active than glucagon on 
liver cell membranes but is approximately 20-fold 
more effective on stomach mucous membranes 
[170]. Analysis of the prepro-glucagon sequences 
suggests that GLP-2 arose from glucagon about 
1200 million years ago and GLP-l about 800 mil
lion years ago, and that in fish the GLP-2 was lost 
before duplication of the glucagon gene. 

Glucagon is a highly conserved polypeptide; 
with the exception of the guinea-pig, the sequen
ces of all mammals to have been examined are 
identical. The chicken and turkey differ from the 
mammalian sequence at only one position, the 
duck at two positions, the shark Scyliorhynchus 
canicula at four positions, and the coho salmon 
Oncorhynchus kisutch at eight positions [3]. The 
GLPs are evolving rather more rapidly: the GLP-
1 sequenced from Ictalurus differs from the two 
GLPs of the angler fish Lophius in 5 and 9 out of 
34 amino acids, from the GLP-l ofthe hamster at 
11 positions, and from hamster GLP-2 at as many 
as 23 positions [3, 38]. In contrast to insulin, the 
glucagons in the storage granules of islet cells are 
mostly amorphous; only in the teleosts are they 
crystalline, probably with a trimeric structure. 
Glicentin apparently has trophic functions in the 
gut mucosa and may be looked upon as an enter
oglucagon. A further GLP, synthesized in the 
endocrine L cells of the porcine gut, corresponds 
to amino acids 33-69 of glicentin and is referred 
to as enteroglucagon II. The special evolution
ary position of the guinea-pig gastro-entero
pancreatic peptides is as clearly illustrated by 
glucagon and VIP as by insulin: whereas all other 
mammals have a glucagon of 29 amino acids, the 
guinea-pig molecule is 40 amino acids long. Simi
larly, the VIP sequences of all other mammals are 
identical but guinea-pig VIP differs in 4 of the 
28 amino acids [55]. The VIP of the chicken also 
differs from the typical mammalian sequence at 
four positions and those of the cod Gadus mor
rhua and the shark Scyliorhinus canicula differ at 
eight positions [52]. GIP is not quite as highly 
conserved, with the human sequence differing in 
2 and 4 of 42 amino acids from the porcine and 
bovine sequences, respectively [214]. Secretin is a 
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peptide of 27 residues that stimulates pancreas 
secretion. The rat secretin gene shows homology 
only to the other genes of this hormone family in 
the exons encoding the bioactive peptide, and the 
only translated product is secretin, whereas the 
genes for pro-glucagon and pro-VIP each produce 
several different bioactive peptides [88, 107]. 

8.4.4 The Family of Pancreas Polypeptides 

The pancreas polypeptide (PP) of the chicken, 
discovered in 1975, is a C-terminal amidated pep
tide of 36 amino acids that functions as an anta
gonist of glucagon, inhibiting lipolysis in the fat 
cells. PP belongs to a family of polypeptides 
including peptide YY from the gut wall (PYY) 
and from the brain NPY, with which it shows 
50-70 % similarity [202, 216]; also included is 
peptide YG from the pancreas of the angler fish 
Lophius americanus (aPY). The PP-producing 
cells are a specific type of endocrine pancreatic 
cell distinct from the glucagon-producing A 
cells, the insulin-producing B cells and the 
somatostatin-producing D cells. The human, 
sheep and cat PP precursor includes a C-terminal 
20-residue peptide that is absent in the rat and the 
mouse. The guinea-pig, whose insulin and gluca
gon differ markedly from those of other mam
mals, produced a PP precursor with 89 % agree
ment to the human molecule in the hormone 
region but with only 40 % similarity in the icosa
peptide part [15,244]. The aPY precursor is 
identical in structure to that of PP. The 64 % simi
larity of the active peptide of aPY with PP and 
NPY is much greater than the agreement between 
the remaining regions; this is comparable with the 
higher rate of evolution of the insulin C peptide 
compared with the A and B chains [7]. PPs have 
been reported from many vertebrate species and 
have 9 out of 36 invariant residues [125, 171]. PP
like substances have also been detected in anne
lids and insects. 

8.5 Peptides Regulating Blood Pressure 

The juxtaglomerular cells situated in the kidney 
glomeruli release renin in response to a decrease 
in blood pressure or to sodium deficiency. Renins 
are found in several forms; as well as in the kid
neys, they are produced in the salivary glands and 
in the female genital tract. They are all glycopro
teins of about 40 kDa, made up of two chains 
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with unequal lengths. These arise by post
translational proteolysis from a prepro-renin of 
about 50 kDa. The corresponding genes of man, 
the mouse and rat show several special features: 
the mouse alone possesses two prepro-renin 
genes, and the human gene contains an addi
tional, tenth exon that encodes for a 3-amino-acid 
insert [29]. The physiological substrates of the 
renins are the angiotensinogens, which are multi
ple glycoproteins of about 450 amino acids pro
duced by the liver cells [65, 141]. Renin cleaves a 
decapeptide from angiotensinogen, angiotensin
I, which is further processed to the biologically 
active octapeptide angiotensin-II by an angio
tensin-converting enzyme (Fig.8.5a). This is a 
zinc-containing dipeptidase, synthesized mainly 
in the endothelium but also in other tissues [13]. 
The renin-angiotensin system appears to be pre
sent in all vertebrates with the exception of the 
agnathans and some elasmobranchs. The 
angiotensin-I sequence differs only at positions 1, 
5 and 9. Position 1 is occupied by aspartic acid (in 
most tetrapods) or asparagine (in most teleosts); 
position 5 is occupied by isoleucine (in most 
mammals) or valine (in ruminants and all non
mammals); and position 9 is occupied by histi
dine (all mammals, the turtle Pseudemys scripta, 
and the teleost Lophius litulon), serine (in the 
chicken), tyrosine (in the snake Elaphe climoco
phora), asparagine (in the salmon Oncorhynchus 
keta and the frog Rana catesbeiana) or glycine (in 
the eel Anguilla rostrata) [35, 99]. 

Bradykinin is a blood-pressure-Iowering nona
peptide that, like the blood-pressure-elevating 
angiotensin, is released from a larger precursor 
(kininogen) by the activity of a specific protease 
(kallikrein) (Fig.8.5b). Amphibians contain in 
addition 6-T-bradykinin, which carries Thr instead 
of Ser at position 6, and ranakinin, which has a 
six-amino-acid C-terminal extension. The orni
thokinin of the chicken differs from mammalian 
bradykinin by two amino acid substitutions: 6-Ser 

a) 
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to Thr and 8-Phe to Leu. It is mainly the latter 
which is responsible for the species- and group
specific activities of this peptide; omithokinin 
causes contraction of chicken smooth muscle but 
not of the rat uterus [100]. Peptides of 9-18 
amino acids, which include the sequence of brady
kinin or 6-T-bradykinin, are found in the venom 
of various Hymenoptera (see Fig. 9.3, p.325). 
The blood plasma of the mammals contains two 
kininogens with different molecular weights. The 
larger high molecular weight kininogen (HMWK) 
in humans is a glycosylated chain of 114 kDa. In 
this case, the release of bradykinin leaves behind 
a cleaved kininogen consisting of an H and an 
L chain of 63 and 58 amino acids, respectively, 
bound by a disulphide bridge. This molecule 
associates with various components of the blood 
clotting system and is responsible for the initi
ation of the intrinsic pathway (p.203). LMWK, 
the second, significantly smaller kininogen 
(69 kDa), forms the same H chain but a smaller 
L chain. The human and bovine HMWK sequen
ces show 74 % agreement, and human and murine 
sequences show 61 % [98]. The rat possesses a 
third kininogen type, the T kininogen. In con
trast, the chicken has only omithokininogen, 
which corresponds to the HMWK of mammals 
and agrees in 13 (43 %) of the 30 N-terminal 
amino acids with the bovine form [100]. The kal
likreins, which are responsible for the cleavage of 
kininogens, are found in the mammals, e.g. in the 
kidney, bladder, prostate, pancreas and sublin
gual salivary glands, in various tissue-specific 
forms which arise either by post-translational 
modification or as the products of different genes. 
In the mouse and rat, there are gene families of 
12-24 members which include not only the gene 
for true kallikrein but also kallikrein-like or 
tonin-like sequences, as well as many pseudoge
nes [37, 234]. The kallikreins make up one of the 
families of serine proteases and their evolution 
has been discussed on p.91. The endothelins 
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Fig.8.S. a The formation of angiotensin-I and -II from angiotensinogen. b The formation of bradykinin and kallidin from 
kininogen 



(ETs) also have vasoconstrictive effects; this is a 
family of acidic peptides with 21 amino acids 
which includes not only the ET isoforms ET-1, 
ET-2 and ET-3 but also the vasoactive intestinal 
contractor (VIC) of the mouse and the four sara
fotoxins in the venom of the snake Atractaspis 
engaddensis. The prepro-ET-1, synthesized in the 
endothelial cells, has a length of 202-212 amino 
acids according to the species. A pro-ET-1 with 38 
(human) or 39 amino acids (pig) is released pro
teolytically, and this gives rise to the mature ET-1 
by the unusual cleavage of a 21-Trp/22-Val bond 
[58, 204). The homeostatic control of blood pres
sure and osmolality is the function of the natriu
retic peptides from the cardiac atria (ANP) and 
the brain (BNP); these also arise from longer pre
cursors. Whilst the circulating aforms of ANP 
vary by at the most one amino acid amongst the 
mammals, the related peptides of the chicken, the 
frog Rana ridibunda and the eel Anguilla japonica 
show sequence differences amongst themselves 
and compared with the mammalian ANPs and 
BNPs of about 50 %. ANP-like substances have 
been detected immunologically in gastropods and 
crustaceans [215, 245). 

8.6 Calcitonins and Parathormone 

Calcitonin and parathormone are involved in cal
cium homeostasis, with calcitonin depressing the 
calcium level in the blood plasma, and parathor
mone treatment resulting in its elevation. Calcito
Dins (CT) are synthesized in the C cells of the 
mammalian thyroid gland and in the ultimobran
chial bodies of other vertebrates. They have been 
detected either immunologically or by functional 
tests in all vertebrates except the agnathans. The 
CTs consist of 32 amino acids (Fig. 8.21), of 
which the 7 N-terminal positions are identical in 
the human, bovine, porcine and salmon molecu
les, but the remaining residues differ widely. In 
spite of this, the fish CT has hormone activity in 
birds and mammals but not in fish. Thus, the sub
stance itself appears to be older than its function 
in some of the vertebrates [169]. In the CT pre
cursor of man, the rat and chicken, the CT se
quence lies between long C- and N-terminal 
sequences; the cleavage sites here also consist of 
pairs of basic amino acids. The CT gene is made 
up of six exons, one of which encodes the whole 
CT sequence, and a further one codes for a 
homologous peptide of 37 amino acids, the calci
tonin gene-related peptide (CGRP). The relative 
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proportions of these two peptides are regulated in 
a tissue-specific manner by alternative splicing in 
the two mammals mentioned and in the chicken. 
CT predominates in the thyroid and ultimobran
chial bodies, and CGRP predominates in the 
brain [59]. CT/CGRP-like substances have been 
detected immunologically in the brains of all 
classes of vertebrate including the agnathans, and 
even in the lobster Nephrops norvegicus 
[103, 238]. 

The parathyroid glands (small epithelial 
bodies) produce the parathormone (PTH). Of 
the 84 amino acids making up this molecule, 
there is only 8 % difference between the sequen
ces of cattle and swine, but 33 % difference 
between these two mammals and the chicken. 
PTH is probably present in all tetrapods but not 
in the fish. In bovine prepro-PTH, the PTH 
sequence is preceded by a signal sequence of 
25 amino acids and a pro-sequence of 6 amino 
acids [35]. 

8.7 Growth Factors 

The growth of vertebrate cells in tissue culture 
depends upon peptide growth factors (GFs) 
which are found, for example, in blood plasma. 
For this reason, many tissue culture media con
tain foetal calf serum. In contrast to the hormo
nes, which are stored intracellularly and secreted 
as required, the growth factors are released con
tinuously from cells. These factors bind to specific 
receptors on the cell surface. This activates a tyro
sine kinase which, via a cascade of further specific 
kinases, initiates the cell's growth response 
[30, 137, 240]. In many cases, the GF-producing 
cells themselves possess receptors and respond to 
their own growth factors. It may be that the 
evolution of signalling by peptides began with this 
autocrine mechanism; this then developed to pro
duce effects on neighbouring cells (paracrine 
mechanism) and finally, by transmission in the· 
extracellular fluids, to effects on distant cells 
(endocrine mechanism). Unlimited cell division 
(proliferation) is a characteristic of tumour cells 
and, as might be expected, there is a relationship 
between growth regulation by GF and carcinoge
nesis. There exist, for example, transforming 
GFs, and some oncogenes code for aberrant 
forms of the growth factors or their receptors. 

The continuously increasing number of known 
growth factors can be divided into families 
according to structure, origin and activity. The 



304 8 Peptide Hormones 

hormonally active ~ subunit of nerve growth fac
tor (NGF) is produced as a dimer by the sensory 
and sympathetic neuron target tissues. The sub
mandibular glands of mice contain a 230-kDa 
complex (7S-NGF) made up of two a chains, a 
~ chain, two y chains and one or two zinc atoms. 
Based on their sequences, the a and y chains 
belong to the kallikrein families of the serine pro
teases, although the a chain is proteolytically 
inactive. The 7S-NGF and similar complexes 
from other tissues do not bind to the NGF recep
tor and their biological significance is not clear 
[136]. The brain-derived neurotrophic factor 
(BDNF) of the rat and NT-3 of mice are homolog
ous to NGF; the three sequences have 48 % of 
their amino acids in common (130). The murine 
prepro-NGF of 307 amino acids includes the 
118 amino acids of the mature ~-NGF sequence in 
positions 188-305. The corresponding human 
chain differs in 11 amino acids, the bovine chain 
in 16 amino acids, and that of the chicken in 19 
amino acids. NGFs are also found in snake 
venoms but their sequences are, at present, 
largely unknown. 

The epidermal growth factors (EGFs) have 
lengths of between 48 and 53 amino acids 
(Fig. 8.2m). The rat EGF sequence of 48 amino 
acids shows 77 % agreement with the murine 
EGF (53 amino acids), 69 % with the human 
sequence (53 amino acids), and only 67 % with 
the guinea-pig EGF (51 amino acids) [205]. Sur
prisingly, the EGF precursor is anchored in the 
cell membrane and contains within its 1200 amino 
acids the real EGF and eight EGF-like sequen
ces. The EGF receptor is an integral membrane 
protein of 1186 amino acids with many N-linked 
oligosaccharide chains. Similarly to other growth 
factor receptors, the cytoplasmic domain of the 
EGF receptor has tyrosine kinase activity; this 
represents the beginning of a complex signal 
transduction pathway [30]. DNA sequences have 
been identified in Drosophila which encode poly
peptides similar to the tyrosine kinase and the 
extracellular domain of the human EGF receptor 
[227]. The EGFfamily includes further GFs 
which bind to the EGF receptor despite their low 
sequence similarity, e.g. human amphiregulin, 
the transforming growth factor TGF-a, and the 
pox virus growth factor (VGF). On the other 
hand, TGF-~, which has also been detected in 
Drosophila eggs and embryos [11], constitutes a 
distinct family of multifunctional regulatory pep
tides [44]. EGF-like sequences are found in many 
proteins of both vertebrates and invertebrates, 
and present a particularly impressive example of 

the importance of exon shuffling in the evolution 
of proteins: 1 such sequence is found in tissue 
plasminogen activator and urokinase, 2 sequen
ces are found in the clotting factors IX and X, 3 in 
the low density lipoprotein (LDL) receptor, 11 in 
the gene "lin" of the nematode Caenorhabditis 
elegans, at least 18 in the gene "uEGF-1" of the 
sea urchin Strongylocentrotus lividus, and 36 in 
the gene "notch" of Drosophila melanogaster and 
the related gene "xotch" from Xenopus laevis. 

There are other peptides with regulatory 
effects on cell growth and differentiation: one of 
the most interesting of these peptides is the head 
activator of the freshwater polyp Hydra; this defi
nes the anterior end during regeneration. It is an 
undecapeptide (Fig. 8.2 n) which not only occurs 
in Hydra and other Cnidaria but, remarkably, is 
also found in the gut and hypothalamus of the rat 
and man [16, 192]. The growth of blood vessels in 
mammals is stimulated by angiogenin, a homo
logue of the pancreas RNase [19]. The differentia
tion of fibroblasts to myoblasts is controlled by 
three related peptides known as myogenin, myoD 
and myf5 [64]. A structurally and functionally 
very similar factor, SUM-1, arises as the transla
tion product of an mRNA from the sea urchin 
Lytechinus variegatus [222]. A bovine bone
inducing protein has been isolated and is referred 
to as the osteogenic protein (OP) [110]. Prothy
mosin a is an acidic peptide of 110 amino acids, 
found in many mammalian tissues, and has 
immuno-enhancing effects. The first substance of 
this type to be found, thymosin a, from calf thy
mus, corresponds to the 28 N-terminal amino 
acids of prothymosin at and is probably an extrac
tion artefact. Parathymosin, isolated from rat 
thymus, is antagonistic to prothymosin a and has 
15 % sequence similarity [229]. Thymosin at-like 
substances have been detected immunologically 
in insects, crustaceans, protozoans, lower fungi 
and even bacteria [157]. The homologous prote
ins thymosine ~4' ~9 and ~1O form a distinct family 
of immuno-modulatory peptides [229]. 

s.s Peptide Hormones of Invertebrates 

Peptide hormones are in fact found in all groups 
of invertebrates but have so far been mainly 
investigated in the molluscs and arthropods. 
Because of problems in obtaining sufficient 
quantities, their isolation and characterization 
has proved difficult. However, the development 
of more sensitive methods of peptide sequencing, 



e.g. fast atom bombardment spectroscopy and 
the new possibilities for cDNA and gene sequenc
ing, has led, during the last few years to rapid 
increases in the number of available sequences 
[104, 115, 166, 219]. The invertebrate peptide 
hormones are also produced from larger precur
sors by proteolytic processing and, in many cases, 
are also post-translationally modified. The forma
tion of D-amino acid residues from the L-forms of 
the precursors, as described above for the der
morphins of the vertebrates, has also been 
described for the mollusc peptides, achatin and 
fulicin [104, 158]. The discovery of a new peptide 
hormone in anyone animal group is often fol
lowed by evidence that this or similar substances 
occur in other groups, or are even ubiquitous. 
Examples of this are provided by the detection of 
vertebrate hormones in invertebrates or the dis
covery of peptides similar to the mollusc FMRF
amide in cnidarians, annelids and insects [104]. 
Comparisions across taxon borders should allow a 
deeper insight into the relationships between 
peptide structure and function. However, the 
evolutionary relationships between the peptide 
hormones cannot be determined from short 
sequence comparisons because of the possibilities 
of convergence. A much better basis for compari
son are gene or precursor sequences but these 
are, as yet, in short supply. 

Apart from mollusc and arthropod hormones, 
only a few regulatory peptides are known from 
other invertebrate groups. Amongst these are the 
sperm-activating peptides (SAPs) of sea urchin 
eggs; these stimulate sperm metabolism and 
motility and act as chemo-attractants for the sper
matozoa. SAPs are peptides of 10-14 amino acids 
which are species specific but occur in several 
variant forms within one species. Forty different 
SAPs have so far been described from nine sea 
urchin species. The first of these substances 
to be found were speract (GFDLNGGGVG) 
from Strongylocentrotus purpuratus and resact 
(CVTGAPGCVGGGRL-amide) from Arbacia 
punctulata. Speract arises from a precursor of 
about 260 amino acids containing 10 speract or 
speract-like sequences [177,246]. The conjuga
tion initiating substances of the ciliates have also 
been intensively investigated. These unicellular 
organisms proliferate asexually by fission; occa
sionally, a sexual process ( conjugation) occurs in 
which two individuals fuse, exchange genetic 
material, and separate. In some species, conjuga
tion is restricted to individuals of opposite "mat
ing types". Each mating type produces a different 
conjugation initiating substance, and these are 

8.8.1 Peptide Hormones of Molluscs 305 

known generally as mating pheromones or gamo
nes but are sometimes named after the genus. 
Two gamones are known from Blepharisma japo
nicum, the first species to be investigated: ble
pharom, a basic glycoprotein of 20 kDa, and ble
pharisom, which has been identified as calcium-
3-(2'-formylamino-5'-hydroxybenzoyl)acetate. Ge
netic analysis of several species of the genus 
Euplotes has shown that the gamones are 
encoded by alleles of one gene locus. The phero
mones Er-l (40 amino acids) and Er-l0 (38 amino 
acids) of E. raikovi have been sequenced; they 
show no similarity to any other proteins [175]. 

8.8.1 Peptide Hormones of Molluscs 

It was known for some time that ganglion extracts 
of various molluscs could amplify the contraction 
of isolated hearts of the Venus mussel; the 
responsible factor was later isolated from the 
ganglia of the mussel Macrocallista nimbrosa and 
was shown to be a C-terminal amidated tetrapep
tide, FMRF-amide. This peptide is apparently 
distributed ubiquitously in molluscs, mostly in 
association with smaller amounts of the related 
peptide FLRF-amide. The precursor of these 
peptides from Aplysia californica has been 
sequenced; it consists of 28 copies of the FMRF 
sequence and only 1 FLRF sequence. Various 
mollusc species have been found to possess vari
ants of these two peptides with 1- to 6-amino-acid 
N-terminal extensions (Fig.8.6a). The mussel 
Mytilus produces a decapeptide which ends with 
the FFRF-amide sequence. Whilst the peptides 
mentioned so far all have stimulatory effects on 
muscle contraction, a hexapeptide with the C
terminal sequence LFRF-amide, found in Fusi
nus, has an inhibitory effect. FMRF-amide
related peptides (FaRPs), ending with FXRF
amide, have been found in nematodes, annelids 
and arthropods in addition to the molluscs, and 
RF-amide-terminating peptides are even more 
widely distributed. The evolutionary relationships 
between these regulatory peptides will become 
clear only after analysis of their gene or precursor 
sequences has been undertaken [104]. A gene 
sequenced from Drosophila melanogaster codes 
for a polyprotein with at least 13 FaRP sequences, 
and a cDNA from the sea anemone contains 
19 precursor sequences of the antho-RF-amide 
(QGRF-amide) [47, 193]. 

A large number of other myotropic peptides 
and peptide amides have been found in the mol
luscs, e.g. the catch-relaxing peptide (CARP) of 
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a) FMRF-amide-like'peptides and opioids 
(widespread) 
(widespread) 
(Helix aspersa) 
(Lymnaea stagnalis) 
(Octopus vulgaris) 

for comparison: Met-Encephalin 

FMRF-amide 
FLRF-amide 

pEDPFLRF-amide 
GDPFLRF-amide 
YGGFMRF-amide 
YGGFM 

b) ELH (Aplysia californica) 
ISINQDLKAITDMLLTEQIRERQRYLADLRQRLLEK-amide 

c) CDCH (Lymnaea stagnalis) 
LSITNDLRAIADSYLYDQHWLRERQEENLRRRFLEL-amide 

d) Eclosion hormone (Manduca sexta) 
NPAIATGYDPMEICIENCAQCKKMLGAWFEGPLCAESCIKFKGKLIPECEDFASIAPFLNKL 

e) Proctolin RYLPT 
f) Paragonial peptide (Drosophila funebris) 

DVPSANANANNQRTAAAKPQANAEASS 
g) AKH I (Locusta, Schistocerca) pELNFTPNWGT-amide 

AKH II-L (Locusta migratoria) pELNFSAGW-amide 
AKH II-S (Schistocerca gregaria) pELNFSTGW-amide 
CC I (Periplaneta americana) pEVNFSPNw-amide 
CC II (Periplaneta americana) pELTFTPNW-amide 

h) RPCH (Pandalus borealis) pELNFSPGW-amide 
i) aPDH (Pandalus borealis) NSGMINSILGIPRVMTEA-amide 
j) PDF (Romalea microptera) NSEIINSLLGLPKLLNDA-amide 
k) Leucosulfakinin (Leucophaea maderae) EQFGDYGHMRF-amide 

for comparison: Gastrin-17 (pig) -EEEEAYGWMDF-amide 

Fig. S.6a-k. Peptide hormones of invertebrates [57, 95, 134, 160, 166, 179, 182]. pE, pyroglutamic acid 

Mytilus, the myomodulins of various prosob
ranchs, the Mytilus inhibitory peptides (MIPs), 
and the Fusinus and Achatina excitatory peptides 
(FEPs and AEPs). The mussel Mytilus edulis pos
sesses at least 17 peptidic substances which affect 
the anterior byssus retractor muscle (ABRM). 
Achatin-l from the pulmonate snail Achatina, 
which interestingly includes a D-amino acid 
residue, GlY-D-Phe-Ala-Asp, induces voltage
dependent uptake of sodium ions by the periodic
ally oscillating neuron (PON). Achatin-II, which 
is also present and has only L-amino acids, has no 
such activity [104]. The unusually large size of the 
neurons of Aplysia cali/arnica facilitates analysis 
of the peptides from single ganglion cells. Neuron 
B 15 produces two small cardioactive peptides 
(SCPA and SCPB with 11 amino acids), which 
stimulate the contraction of various mollusc 
muscles, buccalin (11 amino acids), which inhi
bits muscle contraction, and a 28-residue peptide, 
which promotes water retention in the animal. 
Neuron B16 synthesizes myomodulin, a peptide 
structurally related to the SCPs and buccalin. 
Neuron 14 of the abdominal ganglion produces a 
neuropeptide precursor of 85 amino acids which 
is cleaved into three peptides with cotransmitter 
activity. All the sensory neurons of Aplysia con-

tain an mRNA which codes for an inhibitory co
transmitter with co dons 46-54 [27, 45, 104, 231). 

Of particular interest is the neurohormonal 
control system of egg laying which occurs in all 
gastropods, but has been examined in detail only 
in the prosobranch sea snail Aplysia cali/arnica 
and the pulmonate freshwater snail Lymnaea 
stagnalis. In Ap/ysia, egg-laying behaviour begins 
with persistent electrical activity of the bag cells, 
two clusters of neuroendocrine cells in the abdo
minal ganglion. These secrete at least nine pepti
des, including the egg-laying hormone (ELH) of 
36 amino acids (Fig. 8.6b) and four bag cell pepti
des (BCP-a to -(», all of which arise from the 
same precursor. The atrial gland, which secretes 
into the oviduct, contains three pro-hormones 
encoded by different genes which, by rather com
plicated processing, give rise to two main types of 
regulatory peptides: the peptides A, It( and B, 
which stimulate ELH production by the bag cells, 
and the three ELH-related peptides, which are 
linked to the 18-residue peptide A-AP by a disul
phide bridge and mimic the actions of ELH. The 
ELH gene of the bag cells and the three genes for 
the ELH-related peptides of the atrial gland are 
homologous [151]. Egg laying by Lymnaea stag
nalis is also a complicated process that lasts for 



several hours and is controlled by about 100 neu
roendocrine cells in the cerebral ganglion (caudo
dorsal cells). These cells secrete various peptides 
which probably arise from more than one large 
precursor. The best-known of these peptides is 
the ovulation hormone CDCH (Fig. 8.6c), which 
agrees in 16 of its 36 amino acids with the ELH of 
Aplysia. Taking into account the fact that the pro
sobranchs and the pulmonates separated about 
400 million years ago, these peptides appear to 
be very highly conserved [57]. 

8.8.2 Peptide Hormones of Arthropods 

Although many studies have been carried out of 
the regulatory peptides of insects and crustaceans 
[20], the other arthropod groups have been rather 
neglected. Of the insect neuropeptides, the best
known are those of the silkworm Bombyx mori. 
Four types are found, in some cases with several 
variants: the prothoracicotropic hormone 
(PITH), the diapause hormone, the hatching 
(eclosion) hormone (EH) , and the melanizing 
and red-pigment concentrating hormone 
(MRCH). The enormous number of individuals 
needed for the isolation of these peptides is most 
easily attained with the silkworm; Japanese 
research groups made use of 10 million male 
insects for this purpose. The prothoracicotropic 
hormone is produced from a pair of neurosecret
ory cells in the brain and stimulates ecdysterone 
release from the prothorax glands. PITH has 
109 amino acids and arises from a precursor of 
224 amino acids [97]. In addition to the species
specific PTTH, the Bombyx brain contains sev
eral peptides of about 5 kDa, the bombyxins, 
which in fact affect ecdysone release from the 
prothorax glands of Samia cynthia and were, 
therefore, earlier known as 4K-PITHs; their 
function in Bombyx mori is, however, not yet 
clear. They belong to the insulin family and have 
the typical dime ric structure with A and B chains 
linked by a disulphide bridge. They are encoded 
by a gene family with many members which can 
be subdivided into three classes, A-C. The pro
bombyxins have the same domain organization, 
B-C-A, as the pro-insulins [89]. An insulin
related peptide (LIRP) of unknown function 
from Locusta migratoria has been sequenced via 
the cDNA; LIRP shows no greater sequence 
similarity to the bombyxins than to the insulins 
[113]. Insects contain further peptides with glan
dotropic hormone effects, for example, allatotro
pin, a 13-residue peptide from Manduca sexta 
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which stimulates the secretion of the juvenile hor
mone from the corpora allata; allostatins (8-13 
amino acids), isolated from the cockroach 
Diploptera punctat, have an antagonistic effect 
[96, 237]. The production of sexual attractants by 
the females of the lepidopterans Bombyx mori 
and Heliothis zea is stimulated by the 33-amino
acid pheromone-biosynthesis-activating neuro
peptides (PBANs) [102, 176]. 

The eclosion hormone synthesized in the neu
rosecretory brain cells of the silkworm controls 
the hatching of the adult animal from the pupal 
case; the earlier moultings are also regulated by 
EH produced in abdominal tissues. In addition 
to the full-length form of 62 amino acids 
(Fig. 8.6d), Bombyx EH is also found in N- and 
C-terminal shortened forms. Manduca EH differs 
at 12 positions from that of Bombyx [82, 106]. 
The paragonial peptide from males of Drosophila 
funebris (Fig. 8.6f) influences the courting behav
iour of the female and is, therefore, effectively a 
pheromone. At least three variants of the mela
nizing and red-pigment concentrating hormone 
are found in Bombyx mori but, as yet, only the N
terminal sequences are known. These show only 
small differences to each other but, as in the case 
of PTTH, have some similarity to insulin and 
IGF-II [135]. 

Proctolin is a pentapeptide which was known 
already in 1967 to initiate contractions in the mus
culature of the posterior gut (proctodaeum) of 
the cockroach Periplaneta americana (hence the 
name); it was first characterized structurally in 
1975 using material extracted from 125000 indivi
duals (Fig. 8.6 e). Proctolin is found in most, but 
by no means all, insects; for example, it is appar
ently absent from Manduca sexta. It has also been 
found in crustaceans, the xiphosuran Limulus 
polyphemus, the leech Hirudo medicinalis, and 
even in the hypothalmus of the rat [162]. Many 
other insect myotropic peptides have been found 
and sequenced in recent years. The pyrokinins, 
which stimulate contractions of the posterior gut 
and the oviduct, are characterized by the C
terminal sequence - FXPRL-amide. Several such 
peptides are known from the cockroach Leuco
phaea maderae and from Locusta migratoria 
[149, 163, 195]. Locusta also contains peptides, 
the locustatachykinins, which have some similar
ity to the vertebrate tachykinins and affect the gut 
musculature [194]. A myotropic peptide with 
similarity to the vertebrate gastrin has been isol
ated from the cockroach Leucophaea maderae 
(Fig. 8.6 k). The cardioactive peptide known from 
the brachyuran Carcinus maenas (CCAP, carcinus 
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cardioactive peptide) has also been found in 
Locusta. In contrast, the cardioactive peptide 
corazonin, from Periplaneta americanus, has a 
very different structure [208, 221]. 

The first-described insect neuropeptide, which 
was sequenced in 1976, was the 10-amino-acid 
adipokinetic hormone (AKH-I) from the corpora 
cardiaca of the migratory locusts Locusta migra
toria and Schistocera gregaria. The hormone acts 
at the start of flight to ensure that diacylglycerol, 
necessary for metabolism in the flight muscles, is 
released from the fat bodies into the haemo
iymph. As in all Orthoptera, there is in addition 
to the normalAKH-I a shorter AKH-II with eight 
amino acids and a somewhat different sequence 
(Fig.8.6g). Surprisingly, the red-pigment con
centrating hormone (RPCH) from the crustacean 
Pandalus borealis has a completely different func
tion but differs from the AKH-II of Locusta in 
only one amino acid (Fig. 8.6h), and thus belongs 
to the same peptide family. In fact, the AKHs 
have effects on the pigment cells of crustaceans 
and the RPCHs mobilize lipids in insect fat 
bodies. To date, there are 18 peptides known 
which belong to the AKHlRPCH family, most of 
which are found in more than one species. They 
are made up of 8-10 neutral amino acids, carry 
N-terminal a pyroglutamate residue, and are 
amidated at the C-terminus (Fig.8.6g &h). The 
AKH of the dipterans Phormia terraenovae and 
Drosophila melanogaster is the only one known 
to carry a charged amino acid (Asp) [66, 67]. The 
prepro-AKH of Manduca sexta has only one 
AKH sequence behind the signal sequence, and 
the precursors of both AKHs of the locust Schis
tocera nitans also have this organization. In the 
latter case, the sequence of the prepro-AKH-I 
(63 amino acids) agrees only 55 % with that of 
prepro-AKH-II (25, 155]. Regulation of the 
blood-sugar level in the crustaceans is not via 
peptides of the AKHlRPCH family, but by a spe
cial class of protein hormone which also inhibits 
moulting. The hyperglycaemic hormones (CHHs) 
from the sinus glands of Carcinus maenas and 
Homarus american us agree by 61 % in their 
71-72 amino acids. Lying between the signal pep
tide of prepro-CHH of C. maenas and the CHH 
sequence is a 28-residue peptide of unknown 
function [33, 230]. 

In addition to the RPCH, two further pigment
dispersing chromatophorotropins have been 
sequenced in crustaceans: the a-PDH (pigment
dispersing hormone) from Pandalus borealis, 
which is also known as DRPH (distal retinal pig
ment hormone) (Fig. 8.6i), and the ~-PDH from 

Uca pugilator. These hormones also appear to be 
widely distributed amongst the arthropods. Thus, 
a peptide of 18 amino acids isolated from the 
locust Romalea microptera (Fig. 8.6 j) agrees at 
14 positions with ~-PDH and at 7 positions with 
a-PDH of the crustaceans [179]. 

8.9 Hormone Receptors 

The functional links between chemical signals 
arriving at the cell surface and the intracellular 
processes take the form of specific signal trans
duction pathways. These begin with a membrane
spanning receptor whose extracellular domain 
carries a hormone-binding site. The resulting con
formational change affects an intracellular effec
tor which brings about the cellular response via a 
consecutive series of intermediate processes. For 
one group of receptors, a GTP-binding protein 
intervenes between the receptor and the primary 
effector (G-protein-linked receptors). Most 
receptors are present as subtypes which have dif
fering pharmacological and physiological proper
ties, and are even sometimes linked to different 
effectors. The SUbtypes are either encoded by dif
ferent genes or arise by alternative splicing of the 
same transcript. The presence of a very specific 
pattern of receptors on the cell surface leads to 
differential reactions of organs to the same hor
mone. Post-translational modification, e.g. phos
phorylation, may facilitate adaptation of the 
receptor properties to specific requirements of 
the system. There are two quite different receptor 
types for the neurotransmitter acetylcholine. The 
muscarinic acetylcholine receptors are stimulated 
by muscarin, a poison from the fungus Amanita 
muscaria. They are found mainly in the central 
nervous system (CNS) , the sympathetic ganglia 
and the heart, and belong to the G-protein-linked 
receptors. The nicotinic acetylcholine receptors 
are stimulated by nicotine and are inhibited by a
bungarotoxin; because of their rather unusual 
molecular structure they are placed in a special 
receptor family. They are found in the neuromus
cular junctions of vertebrates and in the electric 
organs of the electric rays Torpedo cali/ornica and 
T. marmorata and of the electric eel Electrophus 
electric us ; these organs are constructed from spe
cialized muscle plates. Receptors from this family 
are also found in the CNS. In addition to the G
protein-linked receptors and the nicotinic acetyl
choline receptors, the comparative biochemistry 



of the receptors for insulin and insulin-like 
growth factors has also been quite well described. 

Each receptor is associated with one of the 
many intracellular effectors: the adenylate cycla
ses produce the secondary messenger cAMP; the 
cGMP phosphodiesterases inactivate the messen
ger cGMP. Membrane-bound guanyl cyclases 
function also as receptors for the atrial natriuretic 
peptide (ANP) and for the peptides speract and 
resact from sea urchin eggs. The murine guanyl
ate cyclase/ANP receptor is a polypeptide with a 
hormone-binding extracellular domain of 469 
amino acids, a membrane segment of 21 amino 
acids, and an enzymically active intracellular 
domain of 567 amino acids [164]. The intracellu
lar domains of the receptors for insulin, insulin
like and other growth factors have tyrosine kinase 
activity. Phbspolipase C acts on phosphatidyl-4,S
bisphosphate to release both diacylglycerol, 
which activates protein kinase C, and inositol-
1,4,S-trisphosphate (ins-1,4,S-P3)' which elevates 
the cytoplasmic concentration of the secondary 
messenger Ca2+ by mobilizing intracellular reser
ves and by opening ion channels. The ins-1,4,S-P3 
receptors of the mouse and rat function as cal
cium channels. They are polypeptides of about 
2750 amino acids with seven or eight transmem
brane segments close to the C-terminus; these 
exist as several tissue-specific variants. The corre
sponding receptor from Drosophila melanogaster 
agrees in 58 % of its amino acids with that of the 
mammals [139, 152]. Ins-1,4,S-P3 is either 
dephosphorylated to ins-1,4-P2 and recycled dur
ing lipid synthesis, or further phosphorylated to 
ins-P4, ins-P5 and ins-P6 , which are all apparently 
involved in the regulation of the Ca2+ concentra
tion [218]. 

8.9.1 G-Protein-Linked Receptors 

To date, more than 100 G-protein-linked receptor 
types and SUbtypes are known; they show 
between 20 and more than 90 % sequence agree
ment and make up their own super-family. The 
similarity is more marked between receptors 
binding the same ligands [5, 17,211]. This recep
tor family includes the a- and ~-adrenergic recep
tors (aI, a2, ~1, ~2, ~3), the muscarinic
cholinergic receptors (m1-mS), the receptors for 
histamine, serotonin, tyramine and dopamine 
[69, 190,247], the receptors for substance P, VIP 
and endothelin [78, 121, 207], and the receptors 
for the glycoproteins of the adenohypophysis LH, 
FSH, TSH and CG [189]. The visual-pigment 
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(opsins) and olfactory receptors of vertebrates 
and insects are significantly homologous to the G
protein-linked hormone receptors [26, 49]. It 
appears in this case that one signal transduction 
system has been adapted to cover many signals in 
the course of evolution. The visual pigments and 
corresponding G-proteins (transducins) will be 
examined in more detail in Chapter 19. All the G
protein-linked receptors consist of a polypeptide 
chain of 402-590 amino acids. The genes of the 
opsins and various hormone receptors differ in 
the number of their introns. In contrast, the genes 
for ~2-adrenergic receptors of the hamster and of 
man have no introns, but flanking repetitive 
sequences are present. Thus, we are probably 
dealing here with functional copies of a processed 
mRNA. The N-terminal domains of the receptors 
always carry sites for N-linked glycosylation, and 
the C-terminal domains have several sites which 
are phosphorylated by specific protein kinases 
[10]; phosphorylation reduces sensitivity in the 
case of the ~-adrenergic receptor. The membrane 
topology corresponds to that of bacterial rhodop
sin with seven transmembrane domains (Fig 8.7), 
the amino acid sequences of which are highly con
served. The serotonin receptor of Drosophila 
melanogaster is unique in having eight transmem
brane domains [235]. The second and third trans
membrane domains of the adrenergic and 
muscarinic-cholinergic receptors contain acidic 
amino acid residues which probably form the 
binding site for the basic ligands. The intracellular 
region interacts with the G-proteins, which in 
turn affect the associated effectors. The three ~
adrenergic receptors, the serotoninergic receptor 
SHT-1A and the dopaminergic receptor D1 
stimulate membrane-bound adenylate cyclase via 
a Gs-protein, whilst the a2-adrenergic receptors, 
the muscarinic-cholinergic receptors m2 and m4 
and the dopaminergic receptor D2 inhibit this 
effector enzyme via a G1-protein. The a1-
adrenergic receptors, the muscarinic-cholinergic 
receptors m1, m3 and mS, and the serotoninergic 
receptor SHT-2 regulate the hydrolysis of phos
phoinositollipids by phospholipases A2 or C via a 
G j - or Go-protein, and thereby modulate the pro
duction of the second messengers DAG (diacyl
glycerol) and ins-1,4,S-P3; they may also regulate 
other effectors such as K+ channels [211]. 

The G-proteins function in a cyclic fashion. 
The non-activated protein is a complex of three 
polypeptides, a-y, with a GDP bound to the 
a chain. Activation of the protein results in the 
exchange of GDP for GTP and the separation of 
the a chain from the Wy dimer. The free GTP-
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a 

extracellular 

b 

intra-disc 

cytoplasmic 

linked a chain interacts with the effector. Autoca
talytic activity of the a chain then hydrolyses the 
GTP, allowing restoration of the inactive 
a-j>-y-GDP complex. The specificity of the G
protein classes (Gs, Gi, Go, Gt = transducin) is 
determined mainly by the a chains, which have a 
size of 39-54 kDa, bear the GTP-binding site and 
have intrinsic GTPase activity. Pertussis toxin 
uncouples binding of the a chains of many G
proteins to the receptor, thus preventing signal 
transduction. Cholera toxin inhibits the GTPase 
activity and thereby amplifies hormone activity. 
At least 16 different a chains have been described 
so far, and these can be ordered into four classes 
according to various structural and functional 
characters. They agree amongst each other in 
35-94 % of their amino acids and exhibit 82 in
variant residues. A particular G-protein can bind 
to many different receptors but shows high speci-

Fig.8.7a, b. The ~2-adrenalin receptor 
(a) and rhodopsin (b) have the same ter
tiary structure with seven transmembrane 
a helices. a The human ~2-adrenalin 
receptor [53]: amino acids in common 
with bovine rhodopsin are shown as black 
dots; also shown are the positions of the 
carbohydrate chains. b Bovine rhodopsin 
[53]: amino acids that are invariant in all 
seven known opsins (one bovine, four 
human, two from Drosophila melanogas
ter) are shown as black dots; R indicates 
the position of retinal 

ficity for the effector. The as chains stimulate 
adenylate cyclase and open calcium channels. 
Several tissue-specific as variants with different 
functional properties are produced from the same 
gene by alternative splicing. The <Ii chains, which 
exist in three forms (ai-h ai-2 and <Ii-3) encoded by 
different genes, inhibit adenylate cyclase. The ao 
("0" for other) chains are found mainly in the 
nervous system and affect ion channels; they also 
exist as alternative splicing variants [83]. The 
<It chains of the transducins activate cGMP
phosphodiesterase; the rods and cones of the 
retina, for example, contain transducins with dif
ferent <It chains. Olfactory mucous membranes 
were found to contain an a chain (aolf) which sti
mulates adenylate cyclase [92]. One cell may con
tain four or five different a chains and even all 
three types of <Ii chain together. Three types of 
~ chain are known so far (~1 with 35, ~2 with 36 



and ~3 with 37 kDa); these agree in 81-90 % of 
their amino acid sequences [120]. The ~ chains of 
Drosophila and Caenorhabditis have 80-85 % 
sequence agreement with those of the mammals 
[226, 241]. ~ chains form stable complexes with 
y chains (8-10 kDa). Just how many different 
y chains there are is not yet clear, but they are 
more or less tissue specific and the six known 
sequences agree by up to 55 % [62, 203, 217]. 

8.9.2 Nicotinic Acetylcholine Receptors 

The nicotinic acetylcholine receptor (nAchR) 
from vertebrate muscle or the electric organ of 
the electric ray Torpedo californica is constructed 
of five polypeptide chains according to the for
mula a2~Y()' and these are organized symmetric
ally around a central channel. Each subunit car
ries between one and four N-linked carbohydrate 
chains. The four subunits within anyone species 
are about 35-50 % homologous. In mammals 
(the rat and cattle), but not in the chicken, the 
y subunit in adult animals is replaced by an E su
bunit encoded by its own gene [235]. Torpedo, the 
chicken and all mammals that have been exa
mined possess only one a gene, whereas Xeno
pus laevis has two genes which are expressed 
simultaneously [76]. nAChRs are also found in 
the CNS, where they apparently show great 
diversity: a whole series of nAChR subunits have 
been identified via their cDNAs in the rat, 
chicken and goldfish; for example, in the rat 
there are a2, a3, a4, a5, ~2, ~3 and na2 (= ~4). 
The a sequences (a1-a5) show 49-55 % 
sequence similarity and the ~ sequences (~1-~3) 
show 43-64 % [21]. Three a subunits have been 
sequenced via their cDNAs in Drosophila mela
nogaster and one has been identified in the locust 
Schistocerca migratoria [132, 191]. 

8.9.3 Insulin Receptors 

The mammalian insulin receptor consists of four 
glycosylated polypeptide chains, linked by disul
phide bridges, according to the formula (a~)z. 
The exclusively extracellular a subunits (125-
135 kDa) make up the insulin-binding site; the 
~ subunits (90-95 kDa) are organized into an 
extracellular domain associated with the a sub
units, a membrane segment of about 23 non
polar amino acids, and a cytoplasmic domain with 
tyrosine kinase activity. Binding of a ligand 
results initially in the self-phosphorylation of the 
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chain, which in its activated form phosphorylates 
other proteins and sets in motion a cascade lead
ing to the metabolic effects of insulin. The a and 
~ subunits are produced from the same precursor 
of about 200 kDa. Insulin receptors are present in 
various very different cell types from the bony 
fish to man. They remain very similar in binding 
affinity and specificity, despite the reduced immu
nological similarity associated with increasing 
evolutionary distance [199, 212]. 

The IGF-I receptor has the same basic struc
ture as the insulin receptor and is homologous in 
its subunit sequence. It also binds IGF-II but 
more weakly than IGF-1. The specific membrane 
protein identified previously as the IGF-II recep
tor has a structure very different to that of the 
insulin and IGF-I receptors; it consists of a single 
polypeptide of 2450 amino acids which shows 
80 % sequence agreement with the mannose-6-
phosphate receptor of the lysosomes and it there
fore belongs to a completely different receptor 
family [145]. This receptor is unlikely to be 
responsible for the physiological effects of IGF-II 
and it may well be that a specific IGF-II receptor 
awaits discovery. 
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9 Toxic Proteins and Peptides 

9.1. 
9.1.1 
9.1.2 
9.2 
9.3 

Snake Venoms 
The Toxms of Snake Venoms 
Enzymes and Other Protein Components 
Proteotoxms of Other Vertebrates 
Arthropod Venoms 

Many animals produce poisonous substances 
which, even at a relatively low dose, are deleteri
ous or lethal to other organisms, including man. 
They may serve on the one hand to disable or kill 
prey, or on the other hand as a protection or 
defence against predators. These substances are 
mostly produced by special glands, and both poi
son reservoirs and specialized structures for deli
vering the secretion, e.g. stings or modified 
mouthparts or fangs, are usually also present. In 
accordance with the aims of this book, we will 
deal with the comparative biochemistry of the ani
mal toxins as natural products with special structu
res and functions; a discussion of the mechanisms 
of their pharmacological effects and the highly 
complicated organ structures and behavioural pat
terns associated with natural poisons may be 
found in numerous monographs [5,20, 36,68, 
69]. Toxic proteins and oligopeptides are known 
from many very different animals (Table 9.1); 
there is, however, a host of low molecular weight 
compounds with considerable toxicity which will 
be considered along with other non-toxic products 
of secondary metabolism in Chapter 19. 

Animal protein and peptide toxins are found 
with very different structures and activities. They 
~ay, for example, stimulate or paralyse respira
ion, the blood circulation or skeletal muscles; 
hey may lead to cell lysis or tissue necrosis; or 
hey may have neurotoxic effects, for example, by 
nteracting in different ways with the pre- or 
ostsynaptic membranes. Toxins from different 
nimal groups but with very similar effects in gen
ral show little structural similarity. Particular 

toxin characteristics have apparently arisen sev
eral times quite independently in the evolution of 
the proteins with little structural convergence. 

9.3.1 
9.3.2 
9.4 

The Venoms of Scorpions and Other Arachnids 
Insect Venoms 
Proteotoxins of Other Invertebrates 
References 

Thble 9.1. The occurrence of toxic proteins and peptides in 
the animal kingdom [28] 

Porifera In Suberites domuncula 

Cnidaria In the nettle poison of all species 

Gastropoda In the "poison tongues" (Toxoglossa) of 
the families Conidae, Turridae and 
Terebridae 

Cephalopoda In the rear salivary glands of, e.g., 
Octopus and Sepia species 

Arachnida Scorpions: in all species 
Araneida: probably in all species 
Acarina: in the eggs of individual tick 
species (Ixodidae) 

Chilopoda In several genera of the 
Scolopendromorpha (Scolopendria, 
Otostigmus, Cryptops, Scolopocryptops) 

Hymenoptera In the parasitic wasps (lchneumonidae), 
spider wasps (Pompilidae) and sand 
wasps (Sphecidae); bees and 
bumblebees (Apidae); wasps and 
hornets (Vespidae); and amongst the 
ants (Formicidae) in the primitive 
subfamilies (Ponerinae, Mymicinae, 
Pseudomyrmicinae) 

Lepidoptera In the poisonous hairs of some 
caterpillars 

Coleoptera In the haemolymph of Leptinotarsa sp. 

Chondrichthyes In the stingrays (Dasyatidae) 

Teleostei 

Amphibia 
(Anura) 

Reptilia 

Mammalia 

In eels and morays (Anguillidae); 
the greater weevers ('frachinidae); the 
scorpion fish (Scorpaenidae); and many 
catfish species (Siluroidea) 
In the toads and related species 
(Discoglossidae); the tree frogs 
(Hylidae); and the real frogs (Ranidae) 
In many snakes (Ophidia) (see 
Table 9.2); and lizards of the genus , 
Heloderma ("venomous lizards", "gi).a 
monster") 
In the duck-billed platypus 
Omithorhynchus anatinus 
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Toxic secretions are generally complex mixtu
res of several toxic proteins or polypeptides, with 
different structures and activities, together with 
non-toxic proteins, enzymes, oligopeptides, free 
amino acids, amines and phospholipids. In many 
cases, the accompanying substances are synerg
istic to or potentiate the pharmacological effects, 
such that the overall activity of the toxin is more 
than the sum of the individual components. For 
example, the hyaluronidase found in the poison
ous secretions of snakes, fish, bees, spiders and 
scorpions promotes the spread of the toxin in the 
tissues of the victim. In addition to serotonin and 
other biological amines, the main cause of the 
pain associated with the bite or sting of poisonous 
animals is bradykinin or another kinin; either 
these are components of the poison, e.g. in Cni
daria and Vespidae, or, as in many snakes, they 
are formed from the plasma kininogen of the vic
tim by kininogenase activity in the poison. The 
lethal effects of snake bites involve various enzy
mes as well as the toxins themselves. 

9.1 Snake Venoms 

Only about one-third of the known 2500 snake 
species are poisonous (Table 9.2); 7 of the 12 
snake families are composed only of non
poisonous species. In the family Colubridae 
(adders), only about 400 of the 1500 species are 
poisonous; in these species, the fangs are usually 
located at the back of the mouth cavity (opisthog
lyphous snakes) and only come into effect during 
swallowing. Only the few species with fangs fur
ther forward are dangerous for humans. In the 
four families of effectively poisonous snakes, the 
poison apparatus is highly developed: the fangs 
are located right at the front of the mouth cavity 
(proteriglyphous snakes) and the venom either 
flows along a groove in the fang, as in the elapids 
and sea snakes, or is injected directly into the vic
tim through the hollow fangs, as in the vipers and 
pit vipers. The venom apparatus of the snakes ser
ves primarily to immobilize the prey during the 
long swallowing process. Death of the prey 
mostly involves disruption of the circulation and 
respiration through the effect of nerve and heart 
toxins; in addition, some snake venoms result in 
tissue destruction through necrosis or prevention 
of blood clotting. 

Table 9.2. The main species of poisonous snakes [28] 

Colubridae (adders) About 400 out of 1500 species are 
poisonous, e.g.: 
Boiga dendrophila (tree adder) South Asia 
Dispholidus typus (boomslang) South Africa 
Psammophis sp. (sand adder) Africa, Near East 

Elapidae (cobras and mambas) All are poisonous, 41 
genera with 180 species and 300 subspecies, e.g.: 
Acanthopis antarticus (death adder) Australia 
Bungarus fasciatus (banded krait) Southeast Asia and 
Sundain Islands 
Dendroaspis sp. (mambas) Africa; 

e.g. D. polylepis (black mamba) 
Hemachatus haemachatus (ringhals) South Africa 
Micrurus sp. (coral snakes) mostly Central America 
Naja (cobras); 

e.g. N. naja (common cobra) Asia 
N. najed (Egyptian cobra) Africa 
Ophiophagus hannah (king cobra) India 
Oxyuranus scutellatus (taipan) Australia 

Hydropbiidae (sea snakes) All are poisonous, 16 genera 
with 50 species, e.g.: 
Enhydrina schistosa coast of Southeast Asia 
Hydrophis sp. (sea snake) coasts of South Asia and the 
Indo-Australian archipelago 
Laticauda sp. (laticaudine sea snakes) from the Bengal 
coast to the Friendly Islands 
Pelamis platurus (yellow-bellied sea snake) Indian and 
Pacific Oceans 

Viperidae (vipers) All are poisonous, 10 genera with 60 
species and 110 subspecies, e.g.: 
Bitis sp. (puff adders) Africa and the Arabian peninsula 
Cerastes cerastes (horned viper) Africa 
Echis carinatus (saw-scaled viper) Africa, Asia 
Vipera sp. (vipers) about 20 species in Europe, Asia and 
Africa; 

V. berus (common viper) Europe and north Asia 
V. ammodytes (sand viper) southeast Europe and west 
Asia 
V. russelli (Russel's viper) south and southeast Asia 

Crotalidae (pit vipers) All are poisonous, 6 genera with 
130 species and 210 subspecies, e.g.: 
Agkistrodon sp. (copperheads and cotton mouths) Asia, 
America, one species in Europe 
Bothrops sp. (American lance-head viper) Central and 
South America 
Crotalus sp. (real rattlesnakes) America 
Lachesis mutus (bushmaster) Central and South America 
Sistrurus sp. (pygmy rattlesnakes) North to Central 
America 
Trimeresurus sp. (Asian lance-head vipers) south and 
Southeast Asia 

9.1.1 The Toxins of Snake Venoms 

Most snake toxins are classified according to their 
pharmacological effects as neurotoxins or mem
brane toxins; there are also venoms with an 
unknown mechanism of operation. Many neuro
toxins act postsynaptically; they are curaromi
metic in that they bind to the nicotinic acety1cho-



line receptor of the skeletal muscles, as in the 
case of D-tubocurarine. With dissociation con
stants of 10-10 to 10-11 molll, the neurotoxins bind 
more tightly than curare itself and are therefore 
useful tools for the isolation of the receptors. 
Other neurotoxins act presynaptically, disturbing 
the release of acetylcholine; their toxicity is 
greater than that of the postsynaptic variety. Poi
sonous effects on the heart (cardiotoxic effects) 
and the lysis of erythrocytes or other cells (cyto
toxic effects) are brought about by further toxins 
that apparently act primarily on the cell mem
brane and are, therefore, known as membrane 
toxins. The haemolytic and toxic effects of these 
venom components are markedly increased in the 
presence of phospholipase. The snake venom tox
ins are referred to either by the initials of the sna
ke's name with additional numbers or letters (e.g. 
"Lc-a" from Laticauda colubrina) , or by colourful 
names such as "cobrotoxin" (from Naja naja 
atra), "erabutoxin" from Laticauda semifasciata) 
or "bungarotoxin" (from Bungarus multicinctus). 
Approximately 150 snake venom toxins have so 
far been sequenced [9, 13] and in several cases 
the spatial structure has also been determined 
[11]. Two classes are distinguishable on the basis 
of structure and activity spectrum, viz. the 
postsynaptic-acting neurotoxins and membrane 
toxins and the presynaptic neurotoxins. 

Numerous postsynaptic-acting neurotoxins are 
known from the cobras and the sea snakes, and 
the membrane toxins are known mostly from the 
cobras. They are all polypeptides of 60-74 amino 
acids with four or five disulphide bridges, and 
apparently all arose from a common ancestral 
form with about 60 amino acids [9, 13, 51]. Sev
eral venom components belonging to this protein 
family show only very limited toxicity [26]. The 
neurotoxins may be divided into "short", with 
60-52 amino acids and four disulphide bridges, 
and "long", with 71-74 amino acids and five disul
phide bridges. However, several neurotoxins are 
found in Laticauda species with 66 amino acids 
and five disulphide bridges, or with 69 amino 
acids and only four disulphide bridges [35, 36, 
48]. The membrane toxins all have about 60 
amino acids. The sequences of the postsynaptic
acting neurotoxins and the membrane toxins con
tain ten invariant positions; considering the neu
rotoxins alone, there are in fact 22 conserved 
positions, of which only four or five are essential 
for the toxicity. one characteristic of these 
sequences is that two, or even three, identical 
amino acids are often found next to each other; 
five to ten such homodipeptides are consistently 

9.1.1 The Toxins of Snake Venoms 321 

found in the short toxins (Fig.9.1) and two to 
four are found the long variety. The three
dimensional structure of the short erabutoxin b 
from Laticauda semifasciata is characterized by 
five antiparallel 13 strands joined by loops [11]. 
Relatively little is known about the biosynthesis 
of the snake venom toxins; however, the precur
sor of the erabutoxin a from the poison gland of 
Laticauda fasciata has been sequenced via the 
cDNA and consists only of a 21-amino-acid signal 
sequence and the sequence of the mature toxin 
[66]. Most of the postsynaptic-acting neurotoxins 
bind specifically to the nicotinic acetylcholine 
receptor of muscle; only the recently discovered 
k-bungarotoxin from Bungarus multicinctus and 
the pseudonajatoxin b (with 71 amino acids) from 
the Australian species Pseudonaja textilis attack 
the muscarinic receptors of the sympathetic gang
lia. Pseudonajatoxin a acts postsynaptically on 
muscle receptors and has 117 amino acids, includ
ing 14 cysteine residues, and is thus something of 
an exception [70]. 

There is no doubt that the postsynaptic-acting 
neurotoxins, membrane toxins and certain non
toxic proteins of snake venoms have a common 
origin. However, nothing can be said for certain 
about the phylogenetic relationships within this 
protein family. Genealogical trees constructed by 
the matrix method show separate lines of evolu
tion for the short neurotoxins, the long neurotox
ins and the membrane toxins, but leave open the 
question of the root of the tree and the earliest 
ancestral form. This is mainly due to the fact that 
numerous gene duplications hinder the distinc
tion of orthologous and paralogous sequences. It 
is already clear from the presence of homologous 
toxins in the same individual that gene duplica
tions were of frequent occurrence in the evolution 
of the snake venoms. 

The second class of snake venom toxins, the 
presynaptic-acting neurotoxins, is a collection of 
proteins of very different structure which all 
belong to the protein family of phospholipase A2 
and are homologous to the corresponding enzyme 
proteins. Phospholipases A2 cleave the 2-acyl 
groups from various phospholipids; they have a 
greater activity with aggregated than with dis-

~ ~ ~ ~ 
RICFNQHSSQPQTTKTCPSGESSCYHKQWSDFRGTIIERG 

?o ~o 
CGCPTVKPGIKLSCCESEVCNN 

Fig.9.1. Amino acid sequence of erabutoxin b from the 
venom of the sea snake Laticauda semifasciata [66] 



322 9 Toxic Proteins and Peptides 

solved substrates, and are Caz+ dependent. Many 
snake venoms contain several isoenzymes with 
widely differing isoelectric points (pI 4-11) and 
different quaternary structures; only the basic 
isoenzymes are toxic. They are presynaptically 
neurotoxic on skeletal muscles through the inhibi
tion of acetylcholine release, and are also often 
myonecrotic, destroying muscle fibres and caus
ing the appearance of myoglobin in the urine 
[30] ; they are amongst the most dangerous animal 
toxins. The more than 40 well-known phospholi
pase Az snake venoms are polypeptides of 
108-140 amino acids with 4, 6 or 7 disulphide 
bridges; they can occur in solution as monomers, 
homodimers, heterodimers or even larger aggre
gates [38, 42]. They are homologous amongst 
themselves and with the enzymes from the mam
malian pancreas; the sequence agreement is par
ticularly high in the region of the active centre 
and the Ca2+ -binding site. The enzymes from 
bovine pancreas and the venom of the rattlesnake 
Crotalus atrox are very similar in their spatial 
structure. The Ca2+ -binding 49-Asp as well as 28-
Tyr, 30-Gly and 32-Gly are all involved in the 
catalytic mechanism; the venom of the copper
head snake Agkistrodon piscivorus, however, 
contains in addition to the 49-Asp enzyme a fur
ther phospholipase Az with 49-Lys, which has an 
altered catalytic mechanism but is otherwise 
homologous to the other isoenzymes. Both the 
pancreas enzymes and the venom enzymes of the 
elapids and the sea snakes contain a characteristic 
disulphide bridge, 11-Cys-69-Cys; this is missing 
in the venom enzymes of the Crotalidae and Vipe
ridae, which instead have a disulphide bridge 
associated with an extended C-terminus [42]. 

Snake venoms often contain several toxic phos
pholipases A z, e.g. the sand viper Vipera ammo
dytes has three monomeric enzymes referred to as 
ammodytoxins A-C [53]. In addition, many 
venoms contain complex toxins composed of dif
ferent, but homologous, subunits. Thus, the 
"vipoxin" from V. ammodytes consists of a toxic, 
basic phospholipase A z and a non-toxic acidic 
phospholipase inhibitor which agree in 62 % of 
their 122 amino acids [41]. The "crotoxin" of the 
North American rattlesnake Crotalus durissimus 
was discovered in 1938 as the first presynaptic
acting neurotoxin, but its structure has only 
recently been completely determined. In this 
case, there is also a basic subunit, CB, of 122 
amino acids which is enzymically active and toxic; 
the acidic subunit, however, consists of three pep
tides of 38,35 and 14 amino acids linked by a total 
of seven disulphide bridges. These result from the 

partial hydrolysis of a 122-amino-acid precursor, 
CA, which is homologous to CB and even has an 
identical signal sequence of 16 amino acids [2, 7]. 
The most complicated structure and with the 
highest known toxicity (1 !-tglkg mouse Lv.) is 
found in the "textilotoxin" of the Australian com
mon brown snake Pseudonaja textilis; this toxin is 
made up of three peptide chains, A-C, and a 
homodimer DD [52]. The venom of the North 
American rattlesnake contains a further toxin, 
"crotamin", which has as yet undefined effects on 
the musculature. This is a basic polypeptide of 42 
amino acids with three disulphide bridges, and 
has no sequence similarity to any other known 
toxin. Other Crotalus species have similar toxins 
[36, 63]. The "taipoxin" of the Australian "tai
pan" Oxyuranus scutellatur is made up of three 
subunits which differ greatly from each other but 
are all homologous with other phospholipases A z. 
The basic a subunit, which is the only one show
ing any sort of enzyme activity, is weakly toxic in 
the purified form; the combination of the three 
subunits is 500-fold more toxic, with an LDso of 
2.1 !-tg/kg [37]. 

9.1.2 Enzymes and Other Protein 
Components 

The poisonous secretions of the snakes always 
contain a large number of protein components 
with different pharmacological effects or biolo
gical activities; often more than 25 protein frac
tions may be distinguished by electrophoresis or 
chromatography. Venom secretions with similar 
toxicities from different populations, or even 
from different individuals, may show large differ
ences in electrophoretic pattern and enzyme 
activity. The effects of enzyme components 
include local capillary damage and tissue necrosis 
(from phospholipases, proteases, hyaluronida
ses), inhibition or promotion of blood clotting 
(from specific proteases, phospholipases), reduc
tion in blood pressure, and pain (from kinin
releasing enzymes). 

Most of the phospholipases from snake venom 
cleave 2-acyl residues from different phospholi
pids, Le. they are of type A z. They have haemo
lytic effects and several of them have synergistic 
effects on toxin activity. A phospholipase B found 
in the venom of the elapid Pseudechis australus 
attacks the 1-acyl group in lysophosphatide, and 
several phospholipases A z also have a similar, 
albeit weak, activity. Although the phospholipa
ses Az are acidic or basic, according to their 



amino acid composition, their activity pH optima 
lie between 7.5 and 8.5 [36]. It has already been 
mentioned that the basic phospholipases A2 , in 
contrast to the acidic variety, are, without excep
tion, toxic, and that during snake venom evolu
tion they formed the origin of highly effective tox
ins at the expense of their enzyme activity. 

Snake venoms may contain numerous protea
ses of varying specificity. For example, five 
clotting-inhibitory (haemorrhagic) Zn2+ protea
ses have been detected in the rattlesnake Crota
lus, together with a non-haemorrhagic collage
nase, two kallikrein-like arginine esterases, four 
other clotting-inhibitory proteases, four anticom
plement factors, plus two fibrinolytic and three 
caseinolytic activities, i.e. a total of 21 protease 
activities, several of which, however, are prob
ably identical [6]. Zn2+ proteases with broader 
specificity are widely found in viperid and crotalid 
venoms but are absent from those of the elapids 
and sea snakes, which often contain oligopeptida
ses. Highly specific proteases, however, make an 
important contribution to the effectiveness of 
snake venoms. Thus, for example, clotting
inhibitory or promo tory enzymes result in inter
nal bleeding (haemorrhages) or the formation of 
intravasal blood clots, and thereby amplify the 
lethal effects of the snake bite. Haemorrhagic 
Zn2+ -proteases are found, above all, in the venom 
of the viperids and crotalids [6], but one such 
enzyme is also present in the elapid Naja nigicol
lis. This enzyme destroys erythrocytes and punc
tures capillary walls by hydrolysing collagen IV 
and other protein components of the endothe
lium basal membrane [65]. 

In addition to haemorrhagic metalloenzymes, 
venom secretions may at the same time contain 
thrombin-like serine proteases. These enzymes, 
however, attack only the Aa chain or, less often, 
the B~ chain of fibrinogen and in no case form 
insoluble fibrin [17, 28]. The best-known of these 
enzymes, batroxobin from Bothrops atrox, shows 
only 31 % sequence agreement with human 
thrombin and can only cleave the Aa chain of fib
rinogen. The batroxobin gene is much more simi
lar in its exonlintron organization to the genes of 
the kallikreins and trypsins than to the thrombin 
gene. Thus, batroxobin apparently originates 
from glandular kallikreins [28]. There are further 
venom components which influence blood clot
ting. The echistatin of the viper Echis carinatus 
(49 amino acids) or arietin from Bitis arietans are 
antagonists of the fibrinogen receptor and inhibit 
clotting by preventing platelet aggregation [25]. 
The venom of the southern copperhead snake 
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Agkistrodon contortrix contains a serine protease 
which activates plasma protein C; this in turn 
hydrolyses the factors Va and VIlla and thereby 
inhibits clotting [44]. The serine protease cerasto
bin from the horned viper Cerastes cerastes activa
tes factor X, and thus promotes clotting [17]. 

A large proportion of the activity of venom 
secretions is due to kinins and kinin-releasing 
enzymes. The peptide bradykinin, and its effect 
of reducing the blood pressure, was in fact first 
discovered in 1949 in investigations of the action 
of the venom from Bothrops jararaca on mamma
lian blood plasma. All viperid and crotalid 
venoms contain enzymes which release bradyki
nin or kallidin from the precursor kininogen in 
mammalian plasma (see Fig.8.5, p.302). Such 
kininogenases are similar to the mammalian kal
likrein, are unusually heat resistant, and can be 
separated from the arginine esterases and 
thrombin-like enzymes [36, 50]. The biological 
significance of other enzymes and protein com
ponents of the snake venoms is not completely 
clear. Acetylcholine esterases are widely found in 
the venoms of the elapids and hydrophiids but 
not in those of the viperids and crotalids [36]. The 
L-amino acid oxidases of snake venoms differ 
from the corresponding enzymes of mammalian 
tissues in their coenzyme (FAD instead of FMN) 
and in the more than 100-fold higher activity. 
These enzymes are found at significantly higher 
concentration in the viperids and crotalids than in 
the elapids and impart the yellow colour to the 
venom. White venom without the FAD enzyme is 
found in the hydrophiids and several species of 
the viperids and crotalids. The enzymes of the dif
ferent species appear to be very similar in their 
catalytic and physicochemical properties [36, 71]. 

Protease inhibitors have been isolated from 
various snake venoms and in some cases have 
been sequenced; they apparently all belong to the 
pancreas-trypsin inhibitor (Kunitz) family but are 
in part specific for chymotrypsin [53]. Amongst 
the most surprising components of snake venoms 
are the nerve growth factors (NGFs). These are 
present at low concentrations in many vertebrate 
tissues, but occur at high concentration only in 
the submaxillary glands of several mouse species 
and in the venom glands of most poisonous sna
kes. NGFs promote the growth and differentia
tion of neurons, particularly those of the sympa
thetic nervous system; their role in snake venoms 
is something of a mystery. Venom secretions con
tain only the bioactive ~ chain; they lack the a 
and y chains found in the high molecular weight 
NGF complexes of mammalian tissues. The 
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amino acid sequences of the ~ NGFs of Naja naja 
and the mouse agree in about 65 % of positions 
[27]. The first venom lectin (thrombolectin) was 
found in 1980 in the "fer de lance" Bothrops 
atrox; this is a ~-galactoside-specific dime ric lec
tin of 28 kDa which is similar in specificity, qua
ternary structure and molecular size to other ver
tebrate lectins but is Ca2+ -dependent. Similar lec
tins have since been found in the venoms of many 
other snake species [22, 39]. 

9.2 Proteotoxins of Other Vertebrates 

In the fish, one can differentiate between about 
500 passively poisonous species, the consumption 
of which leads to poisoning symptoms, and about 
250 actively poisonous species, which possess spe
cialized mechanisms for delivering the poison. In 
both cases, the poisons serve as a defence 
mechanism or warning factor against potential 
predators. The passive toxicity of fish is mainly 
caused by low molecular weight substances, 
which are dealt with in Chapter 19; the blood of 
eels and morays, however, contains a protein 
which haemolyses the erythrocytes of warm
blooded animals and is toxic when eaten. The act
ively poisonous fish probably all contain toxic 
peptides or proteins, the chemical structures of 
which are, however, largely undetermined. For 
example, the poisonous secretion of the sting ray 
(Dasyatidae) contains various enzymes as well as 
several toxic proteins of about 100 kDa [20]. In 
order to scare off sharks, the flatfish Pardachirus 
marmoratus produces in its skin glands steroid 

glycosides and three related peptides of 33 amino 
acids, the "pardaxins", which are similar to the 
melittin of bee venom in their postsynaptic neu
rotoxic activity but not in their sequences [59]. 

The skin secretions of the amphibians also 
serve to scare away predators. In addition to toxic 
amines, alkaloids and steroids, they contain a 
wide spectrum of pharmacologically effective oli
gopeptides (Fig. 9.2). Many of them are very 
similar in structure and effect to peptide hormo
nes from the mammalian gut and brain. They 
have, for example, neurotoxic, haemolytic, cyto
toxic or myotropic effects; related, non-bioactive 
peptides may also be present [4, 16, 20, 47, 60]. 
The decapeptide caerulein was discovered in the 
skin of Hyla cearuleus but is also found in other 
anurans. It belongs to the same family as the pep
tide hormones cholecystokinin (CKK) and gas
trin and was mentioned in Chapter 8. The skin of 
various frog species contains large amounts of 
kinins with unusual structures (Fig. 9.3). 

Apart from the snakes, there are only two 
other poisonous species of reptile, the venomous 
lizards Heloderma suspectum ("gila monster") 
and H. horridum. These animals possess poison 
glands in the lower jaw, the secretions from which 
moisten the teeth in both jaws. Four different 
proteotoxins of 26-37 kDa have so far been 
identified in the venom, and have been 
sequenced; these are referred to as gilatoxin, hor
ridumtoxin and helothermin, and apparently do 
not constitute a uniform protein family [46]. In 
addition, several proteins of 35-39 amino acids, 
known as helodermins, helospectins and exendin-
3, have been described and these belong to the 
family of the peptide hormones glucagon, secre-

"Sauvagin" from Phyllomedusa sauvagei 
pEGPPISIDLSLELLRKMIEIEKQEKEKQQAANNRLLLDTI 

'Bombesin" from Bombina bombina 
and B.variegata 

"Alytesin" from Alytes obstetricans 
"Physalaemin" 

from Physalaemus fuscumaculatus 
"Uperolein" from Uperoleia rugosa 

and U.marmorata 
physalaemin-like peptide and 
"Phyllomedusin" 

fromPhyllomedusa bicolor 
"Caerulein' from Hyla caerulea 
"Litorin" from Litoria (Hyla) aurea 
"Xenopsin" from Xenopus laevis 
"Bombinin" from Bombina sp. 
"Bo-III" from Bombina orientalis 
"Kassinin" from Kassina senegalensis 
'Crinia-Angiotensin' 

from Crinia georgiana 

pEQRLGNQWAVGHLM-amide 

pEGRLGTQWAVGHLM 
pEADPNKFYGLM 

pEPDPNAFYGLM 

pEDPDRFIGLM 
pENPNRFIGLM 

pEQDYTGWMDF 
pEQWAVGHFM 
pEGKRPWIL 

GIGALSAKGALKGLAKGLAZHFAN 
RPPGFSPIRGKFH 
DFVKSDQFVGLM 
AGPDRIYVHPF 

Fig.9.2. The peptides of amphibian skin [4,16,20,47,60]. pE, Pyroglutamic acid 
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Bradykinin 

Amphibia: 

RPPGFSPFR-amide 

Heleophryne purcelli ('Hyp-3-Bradykinin') RPPGFSPFR-amide 
I 
OH 

Rana nigromaculata ('Val-l-Thr-6-Bradykinin') VPPGFTPFR-amide 
RPPGFSPFRVAPAS 
RPPGFSPFRIY-sulphate 

('Kinin III') 
Phyllomedusa rhodei ('Phyllokinin') 

!!ymenoptera: 
Vespa xanthoptera ('Vespakinin-X') 
Vespa mandarinia ('Vespakinin-M') 
Polistes sp. (' Polisteskinin-Rl') 
Polistes rothneyi ('Polisteskinin-R2') 
Polistes exclamans ('Polisteskinin') 
Vespula maculifrons ('Vespulakinin-I') 

ARPPGFSPFRIV 
GRPPGFSPFRID 

RPPGFTPFR-amide 
ARRPPGFTPFR-amide 

pETNKKKLRGRPPGFSPFR-amide 
TATTRRRGRPPGFSPFR-amide 

I I 
GG 

Fig.9.3. The kinins of amphibian skin and hymenopteran venoms [55]. P-OH, Hydroxyproline; T-G, glycosylthreonine; 
pE, pyroglutamic acid 

tin and vasoactive intestinal peptide (VIP). They 
are not only structurally similar to the other mem
bers of this family but also have similar stimulat
ory effects on CAMP concentration and on the 
secretory activity of pancreas cells [15]. The gila
monster venom also contains at least five variants 
of phospholipase A2 , which surprisingly show 
much more similarity in their sequence of 
141-143 amino acids to the bee venom enzyme 
than to the enzyme from snake venom or mam
malian pancreas [72]. The only poisonous mam
malian species is the Australian duck-billed platy
pus Ornithorhyncus anatinus, the males of which 
possess a spur with a poison gland on their rear 
legs. The only thing known about this venom is 
that it is proteinaceous. 

9.3 Arthropod Venoms 

9.3.1 The Venoms of Scorpions 
and Other Arachnids 

All the approximately 650 scorpion specieil ~f@ 
poisonous and possess a poison apparatus consist
ing of a sting at the end of the abdomen and a pair 
of venom glands. The secreted poison contains 
15-20 electrophoretically distinct protein com
ponents, including proteotoxins and enzymes 
such as phospholipases A2 , hyaluronidases, ace
tylcholine esterases, proteases and acidic phos
phatases. The majority of the scorpion toxins are 
basic proteins with 60-70 amino acids and four 
disulphide bridges. In the Central Asian species 
Buthus eupeus and in the African species Androc-

tonus mauretanicus, however, there are also shor
ter insect-toxic proteins with only 35-37 amino 
acids and three disulphide bridges [43]. The 
sequences are known of numerous toxins or their 
precursors from about six scorpion species; they 
show a consistently high degree of sequence simi
larity [8, 20, 34, 40]. Each species possesses sev
eral (often more than ten) different proteotoxins 
which may be classified by the specificity of their 
effects into mammalian, insect or crustacean tox
ins [5,20]. The venom apparatus of the scorpions 
is directed, on the one hand, to defence against 
mammalian predators and, on the other hand, to 
the capture of prey, i.e. the killing of insects and 
other arthropods. 

In mammals, the scorpion sting excites the 
autonomous nervous system, accelerates respira
tion and the circulation, and produces muscle 
cramps. All these effects involve highly specific 
interactions with sodium channels of the excitable 
membranes; thus, scorpion toxins, like other neu
rotoxins, are exploited as molecular tools for the 
invel!!tigation of membrane components. On the 
basis of differences in binding to synaptosomes 
fTOm rat prain, scorpion toxins f;an be divided 
into two classeil: the a toxins bind in a potential
dependent manner to a certain site (site 3) of the 
sodium channel and retard its inactivation; the ~ 
toxins bind in a voltage-independent manner to a 
different site (site 4) and influence the activation 
of the sodium channel. In the scorpions of the 
Old World (Africa and Asia) one finds predomin
antly a toxins, whereas American scorpion spe
cies possess mainly ~ toxins; both toxin types are 
found, for example, in the Tityninae. The most 
toxic scorpion venom, with an LDso of 0.18 I-tg/kg 
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in the mouse, is the a-type toxin Aa-II of the 
North African species Androctonus australis. 
Most insect-specific toxins differ characteristically 
from the mammal-specific toxins in their amino 
acid sequences, spatial structures and modes of 
action [18]; some insect toxins, however, are quite 
similar to the mammal-specific ones [14, 40]. 
Amongst the insect-specific toxins, one type 
blocks action potentials and thus produces a flac
cid paralysis, and the other type induces repetit
ive firing of the motor nerves and therefore pro
duces a spastic paralysis [14]. 

The approximately 25000 spider species all 
possess poison glands on their mouth appendages 
(chelicera) and these glands serve in the catching 
of prey. The crude poison of the spiders also con
tains numerous components, including biogenic 
amines, polyamines, enzymes and toxic proteins 
[5, 20, 54, 62]. Only a few species are dangerous 
for humans, the most dangerous being Atrax 
robustus, which is found only in metropolitan 
Sydney and has led to 13 deaths in the last 60 
years. The venom of the funnel-web spider Agele
nopsis aperta contains both postsynaptic-acting 
acylpolyamines (a-agatoxins) and two classes of 
peptides which presynaptically affect the gluta
matergic neuromuscular junction of insects. Of 
these latter, the Il-agatoxins (36-38 amino acids) 
have an activating effect, whilst the w-agatoxins 
(::5 66 amino acids) are inhibitory [1]. Further 
toxic peptides, with 36-77 amino acids, from 
other spider species have been sequenced [10, 29, 
54, 64]; their phylogenetic relationships to each 
other are not yet known. 

9.3.2 Insect Venoms 

Next to those of the scorpions, the best
investigated arthropod venoms are those of the 
honeybee Apis melli/era and several wasp species. 
Like all poisonous secretions examined in any 
detail, the venoms of the Hymenoptera are found 
to be complex mixtures of substances. Amongst 
the low molecular weight compounds are bio
genic amines (histamine, 5-hydroxytryptamine, 
dopamine, adrenalin, noradrenalin, acetylcho
line), phospholipids, sugars and free amino acids 
[5, 55]. Electrophoresis distinguishes 25-40 
polypeptides in the toxic secretions of different 
Hymenoptera. Various enzymes are found 
amongst the proteins. The phospholipase A2 
which makes up 12 % of the dry weight of bee 
venom is a basic polypeptide of 129 amino acids 
of known sequence. Wasp venoms also con-

tain phospholipases of the types Al and B [33, 
55]. The hyaluronidase of bee and other hyme
nopteran venoms promotes the spread of the 
toxic substances in the tissues [32, 55]. The 
hymenoptera-venoms also include esterases, gly
cosidases and protease inhibitors [55]. Enzyme 
proteins constitute approximately 13-15 % of the 
dry weight of worker bee venom, whereas that of 
the queen bee contains only traces of phospholi
pase and hyaluronidase. 

The most investigated components of 
hymenoptera-venoms are the bioactive peptides, 
which, for example, constitute 50-60 % of the 
dry weight of bee venom. On the basis of their 
pharmacological effects, one can distinguish 
above all haemolytic, neurotoxic and kinin-like 
peptides; these are distributed quite irregularly 
amongst the different hymenopteran groups. The 
haemolytic melittin (Fig.9.4a) predominates in 
bee venom; in contrast, there are no haemolytic 
proteins in wasp venom but various kinins are 
found, which are lacking in the bee (Fig. 9.3). 
Melittin is a peptide of 26 amino acids with an 
amidated C-terminus and an N-terminus which is 
formylated in about 10% of the molecules. On 
the extended molecule, a non-polar N-terminal 
section of 20 amino acids and a very basic C
terminal section can be differentiated (Fig. 9.4a). 
This structure relates to the unusually strong 
interaction with lipid double membranes: melittin 
has a haemolytic effect and reduces the surface 
tension of water to a much greater extent than do 
all other peptides. Solutions of low ionic strength 
contain the monomer, whereas in higher ionic 
strength solutions and in the poison reservoir the 
venom is found as a tetramer with the form of a 
double cross [67]. Species related to the honey 
bee have somewhat modified sequences 
(Fig. 9.4a). The sequence of prepro-melittin has 
been determined by the analysis of mRNA from 
honey-bee venom glands: it consists of 70 amino 
acids, of which 1-21 form the signal sequence and 
22-43 form the pro-sequence. Mature melittin 
consists of amino acids 44-70, with the terminal 
glycine taking part in the amidation of the C
terminus [73]. The most important neurotoxic 
component of bee venom is apamin, a basic pep
tide of only 18 amino acids (Fig.9.4a). Melittin 
itself has a weak degranulating and histamine
releasing activity on mammalian mast cells; a 
much higher activity is shown by the mast-cell 
degranulating peptide (MCD) , an extremely 
basic peptide (pI = 12) with 22 amino acids, of 
which none is acidic and no fewer than 7 are basic 
(Fig.9.4a). Finally, bee venom contains small 
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a) Bymenopterans: 
Melittin: Apis mellifera 

A. florea 
G1GAVLKVLTTGLPAL1SW1KRKRQQ-amide 
G1GA1LKVLATGLPTL1SW1KNKRKQ-amide 

CNCKAPETALCARRCQQH-amide 
1KCNCKRHV1KPH1CRK1CGKN-amide 

1NLKALAALAKK1L-amide 
FLPL1LRK1VTAL-amide 

Apamin 
MCD-Peptide 
Mastoparan 
Crabrolin 

b) Conus geographus: 
(l-Conotoxin G-1 
p-Conotoxin G-V111A 

ffi-Conotoxin G-V11A 

c) Sea anemones: 

ECCNPACGRHYSC-amide 
RDCCTPPKKCKDRQCKPQRCCA-amide 

I I I 
HOOH OH 

CKSPGTPCSRGMRDCCTSCLLYSNKCRRY 
I I 

OH OH 

AsV 
Ax1 
RpII1 

GVPCLCDSDGPSVRGNTLSG1LWLA--GCPSGWHNCKKHKPT1GWCCK 
GVSCLCDSDGPSVRGNTLSGTLWLYPSGCPSGWHNCKAHGPT1GWCCKQ 

GNCKCDDEGPNVRTAPLTGYVDLG--YCNEGWEKCASYYSP1AECCRKKK 

Fig.9.4a-c. The toxic peptides of various invertebrates [3, 45, 51, 55]. P-OH, Hydroxyproline 

amounts of other peptides with limited pharma
cological effects, e.g. secapin (24 amino acids) 
and tertiapin (20 amino acids) [12, 55]. The pain 
and inflammation resulting from a bee sting are 
caused by the joint action of several components. 
MCD releases histamine from the mast cells, and 
phospholipase Az induces cytolysis, which is pro
moted synergistically by melittin, and the release 
of arachidonic acid, which as a precursor of pros
taglandin and leukotriene results in the produc
tion of further bioactive compounds [3]. 

The kinins typical of wasp venom and hornet 
venom always contain the sequence of bradyki
nin, either unmodified or with a serine/threonine 
substitution, but may have a much greater activ
ity. The kinins of Vespula sp. surprisingly have car
bohydrate chains attached to two threonine resi
dues [55]. Compared with those of the mammals, 
these kinins usually have an extended N-terminus 
whereas amphibian kinins have additional C
terminal amino acids (Fig. 9.3). The venom of the 
wasps and hornets contains species-specific mast
cell degranulating tetradecapeptide-amides, the 
mastoparans, which amongst other effects 
increase the activity of phospholipase Az 
(Fig.9.4a). Crabrolin (13 amino acids), from the 
venom ofthe hornet Vespa crabro (Fig. 9.4a) , and 
the five bombolitins (17 amino acids), of the 
bumblebee Megabombus pennsylvanicus, are 
similar in activity and basic structure to the mas
toparans but have different sequences [3, 24]. In 
wasps and hornets there are other toxic proteins 
whose structures have not yet been determined. 
A neurotoxic protein of 20 kDa (mandarotoxin) 
is the most active poisonous component of the 
giant hornet Vespa mandarinia, from which a 

single sting can be lethal for humans; hornetin 
from V. flavicornis is a basic protein of 32 kDa 
with a low LDso in mice of 0.42 !!g/kg [23]. Toxic 
proteins are also produced by ichneumons (Ter
ebrantia), spider wasps (Pompilidae) and sand 
wasps (Sphecidae), but have been just as little 
investigated as the corresponding toxins from 
other insect orders (Table 9.1). 

9.4 Proteotoxins of Other Invertebrates 

Many of the prosobranch gastropods from the 
suborder of the Toxoglossa, especially the family 
Conidae, are poisonous. The approximately 300 
species of the genus Conus are all specialists in 
hunting fish, molluscs and polychaetes; their 
complicated device for hunting prey can shoot 
poison darts several millimetres in length. In 
order to paralyse their fish prey, the species 
Conus geographus and C. magus have several 
classes of toxic peptides (conotoxins) which block 
the consecutive steps in the action chain of neuro
muscular transduction [19,51]. Each class inclu
des several peptides of similar sequence; the 
sequences of the different classes show little simi
larity (Fig. 9.4b). The w-conotoxins (25-29 amino 
acids) affect presynaptic voltage-dependent Caz+ 

channels and inhibit acetylcholine release; the a
conotoxins (14-16 amino acids) have postsynap
tic effects on acetylcholine receptors; the !!
conotoxins (22 amino acids) block sodium chan
nels and reduce action potentials. Conotoxin GS 
of C. geographus (34 amino acids) is similar to the 
!! type in activity but not very similar in sequence 
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[74]. A toxin isolated from the snail-hunting spe
cies C. textile corresponds to the w-conotoxins of 
the piscivore species in the position of the cyste
ine residues but is only effective against snails and 
crustaceans [21]. 

The proboscis of many nemertines is equipped 
with poison glands. In the hoplonemertines, 
where the proboscis bears a stiletto, the glands 
produce low molecular weight toxins. Only in the 
case of the North Atlantic heteronemertine 
Cerebratulus lacteus have toxic proteins been exa
mined in detail and partly sequenced. Two groups 
of small toxic proteins are found: the three A tox
ins consist of 93-98 amino acids and are strongly 
cytolytic; toxin A-III, for example, is fourfold 
more active than melittin in the haemolysis of 
human blood. The four B toxins are significantly 
smaller (49-56 amino acids) and have neurotoxin 
activity, although only against crustacean neurons 
[31]. The poison in the nematocysts of some Cni
darla is extraordinarily toxic with LDso values 
against crustaceans of 1-2 flg/kg. Certain species, 
e.g. the sea wasp Chironex fleckeri (Cubozoa), 
can be dangerous for humans. The venom is again 
a mixture of various pharmacologically or enzy
matically active components. The acute pain aris
ing from contact with the sea nettle Chrysaora is 
produced by histamine, serotonin, prostaglandins 
E and F, and kinin-like peptides [20]. The toxins 
isolated from the nematocysts of different jelly
fish vary greatly in both their action and structure; 
they include proteins and peptides, ranging in size 
from 3 to 240 kDa, which have cardio-, neuro- or 
myotoxic activities. The best investigated are the 
neurotoxins of the sea anemones, all of which act 
by retarding the inactivation of sodium channels. 
The proteins may be divided, according to struc
ture, into at least two classes; within each class 
they are homologous. One such class contains 
proteins of 44-47 amino acids and includes, for 
example, the components AsI, AsII and AsV of 
Anemone sulcata, AxI of Anthopleura xantho
grammica, and RpII and RpIII from Radianthus 
paumatoensis (Fig. 9.4c). A second class includes 
peptides with a maximum of 31 amino acids, such 
as AsIII and a toxin isolated from Parasicyonis 
actinostoloides [45, 49,56]. The lethal haemolytic 
toxins of various sea anemones have a different 
sort of structure, e.g. cytolysin I-IV from Stoi
chactis helianthus (153-160 amino acids), teneb
rosin C from Actinia tenebrosa (179 amino acids) 
and equinatoxin from A. equina, but are very 
similar to each other in sequence [61]. The main 
constituent of the poison obtained from isolated 
nematocysts of the Portuguese man-of-war Phy-

salia physalis (Siphonophora) is a haemolytic gly
coprotein of 240 kDa, composed of three differ
ent, as yet unsequenced, polypeptides of 125, 53 
and 34 kDa. 
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Actins 
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The contractile elements of striated vertebrate 
skeletal muscle, the myofibrils, contain thin fila
ments, which are 6 nm in diameter and consist 
mainly of actin, and thicker myosin filaments with 
a diameter of 16 nm (Fig. 10.1). During muscle 
contraction, the filaments undergo a sliding 
movement relative to each other (sliding filament 
mechanism). This is brought about by the revers
ible formation of bridges between the myosin 
molecules and the actin filaments, which bind, 
change their conformation and then dissociate 
(bridge cycle). The required energy is supplied 
by the hydrolysis of ATP. The sliding distance 
(step size) per molecule of ATP hydrolysed is 
controversial; the most recent measurements 
give a value of 40 nm [102,286]. As yet, the 
molecular processes of bridge formation and 
change in conformation have not been fully 
defined [79, 257, 267]. Because one ATP is 
hydrolysed per bridge cycle, the ATPase activity 
can be used as an in vitro indication of contrac
tion. Isolated myosin has a very low ATPase activ
ity, but this increases up to 1000-fold after com
bination with actin to give actomyosin. ATPase is 
inhibited in relaxed muscle; the relief of ATPase 
inhibition and the triggering of contraction in 
activated muscle involves an increase in the sarco
plasmic Ca2+ concentration from about 0.1 flmol/l 
at rest to about 10 flmol/l on activation. The 
calcium-dependent regulation of contraction is 
brought about by tropomyosin and the troponin 
complex, which are an integral part of the thin 
filaments [238]. 

10.8.2 Other Calcium-Binding Proteins 
10.9 Microtubule Proteins 
10.10 Proteins of Intermediary Filaments 
10.10.1 Cytokeratins 
10.10.2 Proteins of Other Intermediary Filaments 
10.10.3 Lamins 
10.11 Further Intracellular Structural Proteins 
10.12 Lens Proteins (Crystallins) 
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Essentially the same processes are responsible 
for the contraction of all muscle types, and also 
for the movement of non-muscle cells. Actins are 
abundant in all cell types, making up 20-25 % of 
the cell protein in muscle cells and 10-15 % in 
non-muscle cells. Whereas the actin molecules in 
striated muscle are all aggregated into filaments, 
they exist in non-muscle cells as both actin mono
mers (G-actin) and filaments (F-actin). The 
formation and degeneration of actin filaments is 
regulated by various proteins. Further actin
binding proteins bring about the association of 
actin filaments in non-muscle cells into bundles 
and networks. The myosin concentration in 
smooth-muscle cells (8 % of the total protein) is 
significantly lower than in striated muscle (36 % ), 
and is lower still in non-muscle cells (1 %). 
Smooth muscle contains short myosin filaments 
which, unlike the situation in striated muscle, do 
not show any regular structural relationship to the 
actin filaments. The myosin of non-muscle cells 
can also form filaments of 12-18 molecules 
in vitro; however, the nature of myosin aggrega
tion in the cytoplasm of living cells is not known 
[244]. 

The cytoplasm of all cells contains filament
like structures which together make up the cyto
skeleton. This is a complex system of protein 
molecules which confers on the cell its typical 
form, internal organization and motility [313]. In 
addition to actin micro filaments (diameters of 
6-8 nm), the other main components of the 
cytoskeleton are the tubular microtubules (exter-
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nal diameter 25 nm, internal diameter 15 nm) and 
the intermediary filaments (with a diameter of 
about 10 nm). The microtubules are made up 
mostly of tubulin but can also bind other proteins 
(the microtubule-associated proteins). The move
ment of flagella and cilia is the result of interac
tion between the microtubules and the ATP
hydrolysing dynein. The composition of the inter
mediary filaments varies markedly with the cell 
type, but the constituent proteins all belong to the 
same super-family and present a particularly inter
esting example of adaptive evolution. They 
include the cytokeratins of epithelial cells, the 
vimentins from cells of mesenchyme origin, the 
desmins of muscles, the neurofilament proteins, 
and the acidic protein of the glial filaments 
(GFAP). It has recently been demonstrated that 
lamins A and C from the nuclear membrane are 
homologous to proteins of the intermediary fila
ments. Specific differentiated cells contain 
filament-like structures which do not conform to 
any of the three general types (microfilaments, 
intermediary filaments, microtubules), e.g. the 
connectinltitin network of the myofibrils, the 
spasmonemes in the stalk of the peritrichous cili
ate Vorticella, or the myonemes of Stentor [244]. 
The spermatozoa of the nematode Caenorhabditis 
elegans have no myosin and only a very little actin 
and tubulin (0.02 % of the total protein), but con
tain large amounts (15 %) of specific basic prote
ins (main sperm proteins, MSPs) of 15 kDa; these 
are mainly located in the pseudopodium and are 
therefore probably involved in the movement of 
these aberrant sex cells. Of the more than 30 MSP 
genes present, at least three are expressed [28]. 

The components of the cytoskeleton are 
involved in complex interactions with each other 
and with the plasma membrane, and beyond this 
with components of the extracellular matrix, such 
as collagen, fibronectin and laminin. The 
mechanical strength of the plasma membrane 
relies upon a membrane skeleton of specific struc
tural proteins; this is especially well developed in 

Myosin-

Actin
filament 

Fig.IO.I. The actin-myosin system of 
vertebrate skeletal muscle. For clarity, 
only one myosin molecule is shown in 
the thick myosin filament; this consists 
of a pair of heavy chains (HC) and 
two pairs of light chains (LC). In addi
tion to the two entwined strands of 
actin monomers, the thin actin fila
ment includes tropomyosin and the 
troponin complex of three molecules 

vertebrate erythrocytes. Finally, the structural 
proteins of the cell also include clathrin, which 
forms the polyhedral envelope of the cytoplasmic 
vesicles (coated vesicles), and a special type of 
structural protein found in the cells of the eye 
lens. What follows is a comparative description of 
the structural variety and evolution of the prote
ins of muscle and the cytoskeleton; the physio
logical and cell biological aspects of these prote
ins are covered by many other textbooks and 
monographs. 

10.1 Calcium Regulation 
of the Actomyosin System 

In both muscle and non-muscle cells, the ATPase 
activity and movement of the actin-myosin system 
are controlled by calcium ions. The regulation of 
the intracellular calcium concentration in skeletal 
muscle is carried out mainly by the sarcoplasmic 
reticulum; extracellular calcium is of great impor
tance for smooth muscle and heart muscle, as is 
calcium storage in the mitochondria of non
muscle cells. In smooth muscle and non-muscle 
cells, Ca2+ is taken up from the outside by 
potential-dependent or ligand-dependent calcium 
channels, and is set free from intracellular reser
ves by the action of the secondary messenger 
inositol-l,4,5-trisphosphate [238, 293]. The cal
cium pump of the sarcoplasmic reticulum, which 
transports calcium from the sarcoplasma back to 
the sarcoplasmic reticulum during relaxation, is 
stimulated both by free Ca2+ and by calcium com
plexed with the intracellular receptor calmodulin. 
Hormones like adrenalin and noradrenalin influ
ence the calcium pump via ~-adrenergic mem
brane receptors, which activate a cAMP
dependent protein kinase in association with the 
corresponding G proteins and adenylate cyclase. 
The kinase phosphorylates an integral protein of 
the reticulum membrane, phospholamban, which 
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then effects an increase in the affinity of the Ca2+
ATPase of the sarcoplasmic reticulum. Phospho
lamban is present in skeletal and heart muscle as 
a pentamer of 52-amino-acid subunits; the 
sequence of this protein varies only slightly 
between different mammals, and these differ by 
only 22-29 % from the chicken phospholamban 
[195,285]. Calsequestrin in the reticulum mem
brane binds Ca2+ in large amounts, although with 
a low affinity, and it thus maintains the free cal
cium concentration of the reticulum lumen at 
0.5-1.0 mmolll; this restricts the concentration 
gradient between the sarcoplasma and the reticu
lum, against which the calcium pump must work 
[294]. The sarcoplasmic calcium concentration is 
not reduced quickly enough by uptake into the 
reticulum to ensure rapid muscle relaxation. 
Instead, much of the Ca2+ is bound temporarily to 
parvalbumin, which functions as a soluble relaxa
tion factor [238]. 

There are three main mechanisms by which 
calcium ions regulate the actomyosin ATPase; 
one affects the thin actin filaments (A regula
tion), and the other two affect the thick myosin 
filaments (M regulation). Vertebrate skeletal and 
heart muscle, for example, are regulated actin 
specifically. In this case, ATPase is inhibited at 
low calcium concentrations by the troponin
tropomyosin complex of the thin filaments; bind
ing of Ca2+ to troponin C relieves this inhibition. 
Until recently, the inhibitory effect of the 
troponin-tropomyosin complex in vertebrate 
muscle was thought to be due solely to steric 
hindrance of the actin-myosin interaction; this 
was supported by the observation that tropomyo
sin changes its position on the actin filaments at 
increased calcium concentrations. However, it 
has now been shown that actin-myosin binding 
may be stable in the absence of calcium ions, 
even though both ATPase activity and contraction 
are inhibited. Apparently, the absence of Ca2+ 
inhibits a step in ATP hydrolysis which occurs 
after the binding of myosin to actin. In prepara
tions of various mollusc muscles, e.g. the striped 
adductor muscle of the scallop Aequipecten irradi
ans or the mantle muscle of the cephalopod 
Loligo pealii, myosin-actin binding also persists 
in the presence of ATP and the absence of cal
cium, although it may be weaker. In contrast, the 
ATPase activity declines by 90 %, in particular by 
reduction of the V max. Ca2+ thus influences the 
kinetics of ATP hydrolysis as well as of actin
myosin binding [238]. 

A myosin-specific regulation mechanism is act
ive in various mollusc muscles and in vertebrate 

smooth muscle. The contraction of mollusc musc
les is triggered by direct binding of Ca2+ to myo
sin. The Ca2+ -binding regulatory domain includes 
the regulatory and the essential light chains (LCs) 
and a part of the heavy chain (HC) in the neck 
region of the myosin head. Ca2+ apparently binds 
specifically to the essential LC, which in mollusc 
myosins, in contrast to those not directly regul
ated by Ca2+, carries a functional Ca2+ -binding 
site [153]. Ca2+ regulation of vertebrate smooth 
muscle is also myosin specific; here, however, the 
inhibitory effect of the regulatory LC is prevented 
through phosphorylation by a specific Ca2+

calmodulin-dependent myosin light-chain kinase 
(MLCK). Phosphorylation of the regulatory LC 
at a further site by the Ca2+ -phospholipid
dependent protein kinase C has a deactivating 
effect; this does not occur in embryonal smooth 
muscle [158]. The regulatory LC in striated skele
tal muscle can also be phosphorylated by 
calmodulin-dependent MLCK; phosphorylation 
of at least part of the LC is important for both the 
strength and the efficiency of muscle contraction 
[238]. A mutant, mdf, of Drosophila melanogas
ter has been isolated and shown to have threefold 
lower myosin ATPase activity due to a lack of 
phosphorylation [278]. 

In addition to myosin phosphorylation, caldes
mon appears to play a role in the regulation of 
vertebrate smooth-muscle (chicken stomach, 
bovine aorta and uterus) and non-muscle (blood 
platelets) cells; this is a calcium-regulated dimeric 
protein with the ability to bind in a flip-flop man
ner to F-actin and calmodulin. In relaxed muscle 
at low calcium concentration, caldesmon is bound 
to actin and ATPase is inhibited; at higher cal
cium levels, caldesmon binds to calmodulin via an 
interaction with tropomyosin and the inhibition is 
relieved. Regulation in vertebrate smooth muscle 
probably depends upon cooperation between 
both the mechanisms described. Through its 
effect on phosphorylation of the regulatory chain, 
MLCK brings about the correct conditions for 
actin-myosin interaction, which is then switched 
on or off by the caldesmon flip-flop mechanism 
[238, 250]. Caldesmon occurs in two tissue
specific isoforms: h-caldesmon (h for heavy) is 
typical of smooth muscle, and l-caldesmon (1 for 
light) is found in the brain and other non-muscle 
cells; caldesmon is absent from skeletal and heart 
muscle. The heavy form is composed of 771 
amino acids, and l-caldesmon differs only by the 
deletion of 232 amino acids from the repetitively 
organized central region [252]. A caldesmon-like 
protein has also been isolated from striated 
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muscle of the molluscs Pecten maximus and Sepia 
officinalis [13]. Regulation of the smooth muscle 
also probably involves calponin, a protein of 252 
or 292 amino acids which belongs to the troponin 
C family and inhibits actomyosin ATPase. Ca2+ 

binding has no effect on the inhibitory activity of 
calponin, although this disappears after phospho
rylation by Ca2+ -calmodulin-dependent protein 
kinase [277, 307]. 

The absence of an increase in the ATPase activ
ity of a myosin preparation following the addition 
of pure, troponin-free vertebrate actin indicates 
the presence of M regulation. According to this 
test, which was first performed on the adductor 
muscle of the scallop, the muscles of molluscs, 
nemertines, brachiopods and echinoderms are M 
regulated, whereas the skeletal muscles of verteb
rates and tunicates are A regulated; most arthro
pod muscles and the diagonally striated muscles 
of nematodes, annelids and sipunculids are both 
A and M regulated [238]. However, all three com
ponents of the troponin complex have been isol
ated from the striated adductor muscle of the 
mussel Chlamys nipponensis akazara, and thus 
the molluscs also appear to possess two different 
regulation mechanisms (dual regulation) [207]. 
There are also indications of dual regulation in 
the tunicates. Although a troponin-tropomyosin 
complex is present in the smooth muscle of the 
ascidian Halocynthia roretzi, and can combine 
with the species' own or with mammalian actomy
osin to give a calcium-regulated system, the 
ATPase of ascidian actomyosin is clearly calcium 
dependent without the troponin-tropomyosin 
complex, even though this M regulation is of rela
tively little importance [273]. 

In many mollusc muscles, such as the smooth 
shell adductor and the byssus retractor of the 
mussel, there is a special contraction condition, 
the catch, the molecular mechanism and regula
tion of which remain obscure despite many years 
of intense effort [238]. The thick filaments in 
these muscles have a special structure and contain 
large amounts of the muscle protein paramyosin, 
which is worthy of further discussion. The asynch
ronous flight muscles of the insects pose special 
problems; these contain a functional tropo
myosin-troponin complex but their contraction is 
also modulated by a passive expansion. In the 
muscle fibres of the water bug Lethocerus, the 
large size of which makes them convenient sub
jects for investigation, Ca2+ brings about a four
fold increase in ATPase activity, but a subsequent 
expansion of 1 % brings a further threefold 
increase. The molecular mechanism by which such 

expansion influences the ATPase activity and ten
sion development in insect muscle is not known. 
Some of the many myofibrillar proteins of insect 
muscle are unique to insects, and it may be that 
one or other of them is involved in the special 
regulatory characteristics of the muscles. The 
thick filaments contain varying proportions of 
paramyosin: it is higher in the case of insects with 
low wing-beat frequencies (in Lethocerus it is 
10 %) and lower in those with high beat frequen
cies (e.g. in flies it is only 2 %). There is also phos
phorylation of the light myosin chains of insect 
muscles, but the biological significance of this is 
not completely clear [238]. In addition to actin 
(43 kDa), the thin filaments in the flight muscles 
of Drosophila and other insects also contain large 
amounts of a similar protein, arthrin (55 kDa), 
which is a combination of actin and ubiquitin [10]. 

10.2 Molecular Heterogeneity 
of Skeletal Muscle Fibres 

It is not surprising that different muscle types and 
non-muscle cells exhibit differences in the func
tion and molecular structure of their contractile 
apparatus. However, in vertebrate skeletal 
muscle there are, in fact, corresponding differ
ences between single muscle fibres. Thus, in the 
mammals one can distinguish between the slow 
muscle fibres of class I (slow twitch) and the fas
ter fibres of class II (fast twitch), which differ in 
their innervation, the nature of their stimuli
transmitting structures, the metabolic provision 
of energy, and also the structural and functional 
properties of their contractile apparatus. Each 
skeletal muscle is made up of a mosaic of differ
ent types of fibre in varying proportions, accord
ing to the muscle function. All muscle fibres sup
plied by the same nerve fibre (motor units) 
belong to the same class. Following a change in 
muscle function, fibres can convert from one type 
to the other; for example, during postnatal devel
opment of the rat m. soleus, type I changes to 
type II. Persistent electrical excitation can effect 
the conversion of type II to I [220]. The actin
myosin system of all fibre types, in fact of all 
muscle types and non-muscle cells, is basically 
very similar; functional differentiation is based 
upon variety in the isoforms of protein compon
ents, i.e. the actins, myosins, tropomyosins, and 
troponins. However, a more detailed examination 
shows that the composition, for example, of the 
tropomyosin-troponin system in different muscle 



fibres is rather a continuum, which is only crudely 
reflected by classification into types. In addition, it 
should not be forgotten that each skeletal muscle 
fibre possesses many nuclei which may exhibit 
different patterns of gene expression [242, 258]. 
There are also characteristic differences between 
the fibre types in the enzymes of energy-providing 
metabolism, and these are the basis of a more 
exact classification, e.g. slow-twitch oxidative 
(SO), or fast-twitch glycolytic (FG) and fast-twitch 
oxidative glycolytic (FOG), or in the acid stability 
of the myosin ATPase (subclasses IIA and lIB) 
[220]. The heterogeneity of invertebrate muscle 
fibres is less marked. Thus, for example, in the 
mussel Spisula solidissima the adductor, foot 
muscle, mantle and heart all contain the same 
forms of actin, myosin and tropomyosin. On the 
other hand, the outer muscle cylinder of the earth
worm Lumbricus terrestris has two different types 
of fibre which differ in the light myosin chain and 
in succinate dehydrogenase activity [55]. The claw
closing muscles of the lobster Homarus america
nus contain three types of muscle fibre, which 
show qualitative and quantitative differences in 
their protein spectra, and are distributed charac
teristically between the functionally different cut
ter and crusher claws. Altogether, two paramyo
sins, three troponin-Ts, five troponin-Is, two 
troponin-Cs, three myosin-aLCs and one myo
sin-~LC can be isolated from these muscles [201]. 

The existence of many isoforms of almost all 
muscle proteins is partly due to the expression of 
different genes; multi gene families are known in 
particular for the actins, the heavy and light 
chains of the myosins, and the tropomyosins. A 
further mechanism for the production of protein 
heterogeneity is particularly characteristic of the 
muscle proteins, namely, the variable splicing of 
the primary transcript of one gene. Alternative 
splicing has in fact been shown for almost all 
muscle proteins: actins, heavy myosin chains, 
light myosin chains, tropomyosins, troponin T, 
troponin I and calsequestrin. Finally, muscle pro
teins may be post-translationally modified in dif
ferent ways. Phosphorylation, for example, is 
found in light and heavy myosin chains, tropo
nin I and T, and caldesmon, although the func
tional meaning is in many instances by no means 
clear. Methylation is also very common amongst 
the muscle proteins, Monomethyl-Iysine and -his
tidine, trimethyl-Iysine and histidine have been 
demonstrated in myosins [175]; dimethyl- and 
trimethyl-Iysine are found in calmodulins and 
other calcium-binding proteins [139, 243], as well 
as in the actin-binding protein profilin [4]. 
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Two fundamentally different types of myosin may 
be distinguished. The myosins of type II are 
soluble at a salt concentration of 600 mm01ll 
and at physiological salt concentrations of 
100-250 mm01ll they aggregate to form fila
ments. The molecules of myosin II have a rod
shaped tail of about 150 nm and two globular 
heads of about 20 x 7 nm. They are hexamers of 
460-500 kDa, consisting of two heavy chains 
(HCs) of about 200 kDa and four light chains 
(LCs) of 15-27 kDa. The C-terminal ends of both 
HCs are twisted into an a-helical coiled-coil and 
form the tail region. The head region is made up 
of the N-terminal half of each HC together with 
one each of the regulatory and essential LCs, and 
carries binding sites for actin and adenine nucleo
tide (Fig. 10.1). The myosin molecule can be 
cleaved in various ways by partial proteolysis: the 
lighter fragment, LMM, corresponds to the C
terminal two-thirds of the tail, and the heavier 
HMM to the rest of the tail and the two heads. 
The subfragment designated S-l consists ofthe N
terminal half of an HC, folded into a head, toge
ther with the two associated LCs; S-2 is the tail 
section between the LMMlHMM border and the 
heads. The thick filaments of vertebrate skeletal 
muscle each contain several hundred myosin 
molecules arranged in a bipolar fashion, such that 
the heads of both filament halves point to their 
respective ends. There are further proteins in 
the thick filaments, e.g. the C protein, found 
in several muscle-type-specific isoforms of 
135-150 kDa, and the similar X protein. Accord
ing to the results of X-ray analysis, the molecular 
arrangement of the thick filaments of the inver
tebrates differs somewhat from that of the verteb
rates. Myosin I, which does not form filaments, 
consists of a single HC of 110-140 kDa and one 
or two LCs. As in myosin II, the N-terminal 
domain of the HC also forms the head, but the 
tail region has a completely different structure. 
The function of myosin I in living cells has not 
been determined. 

Due to the relatively low myosin concentra
tions in smooth muscle, and especially in non
muscle cells, the myosins of the vertebrates were 
initially investigated in the various types of fibre 
found in skeletal and heart muscle. More 
recently, the possibilities for cDNA and gene 
sequencing have significantly expanded our 
knowledge of the myosins of vertebrate smooth 
muscle and non-muscle cells as well as of inver-
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tebrate muscles. The myosins of the nematode 
Caenorhabditis elegans and the soil amoeba Acan
thamoeba castellani have been particularly thor
oughly investigated. In the nematodes, 22 genes 
are now known which code for muscle proteins; 
mutations in these genes lead to defective motil
ity and abnormalities of the muscle ultrastruc
ture. They include four myosin-HC genes, three 
myosin-LC genes, four actin genes, the paramyo
sin gene unc-15, and the gene unc-22, which enco
des the myosin-associated, 600-kDa protein twit
chin. Of the four HC genes, A and B are expre
ssed in the 95 muscle cells of the body wall, and C 
and D only in the pharynx musculature. Myosin 
HC-A is found only in the central region of the 
thick filaments and apparently plays a role in 
assembly. There are present two LCs of 16 and 
18 kDa; two genes are found for the regulatory 
18-kDa LC, and these code for identical amino 
acid sequences [5, 122]. The amoeba possesses 
one myosin II with the usual structure, and four 
type-I myosins. Myosin IB is made up of an HC 
of 125 kDa and one LC of 27 kDa, whereas myo
sin IC has one 130-kDa HC and two LCs of 
14 kDa. Very recently, a gene has been sequenced 
for a relatively large HC of 177 kDa and this 
apparently belongs to a high molecular weight 
form of myosin I (HMWMI) [111, 171]. 

Only by DNA-sequence analysis has it been 
possible to determine the amino acid sequence of 
giant polypeptides such as myosin HC. The first 
complete HC sequence obtained was that of myo
sin B from the body wall of Caenorhabditis 
elegans, which is encoded by gene unc-54. This is 
described here as an example of the rather uni
form HCs of myosin type II. It consists of a total 
of 1966 amino acids; the N-terminal 850 amino 
acids are folded into the head region, in which are 
found certain amino acids responsible for ATP 
binding, ATPase activity, and actin and LC bind
ing. There follows a hinge or neck region, in 
which the mobility of the bridges is located; and, 
finally, the rod region. 

The amino acid sequence of the rod region 
shows considerable periodicity with period 
lengths of 7, 28 and 196 amino acids. The 160 
repeats of seven amino acids contain non-polar 
amino acids at the first and fourth positions. This 
leads to the formation of fields of non-polar side
chains, which allow hydrophobic interaction 
between the two HCs, thereby stabilizing the 
coiled-coil structure of the rod region. This pat
tern is interrupted only by four inserted amino 
acids (skip residues) and ends at the HMMILMM 
border. The LMM region of the HC carries many 

charged amino acids at its outer surface, such that 
their side-chains produce a charge pattern on the 
surface of the coiled-coil with periodicities of 28 
and 196 amino acids; the stable structure of the 
thick filaments thus relies mainly upon electro
static interaction. The HC hinge region (S-2) has 
no periodicity of charged groups and can there
fore move away from the surface of the thick fila
ment when the myosin head makes contact with 
an actin filament. The polypeptide chain ends 
with a non-helical, C-terminal extension of 24 
amino acids, similar to those seen on other myo
sin HCs from Caenorhabditis, Drosophila and 
non-muscle cells but not from vertebrate skeletal 
muscle [65]. 

The HCs of all type-II myosins have a structure 
similar to that of Caenorhabditis HC [167, 181, 
260]. However, they may be further subdivided 
on the basis of particular sequence characters into 
two families: the HCs of striated skeletal and 
heart muscle, and the HCs of smooth muscle and 
non-muscle cells. In the chicken, the HCs of 
the smooth, intestinal muscles have 81-84 % 
sequence similarity to non-muscle-cells HCs but 
only 38-41 % similarity to skeletal-muscle HCs 
[124]. Within the two families themselves, there 
are also instances of HC isoforms with different, 
specific, physiological functions and correspond
ing deviant structures. Thus, for example, in the 
rat there are at least seven muscle-specific HCs 
(embryonal skeletal muscle, neonatal, extraocu
lar, fast IIA, fast lIB, a-ventricle/atrium, ~
ventricle/slow) encoded by at least 13 genes. 
Altogether, six different HCs are expressed in the 
breast muscle of the chicken during development, 
and seven HC isoforms are present in the various 
muscles of the fish Salvelinus alpinus [65, 107, 
177,260]. All the smooth muscles of the mam
mals contain the same two HCs; a third type is 
found only in the lung arteries [208]. In vertebra
tes, the variety of HCs is based on a mUlti-gene 
family, which in the case of the chicken includes 
31 members. Additional variation in the protein
coding sequences arises by alternative splicing. In 
Drosophila, all the HCs of striated muscles come 
from one gene and those of non-muscle myosin 
come from another. Five of the 18 exons in the 
muscle-HC gene can each be spliced in five differ
ent ways; theoretically, therefore, there are 480 
possible HC isoforms in Drosophila [128, 129]. In 
spite of the generally similar geometry of the tail 
regions of different myosins, there is evidence for 
adaptive evolution of their amino acid sequences. 
The proportion of a-helix in the tail region, which 
at 0-5°C accounts for almost 100 %, decreases 



with increasing temperature in all myosins. The 
mean "melting point" , however, varies from 
33°C for Arctic fish to 45 °C for frogs and 49°C 
for rabbits [235]. 

Two classes of light chain can be distinguished; 
these have different functional properties and are 
solubilized from myosin molecules in different 
ways. One type of LC is termed "regulatory", in 
view of its involvement in calcium regulation in 
the scallop [88]. The second type, known as 
"essential", was initially thought to be an abso
lute requirement for ATPase function; in the 
meantime, it has become clear that the myosin 
fragment S-l can hydrolyse ATP in the absence of 
an LC. The function of the essential LCs is there
fore controversial [88]. In the myosin of mamma
lian skeletal muscle, the essential chains are 
represented by the alkaline LCs and the regulat
ory chains by DNTB LCs, which can be extracted 
with the Ellmann reagent 5,5'-dithiobis(2-
nitrobenzoic acid) (Fig. 10.2). In contrast, the 
regulatory LCs of vertebrate smooth muscle are 
not DNTB-extractable and resemble much more 
those of the molluscs in their phosphorylation 
and calcium-binding capacity. The regulatory LCs 
from the myosins of the scallop Aequipecten irra
dians can be extracted with ethylenediaminetetra
acetic acid (EDTA). The extraction of just one of 
the regulatory LCs removes the calcium depend
ence of ATPase activity of the whole myosin mol
ecule. This is apparently a reflection of the inter
action between various subunits of the molecule. 
The calcium sensitivity of such molecules can be 
restored by re-addition of the removed LCs, or 
even by the addition of regulatory LCs from other 
myosins, e.g. from vertebrate smooth muscle or 
the DNTB LC from mammalian skeletal muscle 
[238] . 

Regulatory LCs can be phosphorylated on spe
cific serine residues by myosin LC kinase 
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(MLCK). This is true not only for vertebrate 
smooth muscle, where the process has a regulat
ory function, but also for skeletal and heart 
muscle. Thus, the heart is often found to contain 
several variably phosphorylated regulatory LCs. 
The MLCK found in a wide variety of muscle and 
non-muscle cells is activated by calcium ions and 
is highly specific for myosin regulatory LCs. Ske
letal muscle MLCKs (65-90 kDa) are smaller 
than those of smooth muscle (130-150 kDa). The 
species- and muscle-specific differences between 
different MLCKs lie mainly in the N-terminal 
region, whilst the central catalytic domain and the 
C-terminal calmodulin-binding domain show 
great similarity [100] . The MLCKs themselves 
may be phosphorylated by cAMP-dependent pro
tein kinases; this is inhibitory in the case of 
smooth muscle and non-muscle cells, where cal
modulin affinity is reduced, but has no effect on 
the enzyme activity of heart or skeletal muscle 
[88, 238]. 

The essential and regulatory myosin LCs 
belong to the same protein family as troponin C, 
calmodulin and other calcium-binding proteins. 
Of the four calcium-binding sites, only the first is 
functional in regulatory LCs and none in the 
essential LCs. Binding of Ca2+ is prevented in the 
non-functional domains by at least one amino 
acid substitution [65 , 89]. In contrast, in the mol
luscs, the essential LCs still possess one active 
calcium-binding site [153]. Sequence comparisons 
between the various LC types lead to some inter
esting conclusions (Table 10.1). The regulatory 
DNTB chain from the crop of the chicken differs 
at almost 50 % of positions from skeletal muscle, 
and the distance from rabbit skeletal muscle is 
hardly any greater. Thus, the sequences appear to 
be more related to muscle type than to species. 
The same is true of the essential LCs; however, 
these show a slower evolution with only 30 % dif-

Fast-twitch 
skeletal muscle 

Heart 
muscle 

Slow-twitch 
skeletal muscle 

Heavy chains: 

Fig.tO.2. Gel electrophoregrams of the myosin 
subunits in various rabbit skeletal muscles show 
one band for the heavy chains (HC) and two or 
three bands for the light chains (LC). The 
shaded and open bands represent the essential 
and regulatory Les, respectively; the numbers 
are the molecular masses in Da 

HC 
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Table 10.1. The percentage agreement between the amino 
acid sequences in the families of calmodulin-like proteins 

Sequences compared Agree- Reference 
ment 
(%) 

Regulatory light chain 
Chicken crop/skeletal muscle 53 [174] 
Chicken crop/rabbit skeletal muscle 54 [174] 
Chicken skeletal muscle/rabbit 91 [174] 
skeletal muscle 
Rabbit skeletal musclelbovine 30 [53] 
calmodulin 
A2 chicken heartl2B chicken heart 90 [178] 
Halocynthia roretzi/rabbit skeletal 56 [273] 
muscle 
H. roretzi/Chlamys nipponenis 39 [273] 
akazara 
H. roretzilbovine calmodulin 32 [273] 
H. roretzirrn-C rabbit skeletal muscle 27 [273] 
Aequipecten irradians/rabbit skeletal 31 [88] 
muscle 
A. irradians/chicken crop 44 [88] 

Essential light chain 
Chicken crop/ A2 skeletal muscle 70 [89] 
Chicken crop/AI rabbit skeletal 70 [89] 
muscle 
Al chicken skeletal muscle/AI rabbit 84 [173] 
skeletal muscle 
A2 chicken skeletal muscle/A2 rabbit 83 [173] 
skeletal muscle 
Al/A2 chicken skeletal muscle 95 [173] 
Al/A2 rabbit skeletal muscle 95 [53] 
Al rabbit skeletal musclelbovine 39 [53] 
calmodulin 
Chicken croplbovine calmodulin 45 [89] 
Halocynthia roretzilrabbit skeletal 58 [273] 
muscle 
H. roretzi/chicken crop 57 [273] 
H. roretzilbovine calmodulin 37 [273] 

'Iroponin C 
Rabbit skeletal muscle/chicken 90 [53] 
skeletal muscle 
Rabbit skeletal muscle/Rana 91 [53] 
esculenta skeletal muscle 
Rabbit skeletal musclelbovine 51 [53] 
calmodulin 
Rabbit skeletal muscle/carp 27 [53] 
parvalbumin 

Calmodulins 
Bovine brainlParamecium tetraurelia 90 [243] 
Bovine brainlTetrahymena pyriformis 92 [318] 
Bovine brainlMetridium senile 98 [271] 
Bovine brainlRenilla reniformis 98 [80] 

Parvalbumins 
Rana esculenta aI~ 51 [115] 
R. esculenta alrabbit a 69 [115] 
R. esculenta WCyprinus carpio ~ 68 [53] 
Gadus merlangus We. carpio ~ 69 [53] 
Raja clavata We. carpio ~ 50 [53] 

Calbindins 
Pig/rat 80 [52] 
Pig/rabbit parvalbumin 17 [53] 

ference between intestinal and skeletal muscle: 
despite differences in length, the essential LCs 
from the crop, heart and skeletal muscle of the 
chicken have 91 out of 150-192 amino acids in 
common. 

The LCs also show adaptation to different 
functional requirements by the existence of 
tissue-specific isoforms, which are either encoded 
by separate genes or arise by alternative splicing 
of the same primary transcript. The essential LCs 
of all mammals are probably encoded by at least 
four genes. The two essential LCs in the fast
twitch fibres arise from the same gene, LC-1I3 , 
which has two promoters and produce two poly
peptides with different N-termini by alternative 
splicing. The slow-twitch muscles contain two iso
forms of essential LCs, one of which also appears 
in ventricular muscle. The atrial muscle expresses 
the same gene as embryonal skeletal muscle. The 
essential LCs in human smooth muscle and non
muscle cells differ only in five N-terminal amino 
acids out of a total of 151; this is also the result of 
alternative splicing. Vertebrate regulatory LCs 
are also encoded by four genes which are expres
sed in a tissue-specific manner in skeletal, heart 
and smooth muscle and in non-muscle cells 
[71, 164]. 

The type I myosin molecules are fundament
ally different from the filament-forming molecu
les of type II. In the former, there is only one 
heavy chain, usually of only 100-140 kDa, and 
this is therefore significantly smaller than the 
paired HCs of type II. Four myosin-I HCs from 
the soil amoeba Acanthamoeba castellanii have 
been investigated in detail. Also in this case, the 
HC N-terminal region together with one or two 
LCs forms a head domain which bears the actin
and ATP-binding sites and can develop ATPase 
activity. The amino acid sequence of the N
terminal, 80-kDa domain of this HC is about 
50 % similar to the S-l subfragment of myosin II. 
The HC tail region of the type-I myosin has a 
completely different structure and function com
pared with that of type II. Myosins lA, IB and IC 
show 60-75 % sequence agreement in this HC 
region. The tail has its own actin-binding site, dis
tinct from that of the head domain, which allows 
it to maintain contact with one actin molecule 
whilst translocating to another. The tail region 
also has a membrane-binding site, which binds 
the myosin to the plasma membrane or allows the 
transport of vesicles along an actin filament [129]. 
The unusually large tail region of the 177-kDa 
HC of the high molecular weight myosin I 
(HMWMI) from A. castellanii has very little in 



common with the smaller myosin-I HCs [111]. 
The ATPase activity of myosin I is only activated 
by actin when a specific serine or threonine resi
due of the HC is phosphorylated by a specific pro
tein kinase (MHCK). The MHCK can bind 7-8 
moles of phosphate per mole of enzyme by auto
phosphorylation, which is promoted by phospha
tidylserine but not by calcium [27]. Only a few 
proteins comparable with type-I myosin from 
A. castellanii are known from other animals. The 
product of the ninAc gene, expressed in the eyes 
of Drosophila melanogaster, has a C-terminal 
domain homologous to the head and tail of type-I 
myosin [129]. The brush-border myosin I (BB
MI), which is present in the microvilli of the gut 
epithelia and binds the central actin-filament 
bundle to the plasma membrane, apparently has a 
motor function. BB-MI from the chicken includes 
a heavy chain with a myosin-like globular head of 
82 kDa and a 37-kDa tail domain which bears no 
resemblance to the conventional myosins [91]. 

The myosin genes sequenced so far show large 
variation in their exonlintron organization: the HC 
genes from vertebrate skeletal-muscle myosins 
mostly have 41 exons, the HC gene unc-54 from 
Caenorhabditis elegans has 8, and the HC gene of 
the muscle myosin of Drosophila has 9 exons. In 
A. castellanii, the HC gene of myosin II has only 2 
very short introns, whereas the HMWMI gene has 
17. The mammalian LC-l/3 gene has nine exons, in 
contrast to the six exons of the essential LC of 
Drosophila. The regulatory LC of mammals also 
has more exons (seven) than does that of Droso
phila (three); the last exon of the fly corresponds 
to exons 3-7 of the rat[65, 71, 111, 189]. 

10.4 Actins 

Actin is a globular protein of 43 kDa. The poly
peptide chain consists of 374-376 amino acids and 
is always N-terminal acetylated. The amino acid 
sequence is very conservative. Several acidic 
amino acids at the N-terminus are variable, but 
otherwise the animal actins vary at most by 5 % . 
There are also multiple actins in plants which, in 
contrast, vary both amongst themselves and com
pared with those of the animals by more than 
10 %. The actin monomer is divided into two 
lobes, between which is found the ATP-binding 
site; one lobe is formed from the N-terminal150 
amino acids and the other is formed from the 
remaining 225 amino acids; each domain consists 
of one ~ folded sheet surrounded by several a 
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helices. Under physiological conditions, the actin 
monomers (G-actin) aggregate to form actin ma
ments (F-actin). Actin in the muscle is almost 
entirely in the F form, but in non-muscle cells 
both G- and F-actin are found. The arrangement 
of the monomers in an actin filament is usually 
described as a right-hand-threaded double helix 
with a pitch of 71.5 nm. Considering the tight 
binding between the monomers of both strands, 
the filament can also be seen as a simple left
handed helix with a pitch of 5.9 nm [224]. 

Polymerization and depolymerization of the 
actin monomers depends in a complex way on the 
external conditions, and is influenced especially 
by ATP, ADP, Mg2+ and Ca2+. Because all the 
monomers in a filament are orientated in the 
same direction, the filament ends vary. In view of 
the arrowhead forms, which result from the bind
ing of myosin head pieces (HMM), the ends are 
referred to as "pointed" (P) or "barbed" (B). The 
association rate is greater at B ends than at P 
ends, and is greater with ATP-actin than with 
ADP-actin. At a certain (critical) actin concentra
tion, the association (particularly at B ends) and 
dissociation (particularly at P ends) are in equilib
rium, and the filament length remains constant. 
The critical actin concentration depends upon the 
actin type and the external conditions and is usu
ally 0.1-1 I-tmol/l [30, 224]. 

At least six tissue-specific isoactins can be dis
tinguished in mammals and birds; these can be 
classified into three groups, a, ~ and y, according 
to increasing pI values in isoelectric focusing. 
There are four isoforms of the muscle-specific a 
actins. All skeletal muscles contain the same a 
actin and this is therefore the only muscle protein 
that shows no differences amongst the various 
fibre types. Further a actins are found in heart 
muscle and in the smooth muscle of the stomach 
and blood-vessel walls; ~ and y actins are typical 
of non-muscle cells. The sequences of these dif
ferent actins are very similar; the a actins differ in 
only 4-6 out of 375 amino acids, and ~ and y 
actins differ from each other at only 4 positions 
and from a actin at 25-27 positions [188]. 
Species-specific differences between actins of one 
type are rare in the warm-blooded vertebrates; 
for example, the a-actin sequences of cattle, rab
bit, rat and chicken are identical, as are the y 
actins of man, the mouse and rat [186, 288]. Only 
three amino acid substitutions separate the 
skeletal-muscle actins of agnathans and mammals 
[288]. Thus, the actins are changing no quicker 
than histone H4, which is considered to be a 
model of slow evolution (see Table 4.12, p.161). 
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As is seen from the sequence of appearance of 
the different mRNAs, individual actin genes are 
activated in a stage- and tissue-specific manner. 
In Xenopus, y actin is expressed from the begin
ning of development, whereas a skeletal muscle 
and a heart appear only at gastrulation, and only 
in mesodermal cells which later give rise to mus
cles. Embryonal muscles express a third a-actin 
gene [188]. Each amphibian species has its own 
set of up to eight tissue-specific, non-muscle 
actins [50]. Chicken myoblasts synthesize only B 
and y during the division phase, with a appearing 
at the beginning of fusion. No B- or y-actin 
mRNAis present in the complete myotubule. The 
heart type predominates initially in skeletal 
muscle, e.g. there is 80 % in the chicken leg 
muscle at the 11th day of development and still 
several percent in the adult animal. Conversely, 
human, bovine and porcine heart ventricles con
tain up to 20 % skeletal-muscle actin [290]. The 
different isoactins can be clearly classified on the 
basis of their N-terminal amino acid sequences 
(Fig. 10.3). Comparison ofthese sequences shows 
that the actins of invertebrate muscles are much 
more similar to the non-muscle than to the muscle 
actins of the vertebrates. Invertebrate muscle 

Various invertebrates: 
Acanthamoeba sp. 
Pecten sp. 
Caenorhabditis elegans 
Strongylocentrotus purpuratus 

, (egg) 
Centrostephanus robertsi 

Chordata: 
Tunicata: Cyela clavata 
Acrania: Branchiostoma sp. 
Agnatha: Lampetra fluviatilis 

Skeletal and heart muscle 
Elasmobranchii: Mustelus must. 

Skeletal and heart muscle 
Stomach and aorta 
Liver 

G D 
D D 
D D 
D D 
D D 
D D 

D D E 
D D E 

D D E 

D D E 
D E E 

D D 

actins and the Band y actins of vertebrates have 
an N-terminal cluster of three acidic amino acids, 
whereas vertebrate-muscle a actin always has 
four. This surprising similarity between inverteb
rate muscle actins and vertebrate non-muscle 
actins is confirmed by the complete sequences of 
several invertebrate actins: e.g. the muscle actins 
of the scallop Pecten spp. and the sea urchin Cent
rostephanus robertsii differ from the a actin of 
mammalian heart in 19-20 amino acids, and from 
mammalian B actin in only 9-10 amino acids 
[288]. The specific muscle actins of the vertebra
tes arose relatively early in the evolution of the 
Chordates; the actins of the ascidians and the 
lancelets have the four N-terminal, acidic amino 
acids that are typical of mammalian muscle. In 
the tunicates and acranians there is probably only 
one muscle actin; different actins in smooth and 
striated muscles are clearly distinguishable in the 
cartilaginous and bony fish. From the reptiles 
onwards, the two muscle actins developed fur
ther: to skeletal muscle and the heart type in the 
striated muscles, and to stomach and blood-vessel 
types in the smooth muscles [224, 288]. 

The actin of the dysentery amoeba Entamoeba 
histolytica is so similar to mammalian actin that it 
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Fig. 10.3. N-Terminal sequences of 
muscle and cytoplasmic actins from inver-
tebrates and vertebrates [68, 288, 289]. In 
every case acetylated; X represents an 
unidentified neutral amino acid 



can copolymerize with the actin monomers from 
rabbit skeletal muscle. In contrast, the Acantha
moeba actin is unique in several ways: it has N
terminally a blocked residue, and not aspartic or 
glutamic acid as in all other known actins 
(Fig. 10.3); there is an N-trimethyl-Iysine residue 
at position 326 [289]. In addition to this actin, 
which makes up about 10 % of the total cyto
plasmic protein, Acanthamoeba has two others, of 
which one only appears to be present in the nuc
leus. The most deviant actins are found in the cilia
tes. For example, actin from Tetrahymena ther
mophila, with a sequence of 275 amino acids, is 
25 % different to yeast actin, and even 35 % differ
ent to the small actin from Oxytricha tal/ax. Ver
tebrate actin differs from yeast actin by only 13 % , 
from the actins of higher plants by 11-14 %, from 
Acanthamoeba actin by 10 %, and from those of 
Oxytricha by 29-33 %. In addition, the Oxytricha 
actin has only 356 amino acids, lacking the 18 
amino acids which appear at positions 68-85 in the 
other actins. The great evolutionary distance of 
their actins highlights the special position of the 
ciliates within the eukaryotes [51, 95, 101, 104]. 

Actin isoforms are so far known from only a 
few invertebrates. Two electrophoretically dis
tinct actins can be detected in the flight muscles 
of the Diptera and Hymenoptera; in Drosophila, 
the actins of the flight muscles, leg muscles and 
larval abdominal muscles show tissue-specific dif
ferences. Five genes identified in the sea urchin 
Strongylocentrotus purpuratus code for tissue
specific cytoskeleton actins [62]. Even though no 
actin isoforms are detected in most invertebrates, 
there are usually several actin genes present; 
these are either dispersed in the genome (as in 
Drosophila) or ordered in clusters (as in the sea 
urchin). Like yeast, Tetrahymena has only 1 actin 
gene, but there are 3 in the ciliate Euplotes and in 
Acanthamoeba, 4 in Caenorhabditis, 5-6 in vari
ous insects, 5-8 in echinoderms, 15-17 in the 
slime mould Dictyostelium, and 50-75 in the 
roundworm Ascaris [51,62, 101, 147, 309]. Dro
sophila melanogaster has six actin genes, which 
are expressed in a stage- and tissue-specific man
ner, including four which are muscle specific 
[176]. The silkworm Bombyx mori also possesses 
at least five actin genes, three of which have been 
sequenced. One of these three genes is expressed 
in the silk glands in actin filaments involved in the 
ejection of the silk thread. The coded sequence is 
almost identical to that of the cytoplasmic actin 
from Drosophila. The other two sequenced genes 
are muscle specific and differ in 8 of their 374 
amino acids [196]. 
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The sea urchin Strongylocentrotus purpuratus 
has at least six variously expressed actin genes. 
Five genes arranged in two clusters encode the 
cytoplasmic actins; two have been sequenced. 
Just one isolated gene codes for a muscle-specific 
actin in the sea urchin, whereas in insects, as in 
the vertebrates, there are always several muscle
specific actins. The sea urchin muscle actin is 
more similar to the cytoplasmic actins of verte
brates than to their muscle actins; in one region 
of the gene there is clear evidence for a conver
sion event with one of the cytoplasmic-actin gene 
clusters [49]. The six genes are expressed to vary
ing degrees, e.g. in the pluteus larva there are 
60-190 mRNA molecules for the cytoplasmic 
actins compared with 650-1300 for the muscle 
actin. The gene for muscle actin is expressed rela
tively late in development and only in certain 
mesoderm cells. The five genes of the cytoplasmic 
actins fall into three groups, one or two of which 
are expressed in each embryonal cell line, but 
never all three [48]. 

There are about 20 actin genes in the human 
and murine genomes; if genes which differ by 
more than 20 % are included, then the number in 
the mouse may be much higher. Other mammals, 
like the golden hamster, appear to possess only 
five or six actin genes [218]. Why are there so 
many actin genes in some mammals and yet only 
six different proteins? The actins of human skele
tal and heart muscles are each encoded by only 
one gene, as is the cytoplasmic ~ actin. The most 
plausible explanation is that among the human 
and murine actin genes there are probably many 
pseudo genes which are never expressed. The 
arrangement of actin genes in the genome covers 
the whole range of possibilities: tight linkage in 
Dictyostelium, dispersed in Drosophila, and tan
dem clusters in sea urchins and nematodes [68]. 
The human and murine genes for the different a 
actins are not linked [3]. In general, in the mouse 
the active genes for the various muscle proteins 
are widely dispersed in the genome; the genes for 
myosin HC are on chromosome 11, for regulatory 
myosin LC on chromosome 7, for the skeletal 
actin on chromosome 3, for heart muscle on 
chromosome 17, and for the non-muscle actin on 
chromosome 5. 

About two dozen actin genes have been 
sequenced to date. In parallel to the great similar
ity of the encoded proteins, the actin genes them
selves show such broad similarity that the genes 
of widely separated organisms can hybridize. Of 
course, synonymous substitutions have occurred 
in the evolution of the actin genes. However, 
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Fig.l0.4. Actin genes show large differences in the number 
and position of the introns [32, 49, 51, 196]. The positions 

comparisons of isotypic actin genes from different 
mammalian species or from closely related genes 
of one mammalian species show, quite surpris
ingly, that the substitution rate in the 5'- and espe
cially in the 3'-non-translated (NT) region is much 
less than the synonymous substitution rate of the 
coding region. Thus, for example, in the mouse 
the genes for a skeletal muscle, a heart muscle 
and ~ actin, with 7 % difference in their amino 
acid sequences, have 13.8-16.5 % synonymous 
substitutions in the coding sequence, but only 
5.6-8.7 % in the flanking NT regions. It appears 
that a particularly strong selection pressure affects 
this region of the genes in connection with differ
ences in the expression and regulation of the indi
vidual isoactin genes [3, 34, 202, 315]. 

The introns of the actin genes vary greatly in 
number and position between the genes of differ
ent species, and even between the isoactin genes 
within one genome (Fig.lO.4). In this respect, the 
actin mUlti-gene family is unique: in all other well
known gene families the introns always occupy the 
same relative positions, with occasional introns 
being absent. The variability of the actin introns 
may have arisen by the loss of certain ancestral 
introns in different evolutionary lines. Of course, 
the other possibility is that introns were inserted 
later in evolution. The fact that the number of 
introns in the lower eukaryotes is consistently 
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relatively low speaks in favour of the second 
explanation. Both the length and sequence of 
introns change very quickly during evolution, and 
even neighbouring genes often show great differ
ences [32,49, 51, 145, 196]. In contrast to the 
situation for the other muscle proteins, alternative 
splicing of the primary transcript has so far been 
described for only one actin gene: at least four 
mRNAs are produced from the one gene for 
chicken aorta actin and these vary in the length of 
the region [32]. The biosynthesis of amns exhibits 
some special features in the formation of the N
terminus. Initially, the initiator methionine is 
always acetylated and removed; the acetylation of 
the now terminal aspartate residue completes 
maturation in the case of ·the non-muscle actins. 
In the case of the muscle actins, the cysteine fol
lowing the methionine is also acetylated and 
removed before the exposed aspartate or gluta
mate can be acetylated [32,202,224]. 

10.5 Actin-Binding Proteins 

The actin concentration in the cells is several 
hundred micromolar, and therefore exceeds that 
of any other protein. At this concentration, actin 
should rapidly polymerize and exist almost 



entirely as F-actin. In muscle this is in fact the case, 
but in non-muscle cells the actin filaments are con
stantly turned over and are in dynamic equilibrium 
with the free G-actin monomers. The regulation of 
this equilibrium as well as the functional organization 
of the actin filaments and their reorganization during 
normal cell function is apparently the task of a com
plex group of proteins found particularly in non
muscle cells in association with actin monomers and 
filaments. The structural and functional properties of 
the actin-binding proteins have by no means been 
determined in detail. More than 60 such proteins 
from various tissues have been described and more 
are being added to this list. Many of the known actin
binding proteins are probably ubiquitous but compar
ative biochemical data are not yet available. As there 
are as yet very few sequence data, nothing can be 
said at present about the evolution of these proteins, 
and the number of protein super-families involved 
cannot be estimated. It can be assumed, however, 
that every cell contains representatives of different 
families of actin-binding proteins [224, 265]. 

According to the types of interaction with 
actins, the actin-binding proteins can be ordered 
into function classes with some overlap. Many of 
these proteins bind actin monomers and thus inhi
bit polymerization. The "capping" proteins 
deposit themselves on only one end of the fila
ment, usually the B end. Finally, there are prote
ins which bind along the length of the actin fila
ments and these are also of different sorts: one 
binds like tropomyosin to only one filament, 
whilst others are divalent and form filament net
works or bundles [224]. In the especially well
investigated cells of Acanthamoeba, one or more 
representatives of all classes have been found [46]. 

The best-known monomer-binding proteins are 
the pro .... lins, which have been detected in several 
isoforms in various mammalian cells (spleen cells, 
macrophages, brain cells), sea urchin eggs, sperm 
of the holothurian Thyone, as well as in Tetrahy
mena, Acanthamoeba and the slime mould Physa
rum. Profilins bind only to actin monomers, and 
not to dimers or higher polymers, and have a 
greater affinity for ATP-actin than ADP-actin. 
Their inhibitory effect on polymerization cannot 
involve reduction of the monomer concentration 
alone; the dissociation constant of the actin
profilin complex is so high that even in the pres
ence of profilin the monomer concentration 
exceeds the critical concentration. Sequence data 
are available for human profilin, for a basic profi
lin from calf spleen (142 amino acids), and for 
two acidic and one basic isoform from Acantha
moeba (all with 125 amino acids). The profilins 
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contain trimethyllysine but have no other similar
ities to actin [4, 64, 152, 224, 276]. Further 
monomer-binding proteins have been isolated 
from the amoeba: these include the homodimer 
actobindin (two units of 13 kDa), which in con
trast to the Acanthamoeba profilin also reacts 
with rabbit actin, and the monomeric actophorin 
(15 kDa), which is not related to profilin and 
unlike the latter protein can also bind F-actin 
[46, 156]. Cofilin (166 amino acids), from various 
mammalian and chicken tissues, and the homo
logous destrin also bind F-actins in addition to 
actin monomers [2, 194]. 

Most capping proteins bind to the B end of the 
filament, but the exact mechanism of their effect 
is not clear. These proteins may inhibit associ
ation or accelerate dissociation at the occupied 
end. In particular, they may bring about the de 
novo synthesis of shorter filaments with occupied 
(capped) ends; several of them have a filament
severing effect. The biological significance of 
these actin-binding proteins may lie in the stabili
zation of a certain filament length, preventing the 
otherwise constant process of addition to the B 
end and reduction of the P end (the "actin tread
mill"). The intracellular concentration of the cap
ping proteins is sufficient to occupy all the avail
able actin filaments [224]. There are apparently 
three proteins families in this functional class: 

1. The capping proteins in the narrowest sense; 
these are heterodimers with subunits of 
30-35 kDa, known not only from Acantha
moeba, slime moulds and vertebrate non
muscle cells but also from vertebrate skeletal 
muscle [29, 224]. 

2. The fragminlseverin family (monomers of 
45 kDa) is found in slime moulds, thyroid cells 
and sea urchin eggs. 

3. The gelsolinlvillin family (monomers of 
90-95 kDa) is as yet known only in the verte
brates. 

Proteins from the latter two families are regulated 
by calcium and also have filament-cleaving prop
erties. Brevin from the blood plasma is encoded 
by the same gene as that which encodes the intra
cellular gelsolin, but it has N-terminal extensions 
of 9 amino acids in the pig and 25 amino acids in 
man [151,301]. The proteins binding to the Pend 
of actin filaments are not so well known. They 
include, for example, acumentin from macro
phages (63.5 kDa), ~ actinin from mammalian 
skeletal muscle (35-37 kDa), and also cytoskele
ton proteins such as spectrin and the band-4.1 
protein (p. 360). Smaller filament-cleaving proteins 
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(15-20 kDa) have been isolated from protozoans, 
echinoderms and vertebrates, but in the absence 
of sequence data little can be said about their 
relationships to each other [46, 224]. 

The proteins that bind sideways on a single 
actin filament include, in particular, tropomyosin. 
The rod-shaped tropomyosin molecule is mono
valent, i.e. it cannot make either bundles or latti
ces from actin filaments, but it probably serves to 
stiffen them and increase their mechanical 
strength [114]. Bundling of actin filaments is 
observed in microvilli and some other cytoplasmic 
structures. The actin-bundling proteins include 
the fascins, found as monomers of 57 kDa in 
Acanthamoeba and slime moulds, in the eggs, 
sperm and coelomocytes of echinoderms, in 
Limulus sperm and in mammalian brain; fimbrim 
(68 kDa) from various mammalian cells; and vil
lin (95 kDa) from the microvilli of the brush
border cells in the gut and kidney [15]. Actin 
cross-linking proteins were discovered through 
their drastic effect on the viscosity of actin solu
tions. The filamins of smooth muscle and the 
"actin-binding proteins" (ABPs) from non-muscle 
cells are homodimers (two units of 250 kDa) 
which carry an actin-binding site on each subunit, 
and hence have filament-bundling or filament
cross-linking activity [106,224]. There are two 
types of thin fdarnent in the smooth muscle of the 
chicken crop; one consists of actin, tropomyosin 
and caldesmon, and the other of actin, tropo
myosin and filamin. The biological significance of 
this heterogeneity is not known [163]. 

Specific structural proteins link the actin micro
filaments of the cytoskeleton to the plasma mem
brane. For example, the actin filaments of the fib
roblasts are bundled into so-called stress fibres 
which end in adhesion plaques on the plasma 
membrane. The stress fibres contain periodically 
arranged a actinin in addition to filamin, and the 
plaques contain vinculin (130 kDa) and talin 
(215 kDa). Vinculin and talin are also found in 
muscle [125,229, 302]. Desmosomes and other 
structures linking epithelial cells contain placo
globin (83 kDa), which is also found in cells that 
lack desmosomes [123]. The a actinins were disco
vered in vertebrate striated-muscle cells as a com
ponent of the Z lines, but they are also present in 
the functionally equivalent "thick bodies" of 
smooth muscles, in the non-muscle cells of verteb
rates, and in sea urchin eggs and slime moulds. 
They are homodimers of 100-kDa subunits with 
almost 900 amino acids [6, 183, 224]. It has only 
recently become clear via sequence comparisons 
that a actinin has homology to the spectrins of the 

membrane skeleton. The spectrins are composed 
of 106-amino-acid repeats; three such repeats with 
significant (25 %) sequence similarity to spectrin 
make up the C-terminal domain of chicken a acti
nino In contrast, the N-terminal, actin-binding 
domain has no similarity to spectrin [24, 298]. 

10.6 Tropomyosins and lroponins 

The tropornyosins are a-helical polypeptides with 
a length of 284 amino acids and a mass of 
34-46 kDa; they occur in the muscles of vertebra
tes and invertebrates, and may be smaller in non
muscle cells. Usually, two equal or different 
chains are intertwined to give a rod-like dimer 
that is 40 nm long (coiled-coil structure). Tropo
myosin has been detected in all muscle types of 
the vertebrates, and also in the muscles of various 
invertebrates and in many non-muscle cells. The 
thin filaments of vertebrate skeletal muscle con
tain actin monomers, tropomyosin and the tropo
nin complex in the ratio 7: 1 : 1. The tropomyosin 
molecules lie in the grooves between the actin 
strands of the thin filaments, and each carries one 
troponin complex. This conformation is responsi
ble for the actin-specific calcium regulation of the 
contractile apparatus. Tropomyosin is also found 
in myosin-specific regulated muscle and non
muscle cells, but is then not associated with a tro
ponin complex; here, it appears to have the func
tion of increasing the mechanical strength and 
stiffness of the thin filaments [114]. The tropomyo
sin genes have quite different lengths (rat a-TM 
28 kb; rat ~-TM 10 kb; Drosophila Tml 22 kb and 
Tm2 28 kb), but always have exons of either 21 or 
42 codons. One large and two small exons encode 
each of the actin-binding sites, of which there are 
seven regularly distributed over the whole length 
of 284 amino acids [289]. The shorter tropomyo
sins from equine blood platelets (247 amino 
acids), human fibroblasts (247 amino acids) and 
Drosophila non-muscle cells (252 amino acids) 
extend over only six actin monomers [92]. 

Just like other muscle proteins, tropomyosins 
exist as several isoforms, which are either 
encoded by different genes or derived by alternat
ive splicing of the same primary transcript. Addi
tional heterogeneity can arise by post
translational phosphorylation. There are two tro
pomyosin subunits, a and ~, in striated and 
smooth vertebrate muscle; these are encoded by 
different genes but differ only slightly in their 
sequences. They mostly exist as a~ heterodimers 



but can also form the two different homodimers. 
Each gene produces several tropomyosin iso
forms, the exact number of which is not known, 
even in the case of the common laboratory mam
mals. Mammals also express the a form of the 
fast-twitch skeletal-muscle fibres in the heart, 
whereas birds have heart-specific isoforms. Dif
ferent isoforms are also found in non-muscle 
cells. The production of isoforms by the ~-TM 
gene of chicken is a good example of alternative 
splicing; at least nine different mRNAs are pro
duced by the use of two promoters and alternat
ive splicing of several of the 13 exons. The 
mRNAs of all muscle tropomyosins include exons 
1-5 (amino acids 1-188) and 8-9 (amino acids 
214-257), whereas exon 6 (amino acids 189-213) 
and exon 11 (amino acids 258-284) are found 
only in smooth-muscle mRNA, and the analog
ous exons 7 and 10 exist only in skeletal muscle. 
An additional exon, 1', between exons 2 and 3 
encodes, together with exons 3, 4, 5, 6A, 7,8 and 
9A, a non-muscle-cell tropomyosin of 247 amino 
acids [72, 166]. The species-specific and isoform
specific differences between the tropomyosins 
involve 15-25 % of the whole sequence but are 
mainly located at the C-terminal end. This region 
is responsible for dimer formation and the bind
ing of actin and troponin, and the tropomyosin 
isoforms thus show considerable differences in 
these properties. 

Multiple tropomyosins are also known from 
Drosophila. There are at least three muscle
specific isoforms, of which two are encoded by the 
same gene, Tml. Differential splicing of exon 4 
leads to two muscle-type-specific isoforms with a 
length of 284 amino acids, which differ only in 27 
C-terminal amino acids. The third muscle-specific 
tropomyosin is encoded by the gene Tm2 and, as 
the result of a substitution in the stop codon, has 
a length of 285 amino acids. Alternative splicing 
produces a further non-muscle-cell tropomyosin 
isoform from the same gene with a length of 
252 amino acids [92]. A tropomyosin from the 
locust Locusta migratoria agrees by 51-55 % in its 
sequence of 283 amino acids with various verte
brate tropomyosins, and by 87 and 64 % with Tml 
and Tm2 from Drosophila, respectively [148]. 
Tissue-specific tropomyosin isoforms have also 
been found in other invertebrates, e.g. there are 
up to five in various mussels, and two in the 
muscles of the earthworm Lumbricus terrestris. 
There are at least six tropomyosin isoforms in the 
xiphosuran Tachypleus tridentatus, but these are 
distributed equally in all tissues, i.e. tissue speci
ficity is not so marked in this case [114, 187]. 
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The troponin complex consists of three non
covalently linked proteins: Tn-T as the 
tropomyosin-binding component; Tn-I, which 
inhibits actomyosin ATPase; and the calcium
binding Tn-C. All three types from the fast-twitch 
skeletal-muscle fibres of rabbit have been 
sequenced, and they constitute the most studied 
model of the relationship between structure and 
function in the troponin complexes. The N
terminal amino acids 1-70 of Tn-T bind in an anti
parallel fashion to the C-terminus of one tropomy
osin molecule and to several N-terminal amino 
acids of the subsequent molecule. The C-terminal 
region of the Tn-T binds to a second site, which is 
20 nm from the first site, on the tropomyosin mol
ecule. The contact sites between Tn-T and the 
components Tn-C and Tn-I also lie in this region. 
Binding of Ca2+ to Tn-C disrupts the binding of 
Tn-T to the second site on the tropomyosin mol
ecule and causes a conformational change which 
expose the attachment site of the myosin head on 
actin. In addition to that in the vertebrates, a 
complete troponin complex has been found in sev
eral invertebrates, e.g. arthropods, molluscs and 
the roundworm Ascaris lumbricoides [130]. Some 
non-muscle cells contain only Tn-C, and as it can
not be involved in A regulation in the absence of 
Tn-I and Tn-T, its function in this case is not clear. 

The Tn-T from the muscles of the rabbit, rat 
and chicken have very different lengths of 
between 259 and 301 amino acids; Tn-T is, as a 
rule, longer in arthropods and mussels than in the 
vertebrates. Thus, in Tn-T evolution there have 
been insertions and deletions of larger DNA seg
ments as well as nucleotide substitutions [25]. Iso
forms of Tn-T have been detected in vertebrates 
of all classes and even in the ascidian Halocynthia 
roretzi [206]. Like other muscle proteins, the tro
ponins of the vertebrates show large differences 
in different muscle types. Thus, in mammals and 
birds, there are different isoforms of Tn-Tin heart 
muscle and in fast-and-slow-twitch skeletal 
muscle, and these are encoded by different genes. 
There are also pseudogenes in the Tn-T gene 
family. The number of isoforms of all tissue
specific Tn-Ts can be further increased by alter
native splicing. In the fast-twitch skeletal-muscle 
fibres of the rat, 64 Tn-T isoforms arise by the 
alternative use of exons 4-8 and 16-17 [25]; the 
situation is very similar for the Tn-T variants in 
chicken skeletal muscle [249]. In the case of the 
heart-specific Tn-T gene of the chicken, only one 
of the two mRNAs formed receives the transcript 
of exon 5 and is translated to the 301-amino-acid 
isoform I of Tn-T, which predominates in the 
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embryonal heart and early embryonal skeletal 
muscle. It may be that the acidic decapeptide 
encoded by exon 5, which is missing from isoform 
II (291 amino acids) from adult heart, is only 
required for the early synthesis of sarcomeres. In 
fact, the heart-specific Tn-T gene of the chicken 
includes amongst its 18 exons the shortest known 
exon sequence: exon 17 is only 17 bp long. In the 
rat Tn-T gene the corresponding sequence is 
included in the last exon; the number and posi
tion of the introns does not completely agree in 
the two Tn-T genes [47]. 

Alternative splicing complicates comparison of 
the Tn-T sequences of different species. The Tn-T 
from the skeletal muscles of the rat and rabbit dif
fer mainly in the N-terminal amino acids 1-36; 
the amino acids 37-259 are identical except at 
four positions. The differences between skeletal
muscle Tn-Ts of mammals and birds are also 
mainly restricted to the terminal regions [25]. The 
Tn-T from rabbit heart muscle (276 amino acids) 
differs in particular in three regions (amino acids 
17-46, 152-169 and 237-249) from that of skele
tal muscle, but is in fact very similar to chicken 
heart Tn-T in just these regions; it is possible that 
this part of the polypeptide chain is essential for 
heart function [215]. 

The Tn-I is also found in heart muscle, as well 
as in both fast- and slow-twitch skeletal muscle in 
different isoforms with up to 40 % differences in 
sequence. The Tn-I from the skeletal muscle of 
the chicken has a length of 182 amino acids [203], 
whilst Tn-I from rabbit heart bears an N-terminal 
extension of 26 amino acids; the phosphorylation 
of the 20-Ser within this segment by a cAMP
dependent protein kinase reduces the calcium 
affinity of the troponin complex. In normal heart, 
Tn-I is only 30 % phosphorylated, but after ~
adrenergic stimulation it increases to 100 %. Only 
one Tn-I has been sequenced from invertebrates, 
from the crayfish Procambarus clarkii. It has an 
acetylated N-terminus, contains two trimethyl
lysine residues and shows only 20-25 % agree
ment to vertebrate Tn-Is in its sequence of 201 
amino acids; in contrast, the latter show more 
than 60 % agreement with each other [140]. 

The Tn-C belongs, like the myosin LC, to the 
protein super-family of the calmodulin-like, 
calcium-binding proteins, and bears the typical 
four calcium-binding sites. In the Tn-C of fast
twitch skeletal-muscle fibres, only binding sites I 
and II are available for calcium regulation, whilst 
sites III and IV are occupied by Mi+ under 
physiological conditions. In the Tn-C from slow
twitch muscle fibres and heart muscle, only Ca2+-

binding site II is functional. The heart and slow
twitch skeletal-muscle fibres of the rabbit contain 
the same Tn-C, and this differs in 56 of its 181 
amino acids (35 %) from that of the fast-twitch 
muscle fibres. Despite the identity of the Tn-Cs, 
the troponin complexes in heart and slow-twitch 
muscle fibres have differences in their calcium 
affinities, determined partially by the different Tn
Is present. The Tn-Cs show relatively slow evolu
tion: rabbit and bovine heart Tn-Cs differ in only 
one amino acid; the skeletal muscle Tn-C of the 
rabbit differs from that of man by one amino acid, 
and from that of the chicken and frog Rana escu
lenta in 13-15 of about 160 amino acids (Tab
le 10.1). The crayfish Procambarus clarkii has two 
Tn-C isoforms which differ in 21 of 150 amino 
acids, i.e. they are apparently encoded by different 
genes. The giant barnacle Balanus nubilis also has 
two Tn-Cs of 151 and 158 amino acids and these 
agree by only 61 %. These are the only invertebr
ate Tn-Cs to have been described in detail, and 
they have only one-third of their sequences in 
common with the Tn-Cs and calmodulins of the 
vertebrates. They have only two functional Ca2+
binding sites [44, 141]. The annelids, arthropods, 
molluscs, nematodes and some other invertebrates 
have all been shown to possess Tn-Cs, but 
investigations of the arthropod and mollusc mole
cules show only 0.75-1.3 Ca2+ ions are bound 
in vitro compared with 3-4 in the vertebrates [35]. 

10.7 Paramyosins 

Paramyosins are rod-shaped molecules with a 
length of 130 nm and a diameter of 2 nm. Like 
the LMM region of the myosins or the tropomyo
sins, they consist of two a helices associated into 
a coiled-coil; the two chains are identical and 
have a molecular mass of 100-110 kDa. At low 
pH and in the presence of a high concentration of 
divalent cations they form paracrystals; paramyo
sin is easily identified from its characteristic axial 
periodicities of 72.5 and 14.5 nm. Higher or 
lower amounts of paramyosin are to be found in 
probably all invertebrate muscles, and it has been 
detected in, for example, molluscs, annelids, 
xiphosurans, insects, nematodes, trematodes and 
cestodes; it is absent from vertebrate muscles and 
non-muscle cells [103, 238]. The paramyosin gene 
of Caenorhabditis elegans (unc-16) has been 
sequenced. It codes for a protein of 868 amino 
acids which has the heptad repeats of hydro-



phobic amino acids and the 28-mer repeats of 
charged amino acids that are very typical of the 
myosin heavy-chain rod. The paramyosin mol
ecule, however, differs from the myosin HC in 
that it lacks the terminal non-helical regions [122]. 

All the muscles of molluscs contain paramyo
sin, with the highest amounts being found in the 
smooth shell adductors, foot muscles and byssus 
retractors of the mussels. The thick filaments in 
these paramyosin muscles are unusual in their 
thickness and length; they consist of a paracrys
talline nucleus of paramyosin bearing myosin on 
its surface. The ratio of paramyosin to myosin lies 
between 2:1 and 10:1 [33,238]. The paramyosin 
molecule, like the HC tail region of myosin, can 
be reversibly phosphorylated by a cAMP
dependent protein kinase; in both cases this 
results in increased solubility [33]. Functionally, 
the paramyosin muscles are noted for the "catch" 
mechanism, by which a high mechanical tension 
can be maintained over long periods with mini
mal energy consumption. This phenomenon can 
be dramatically demonstrated with mussels, 
which can keep their shells closed despite many 
weeks of applied tension of several kg/cm2 muscle 
cross-section. The catch mechanism does not 
involve the active generation of tension, but more 
a rigor-like state which is relieved by, for exam
ple, serotonin in intact fibres and cAMP in the 
case of sarcolemma-free fibres. The molecular 
mechanism of the catch system has not yet been 
described. One set of hypotheses assumes it to be 
related to the mechanical properties of the 
paramyosin-myosin complex and to be regulated 
by phosphorylation, although a connection 
between an increase in phosphorylation and 
release of the catch has by no means been estab
lished. Other hypotheses seek to explain the 
mechanism by changes in the kinetics of bridge 
formation between thick and thin filaments, i.e. 
increased stability or reduced breakage of these 
bridges. Unambiguous evidence is also lacking in 
this case, and neither hypothesis explains why the 
catch phenomenon depends upon the presence of 
large quantities of paramyosin [33, 238,299]. 

10.8 Calcium-Binding Proteins 

10.8.1 Calmodulins 

The protein family to which the light myosin 
chains and troponin C belong also includes a 
whole series of proteins from muscles and non-
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muscle cells which have the capacity to bind Ca2+ 

and Mi+ with high affinity. The prototype of 
these calcium-binding proteins is calmodulin, 
which was discovered at the beginning of the 
1970s as the activator of certain phosphodiester
ases and is now known as the universal calcium 
receptor of eukaryote cells [80,263]. Calmodulin 
has been found in all eukaryote cells examined, 
from the mammals to the lower fungi, and even in 
several bacteria [149]. Particularly high levels are 
found in mammalian brain and testis as well as in 
the electric organ of the electric eel Electrophorus 
electricus, from which up to 1 g calmodulin per kg 
organ can be obtained. 

Calmodulin is made up of a polypeptide chain 
of 16.7 kDa with 148 amino acids, including 
approximately 50 aspartate and glutamate resi
dues which confer the acidic nature of the mol
ecule (pI = 4). The N-terminus is always blocked, 
and many calmodulins have a post-translationally 
modified NE-trimethyl-Iysine at position 115. The 
calmodulin molecule has the shape of a dumb
bell, with two globular regions, each bearing two 
calcium-binding sites, connected by a long a helix 
[8]. The amino acid sequence has a distinct inter
nal periodicity with four homologous, calcium
binding domains, I-IV, each of 30 amino acids. 
They have a characteristic tertiary structure refer
red to as EF-hand, consisting of a calcium
binding loop of 12 amino acids flanked by two a
helical sections arranged more-or-Iess perpendi
cular to each other (Fig. 10.5). The sequence 
similarity is especially high between domains I 
and III, and II and IV. It seems reasonable to 
assume that this structure arose by the double 
duplication of a gene for a primitive calcium
binding eukaryote protein. It is clear, however, 
that the intronlexon structure of the gene is not 
entirely compatible with this concept, as the 
introns often break up Ca2+ -binding domains. 
The evolution of the calmodulin gene has appar
ently been somewhat complicated [204, 217]. 

The calmodulins of different animal species are 
structurally and functionally very similar, as is 
shown already by analysis of the amino acid com
position. Vertebrate calmodulins contain two 
tyro sines , whereas in the invertebrates there is 
always only one. The trimethyl-Iysine that is char
acteristic of most calmodulins is missing in green 
plants, Dictyostelium and Neurospora, and also in 
Trypanosoma, the crayfish Orconectes limosus 
and the insects Bombyx mori, Drosophila mela
nogaster and Mamestra configurata. The amino 
acid sequence of Drosophila calmodulin, 
obtained via the cDNA, has a lysine in position 
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a) 

b) 

Ac-ADGLTEEGIAEFKEAFSLFDKDGNGTITTKELGTVMRSL 
LGGNPTEAELGDMINEVDADGNGTIDFPEFLTMMARK 

Fig.tO.5a, b. The struc
ture of calmodulin from 
bovine brain. The arrows 
show the position of N
trimethyl-Iysine residues 
[263]. a The internal peri
odicity of the molecule; 
four domains (I-IV), 
each with a Ca2+ -binding 
loop of 12 amino acids 
(open circles), are flanked 
by a-helical stretches of 8 
amino acids and linkers 
of various lengths (closed 
circles). bThe sequence is 
arranged so that the four 
highly homologous Caz+
binding loops (solid 
underlining) and associ
ated a-helical stretches 
(dashed underlining) lie 
above each other 

MKDTDSEEEIREAFRVFDKDGNGYISAAELRHVMTNL 

GEKLTDEEVDEMIREANIDGDGEVNYEEFVGMMTAK 

+ --------------------------

115 but it is apparently not methylated. In con
trast, the calmodulin of the Mediterranean fruit 
fly Ceratitis capitata does contain a trimethyl
lysine [23, 86, 193, 316]. Tissue-specific differ
ences in the methylation of the 115-Lys are 
reported from the cephalopods of the genus Octo
pus; the central nervous system (lobus opticus) 
contains 1 mol trimethyl-Iysine per mole calmo
dulin compared with 0.1 mol each of mono-, di
and trimethyl-Iysine in the other tissues [23]. In 
the calmodulin of the ciliate Paramecium, not 
only is the 115-Lys trimethylated, but also the 13-
Lys is dimethylated [243]. As is shown by the cal
modulins of Bombyx mori and Octopus, the func
tion of calmodulin as an activator of phosphodies
terase is independent of the methylation of 115-
Lys [23]. The amino acid sequences of the calmo
dulins of many species are now known [7, 243, 
248, 316], and in the case of various vertebrates, 
the gastropod Aplysia californica, Drosophila 
melanogaster and the sea urchin Arbacia punctu
lata we also know the gene sequences [94, 204, 
245,251,269]. Calmodulin is a very conservative 
protein in terms of its evolution. All mammals, 
the chicken and the frog Xenopus laevis have 
identical calmodulin sequences. All known 
sequences from the plants and unicellular orga
nisms to man differ at only 39 out of 148 posi
tions; in the whole Metazoa, with the exception 
of the aberrant calmodulin of the chicken, there 

are only six variable amino acids [94]. The mam
malian calmodulins differ from those of Droso
phila melanogaster and the cnidarians Metridium 
senile and Renilla reniformis in only 3 amino 
acids, and even from those of the ciliate Tetrahy
mena pyriformis in only 12 positions and from 
Paramecium tetraurelia in 15 positions (Tab
le 10.1). It seems that the universal calcium 
receptor, calmodulin, with its many functional 
restrictions, is subject to much slower evolution 
than are the calcium-binding proteins troponin C 
and parvalbumin, which are adapted to quite spe
cific functions (Table 10.1). 

The conservative evolution of the calmodulins 
is also demonstrated at the gene level; the cDNA 
of calmodulin from Electrophorus hybridizes not 
only with the DNA of various vertebrates but also 
with that from wheat germ. The number and 
structure of calmodulin genes differs quite widely 
between species. In some species, e.g. Droso
phila melanogaster, there is only one calmodulin 
gene; two are found in the chicken, Xenopus lae
vis and humans, three in the flagellate Trypano
soma brucei and the xiphosuran Limulus poly
phemus, and four in the rat. The coding sequence 
is divided into three exons in Limulus, four in 
Drosophila, five in the gastropod Aplysia califor
nica, and five (gene CaM II) or six (genes CaM I 
and III) in the rat [60, 204, 216, 269]. Whereas 
the multiple calmodulin genes of the mammals all 



code for the same amino acid sequence, the sea 
urchin Arbacia punctulata produces two quite 
similar isocalmodulins [94]. Retropseudogenes 
identified in the multi-gene family of the rat, 
humans and the chicken would code for calmodu
lins with quite deviant sequences, but are prob
ably not expressed [142]. A protein of unknown 
function, isolated from the optic lobe of the squid 
Loligo pealei, is 68 % similar in its 149-amino
acid sequence to mammalian calmodulin, and 
contains four calcium-binding sites [96]. 

Ca2+ -calmodulin takes part in the regulation of 
enzymatic and other cellular reactions through 
involvement of the secondary messenger Ca2+, 

either as a regulatory component of the enzyme 
itself (MLCK, phosphorylase kinase), or indire
ctly, and hence more slowly, by influencing the 
activity of protein kinases. Many enzymes which 
are directly or indirectly regulated by Ca2+ -
calmodulin are simultaneously substrates of 
cAMP-dependent protein kinases; this is also 
true for MLCK. Furthermore, as an activator of 
cAMP phosphodiesterase, Ca2+ -calmodulin inter
acts with the cAMP secondary messenger system. 
Ca2+ -calmodulin also has a functional relation
ship with contractile mechanisms and the cytoske
leton. Caldesmon of the smooth muscle alterna
tes, according to the calcium concentration, 
between calmodulin and F-actin with a sort of 
flip-flop mechanism, and the microtubule
associated tau factor does the same but with cal
modulin and tubulin. Finally, calmodulin is 
involved in the regulation of calcium pumps in 
the plasma membrane and the endoplasmic reti
culum membrane, and thus participates in the 
calcium homeostasis of the cell [238]. 

Despite the extensive structural similarities 
between all calmodulins, there are sometimes dif
ferences in function. Thus, for example, the gua
nylate cyclase of Tetrahymena is only activated by 
the calmodulin of this ciliate, although it differs at 
only 12 positions from other calmodulins [318]. 
The calmodulins of Tetrahymena,the mussels Pati
nopecten and Mytilus, and the fly Drosophila are 
much less active in the activation of mammalian 
brain phosphodiesterase than is mammalian cal
modulin itself. Thus, is would appear that 
coevolution of calmodulin and the enzymes has 
occurred [86, 185]. In this connection, it is note
worthy that calmodulin from muscles of the mig
ratory locust Schistocera gregaria can activate 
phosphodiesterase from bovine brain but not the 
enzyme from its own muscles. 
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10.8.2 Other Calcium-Binding Proteins 

Apart from the calmodulins, essential and regulat
ory myosin-LCs and troponin C, muscles and non
muscle cells contain a series of further proteins 
which may be included in this same protein super
family on the basis of their EF-hand structure: the 
parvalbumins of vertebrate muscle, the sarcoplasm 
calcium-binding proteins (SCBP) of invertebrate 
muscles, the large (28 kDa) and small (9 kDa) 
cholecalciferol (vitamin D)-induced calbindins of 
birds and mammals, the S-110 proteins, the cal
cium vector protein (CaVP) of the acranian Bran
chiostoma, the spec proteins of sea urchin 
embryos, the calcium-dependent proteases (cal
pains), the muscle protein a actinin, and the fluo
rescent protein aequorin. A phylogenetic tree, 
constructed by the parsimony method, of the 153 
known EF-hand proteins shows that a least 12 
evolutionary lines separated quite early and that 
further subfamilies probably exist [190, 223]. From 
comparisons of the calcium-binding domains, it 
seems likely that the common ancestral form had 
two calcium-binding sites, and independent 
duplications in different evolutionary lines led to 
proteins with four binding sites [213]. The parval
bumins lack the N-terminal 40 amino acids and, 
therefore, calcium-binding site I; domain II is no 
longer able to bind Ca2+, and sites III and IV have 
increased affinities. Amongst the SCBPs of inver
tebrates are some with two or three functional 
binding sites: I and II in the scallop Patinopecten, 
I-II in the Crustacea, and I, III and IV in the poly
chaete Perinereis [272]. In troponin C, all four 
binding sites are present but only I and II are cal
cium specific; III and IV have changed so much 
that they preferentially bind Mg2+. Site I of the 
heart type of troponin C can no longer bind Ca2+. 
Amongst the myosin LCs, the regulatory LCs can 
bind Ca2+ at site I, whilst all four domains of the 
essential LCs have completely lost the ability to 
bind divalent ions. The 28-kDa calbindins of birds 
and mammals contain six EF-hand structures, of 
which four can bind calcium; in contrast, the 9-
kDa variety from mammalian gut has only two 
calcium-binding sites. The two calbindins show no 
great similarity, either to each other or to other 
calcium-binding proteins, and quite clearly devi
ated early from the evolutionary line of the 
calmodulin-like proteins [7, 76, 112]. 

The parvalbumins are acidic cytosolic proteins 
of 108-110 amino acids and a molecular mass of 
12 kDa. They were discovered in 1934 in frog 
muscle, and are found at the highest concentra
tions in the white muscles of fish, amphibians and 
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small mammals; they also occur at lower levels in 
the brain and other non-muscle tissues of verteb
rates. They are hardly detectable in the heart and 
gut muscles [81,241]. The chicken thymus con
tains a peptide that induces T-cell markers on cul
tured bone-marrow cells and is referred to, there
fore, as avian thymic hormone. The sequence 
shows, however, that it is really a non-muscle 
parvalbumin [26, 211]. The parvalbumins in 
muscles have the function of a soluble relaxation 
factor: the calcium released from the sarco
plasmic reticulum in excited muscle binds initially 
to troponin C, thereby activating the actomyosin 
ATPase and triggering contraction. Although par
valbumin has a higher calcium affinity than tropo
nin C, the excess of magnesium in the relaxed 
muscle results in it being fully loaded with magne
sium, the dissociation of which requires a certain 
time. The calcium pump of the sarcoplasmic reti
culum has an affinity even higher than that of par
valbumin, but it must first be activated. Muscle 
relaxation thus begins with the transfer of Ca2+ 
from troponin C to parvalbumin. After a certain 
delay, calcium is returned to the sarcoplasmic reti
culum by the calcium pump, and the Ca2+ bound 
to parvalbumin exchanges with Mg2+ due to the 
declining Ca2+: Mg2+ ratio [238]. 

As the relaxation rate of a muscle is mainly 
determined by the transfer of Ca2+ from troponin 
C to parvalbumin, the rate should be correlated 
to the parvalbumin concentration. In actual fact, 
comparison of different muscle fibres in an ani
mal shows the highest parvalbumin concentration 
in type lIB (fast-twitch glycolytic), and in compa
risons of the muscles of different mammalian spe
cies the highest values are found for the gastroc
nemius of the mouse (4.9 g/kg) and the lowest 
values for the muscles of man and the horse 
(:::; 0.001 g/kg). The parvalbumin of rat brain and 
testis is identical to that in muscle. In non-muscle 
cells, parvalbumin may be involved in calcium 
homeostasis as a calcium buffer. More than 20 
parvalbumin sequences from mammals, reptiles, 
amphibians, Crossopterygei and teleosts are 
known, and indicate a relatively rapid evolution 
(Table 10.1). Based on sequence characters and 
the isoelectric point, two different types of parv
albumin are recognized (a and ~) and these can 
occur together in the same muscle [81, 241]. 

Instead of parvalbumins, invertebrate muscles 
contain sarcoplasmic calcium-binding proteins 
(SCBPs) with very heterogeneous structures; they 
have been reported, for example, from annelids, 
crustaceans, mussels and lancelets. Alone in the 
Crustacea, there are dimeric SCBPs with two 22-

kDa chains and altogether six calcium-binding 
sites, four of which also competitively bind mag
nesium. In the decapods Astacus leptodactylus, 
Homarus gammarus and Hippolyte zostericola, 
two types of chain are found in different species
specific ratios, from which homo- and heterodi
mers with the same calcium-binding properties are 
formed [116]. The SCBP of the scallop Patinopec
ten yessoensis has a length of 176 amino acids, cor
responding to 20.1 kDa; of the four binding sites 
present only I and III are functional. In the poly
chaete Nereis diversicolor and Perinereis vancau
rica SeBPs, which are more-or-Iess the same size, 
domain IV can also bind Ca2+ bind Ca2+ [279]. In 
addition to calmodulin, the cilia of Tetrahymena 
thermophila contain two further calcium-binding 
proteins of 23 and 25 kDa, each with four EF
hand domains [43,272]. The flagella of Trypano
soma cruzi and T. brucei have homologous 
calcium-binding proteins of 23 kDa [161]. 

Four sequenced SCBPs isolated from amphi
oxus (Branchiostoma lanceolatum) differ in only 
1-7 of their 185 amino acids; they bear four EF
hand domains, of which I-III are functional 
calcium-binding sites, and one of them also com
petitively binds magnesium [275]. Amphioxus 
possesses a further calcium-binding protein of 161 
amino acids with an acetylated N-terminus. The 
C-terminal half of the molecule, with the two 
functional calcium-binding domains III and IV, 
agrees 45 % with human calmodulin and 40 % 
with troponin C of rabbit skeletal muscle. The N
terminal half contains two non-functional Ca2+ 
domains and shows only 24 and 30 % similarity, 
respectively, to the two mammalian proteins. 
Because of its similarity to calmodulin, this pro
tein is known as the calcium vector protein 
(CaVP) [139]. It builds a complex with a target 
protein (CaVPT) of 243 amino acids which can 
interact with thick myofilaments via two immu
noglobulin-like domains [274]. The direct trans
duction of Ca2+ signals to an effector system has 
also been described for the S-100 proteins, which 
are widely distributed in the animal kingdom, and 
for the spec proteins of the sea urchin. The S-lOO 
proteins make up a family of small Ca2+ -binding 
modulator proteins of 10-12 kDa; they were dis
covered in mammalian brain but have since been 
reported in many different animals from proto
zoans to man. In the mammals, they are homo- or 
heterodimers of a and ~ subunits, which show 
about 50 % sequence difference to each other, 
but contain two EF-hand domains each. They 
bind to various effector proteins and are involved 
in the process of cell differentiation and interac-



tions between the cytoskeleton and the plasma 
membrane. They also act extracellularly: the ~~ 
homodimer is identical to the neurite extension 
factor (NEF) which stimulates neurite growth; 
the a~ heterodimer has no such activity [135]. 
The sea urchin Strongylocentrotus purpuratus has 
about eight spec genes which are expressed 
exclusively in the aboral ectodermal cells of the 
embryo. They encode about ten different spec 
proteins of 14-17 kDa with four EF-hand 
domains, which are produced during embryo
genesis in the same cells but at different times and 
in different amounts. The specl protein is, for a 
time, one of the most predominant proteins of the 
embryo. Its precise function is not known; how
ever, it appears to bind to actin and effect regular 
changes in the cell form. If the spec proteins 
really play an important role in embryo develop
ment, corresponding proteins would be expected 
in other sea urchin species. In fact, a protein of 
34 kDa with eight EF-hand domains in Lytechi
nus pictus could have arisen by the duplication of 
a spec-like protein [93, 314]. 

The duodenum of birds and mammals contains 
calcium-binding proteins with a similar function 
but different structures; these are involved in 
vitamin D-dependent calcium absorption and are 
now mostly known as calbindins. The so-called 
28-kDa calbindin, isolated from the gut wall of 
the chicken and sequenced via the cDNA, con
sists of 262 amino acids, corresponding to a mole
cular mass of 30 kDa, and includes six functional 
EF-hand domains [159]. In the gene there are 11 
exons whose borders do not coincide with the 6 
domains; 3 poly(A) signals are present and 3 
mRNAs of different length are produced [306]. 
Sequence comparisons of human, bovine and 
chicken 28-kDa calbindin suggest a low rate of 
evolution of 0.3 . 10-9 substitutions per amino 
acid per year [213]. Instead of the 28-kDa calbin
din, the mammalian gut contains an equivalent 
molecule of 9 kDa. The small calbindin isolated 
from rat gut consists of 79 amino acids and pos
sesses only two calcium-binding domains, which 
apparently correspond to domains I and II of cal
modulin. The 9-kDa calbindin from porcine and 
bovine intestine differ by about 20 % from that of 
the rat [52]. The kidneys of mammals, birds, 
reptiles and amphibians express the 28-kDa cal
bindin, and only in the bat Rousettus aegyptiacus 
has a 9-kDa version been found. The 28-kDa 
molecule is also present in the cerebellum, and 
the 9-kDa form occurs in the placenta [209]. 

There are several families of calcium-binding 
proteins which do not belong to the super-family 
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of the EF-hand proteins. The calsequestrins are 
the predominant Ca2+ -binding protein of the cis
ternae of the sarcoplasmic reticulum in the skele
tal muscle of the mammals, birds and amphibi
ans, and in mammalian heart. They bind 40-50 
calcium ions per molecule with a relatively low 
affinity, and ensure that the Ca2+ concentration in 
the lumen of the endoplasmic reticulum does not 
exceed 1 mmol/l, thereby reducing the task of the 
calcium pump. Several such proteins have been 
sequenced via cDNA. The calsequestrin from the 
fast-twitch skeletal muscle of the rabbit is an 
aspartate/glutamate-rich glycoprotein of 63 kDa 
with 367 amino acids. The calsequestrins from the 
slow-twitch skeletal muscles and heart muscle dif
fer in their glycosylation and molecular mass 
[317,319]. The sarcoplasmic reticulum of smooth 
muscle and the endoplasmic reticulum of the non
muscle cells contain no calsequestrin; the predo
minant Ca2+ -binding proteins in this case are the 
caireticuiins, which are located in their own stor
age compartments, the calciosomes. However, 
calreticulins are also found together with calse
questrins in the sarcoplasmic reticulum of striated 
muscle. Calreticulin from rabbit skeletal muscle 
consists of 418 amino acids, 109 of them acidic, 
and binds 43 Ca2+ ions with low affinity. It shows 
clear agreement with calsequestrin in two parts of 
its sequence [69, 184, 287]. Calsequestrin-like 
proteins have also been found in plant cells [146]. 
More recently, a further group of calcium-binding 
proteins has been discovered; these have no EF
hand structures in their sequences and have a 
high affinity for phospholipids. These proteins 
were originally given names like lipocortin, cal
pactin, calelectrin, endonexin, synexin, chromo
bindin and calcimedin; the members of the new 
super-family of calcium-binding proteins are now 
referred to as annexins [118]. The annexins are 
found in very different types of vertebrate cells, 
but have also been reported in Drosophila and 
are probably widely distributed in the animal 
kingdom. Some annexins are highly tissue spe
cific; for example, annexin IV (32.5-kDa calelect
rin) is found only in the epithelial cells of the gall 
and pancreas ducts, and annexin II (lipocortin 2) 
is found mainly in the microvilli. In contrast, 
annexin VI (67-kDa calelectrin) is found in all 
cells. The amino acid sequences of the smaller 
annexins (ca. 32 kDa) always show four repeats 
of about 80-85 amino acids, and in the larger 
annexins (ca. 67 kDa) there are eight such 
repeats [14, 82, 118, 138]. 
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10.9 Microtubule Proteins 

The microtubules are tube-like structures of 25-
nm outer diameter and 15-nm inner diameter; 
they are normally made up of 13 rows of globular 
tubulin molecules. As the building blocks of each 
row (proto filaments ) are shifted somewhat in 
relation to each other, a spiral structure results 
(Fig. 10.6). Some microtubules consist of more 
than or fewer than 13 protofilaments; e.g. there 
are 12 in the nerve axons of the crayfish Procam
barus clarkii compared with 13 in the enveloping 
glial cells; there are 13 in bovine brain but 14 after 
their dissociation and reassociation in vitro; there 
are 14 in the brain of the shark Scyllium, 15 in the 
cortical organ of the guinea-pig, and 11 and 15 in 
the nematode Caenorhabditis [63]. Tubulin mole
cules are heterodimers of about 100 kDa made up 
of the polypeptides a and B, the binding of which 
in the dimer is so strong (K < 1 IlmoVl) that they 
do not separate [244]. a and B tubulin are clearly 
homologous; in the microtubules of the pig and 
chicken they agree in 40-42 % of their 445-450 
amino acids. A y tubulin has been identified in 
the clawed frog Xenopus laevis, in plants and in 
lower fungi in the centrosomes, which are the ori
gin of spindle formation in nuclear division;. this 
tubulin agrees in only 35 % of its sequence w1th a 
and B tubulins [259]. In addition to tubulins, the 
microtubules often include large amounts of 
other proteins, the microtubule-associated prote
ins (MAPs) of 280-330 kDa, and smaller prote
ins of 55-70 kDa which are collectively called tau 
factors [41, 63, 244]. . 

Above a certain critical concentratIOn, the 
tubulin dimers spontaneously polymerize under 
physiological conditions to form microtubules. In 
the process, both ends may elongate or a directed 
movement can be generated by the extension of 
one end and simultaneous shortening of the other 
end. Microtubule formation requires the pres
ence of Mg2+ and is inhibited by Ca2+ -calmodulin. 
Each tubulin dimer can bind two GTPs, whereby 
the one on the B chain is hydrolysed during 
polymerization. The GTP cleavage ~s, however, 
not essential for microtubule formatIOn as poly
merizationldepolymerization of tubulin occurs 
close to thermodynamic eqUilibrium. MAPs are 
not necessary for spontaneous microtubule 
formation but, nevertheless, appear to have so~e 
modifiying effects [41, 63, 244]. As the process 1S 
driven by entropy, polymerization of microtubu
les in birds and mammals predominates in the 
temperature range 30-37°C, and depolymeriza-

Fig.l0.6 Microtubles. One 
microtubule is composed of 13 
rows of dimeric tubulin molecu
les (protofilaments), aligned 
such that they give the impres
sion of a spiral structure. Each 
tubulin dimer consists of one a 
and one ~ chain 

tion predominates between 0 and 4°C. A subpo
pulation of these microtubules is cold stable, even 
if no elongation occurs at the low temperature; 
this involves the activity of an associated protein 
(cold-stabilizing factor, 64 kDa) .. The tubuli~s 
from cold-adapted animals, e.g. vanous Antarct1c 
fish, can polymerize at low temperature. The dif
ference between these tubulins and those of fish, 
birds and mammals from temperate climates lies 
mainly in the a chain [54, 63]. 

The tubulins are evolutionally very conservat
ive. Analysis of the sequences of 31 a and 31 B 
tubulins showed 48 % invariant amino acids, 
23 % being found in both chains. Identical, or at 
least very similar, tubulins are found in very dif
ferent mammalian and avian species. The largest 
known differences between tubulins of different 
eukaryotes are of the order of 62-63 % (a tubulin 
Drosophila/yeast; B tubulin mouse/yeast). Even 
the Protozoa, which are so heterogeneous at th~ 
molecular level, fit into this pattern. Compan
sons with the B tubulins of the malaria parasite 
Plasmodium Jalciparum shows 94 % agreement 
with Toxoplasma and Tetrahymena, about 87 % 
with vertebrates and 72 % with yeast [21, 169, 
303]. In view of the slow evolution of the tubu
lins, it is rather surprising that within the same 
organism, or even the s~me cell,. they ma~ show 
considerable heterogene1ty. Multiple tubuhns are 
apparently ubiquitous; they may be the product 
of different genes or arise by post-translational 
modification. Isoelectric focusing separates 7 a 
and 10-14 B tubulins from extracts of mammalian 
brain. The mouse possesses six functional genes 
each for a and B tubulins, from which in each case 
four or five different polypeptides are produced. 
In the chicken, the amino acid sequences 
encoded by the five active a-tubulin genes agree 



by about 83-96 %. In the ciliate Tetrahymena and 
the flagellate Trypanosoma the cilia and the cyto
plasm contain different tubulins [11, 63, 227]. 

Multiple tubulin genes are the rule in the euka
ryotes. Toxoplasma gondii, on the other hand, 
possesses only one a- and one ~-tubulin gene, 
and Tetrahymena pyriformis has one a and two ~ 
genes [11, 303]. The genome of the ciliate Stylo
nychia lemnae contains two each of the a- and ~
tubulin genes, which are amplified 20000- to 
150000-fold in the macronucleus [45]. Drosophila 
has 4 genes each for a and ~ tubulin, all of which 
are active; the sea urchin has about 13 of each, 
and mammals more than 20, although in this case 
they include many pseudogenes. There are three 
active human a genes and four ~ genes; in the 
mouse six of each are active, and in the chicken 
five of the seven to nine ~ genes are active [45]. 
The tubulin genes of the Metazoa are always 
widely dispersed in the genome, with the excep
tion of several linked genes in the sea urchin. In 
contrast, Trypanosoma brucei and T. evansi have 
tubulin loci containing numerous a~ pairs in tan
dem; these loci are apparently transcribed as a 
unit, but are then rapidly cleaved into individual 
mRNAs with the typical mini-exons. The tubulin 
genes of T. cruzi and T. rangeli are not so strictly 
organized; in addition to tandem clusters, these 
species also have isolated a~ gene pairs 
[113, 172]. In the related species Leishmania 
major, there are separate a and ~ clusters and also 
dispersed tubulin genes [256]. Vertebrate a- and 
~-tubulin genes both contain three introns but in 
different positions. Comparisons within the euka
ryotes show that a genes contain one to seven 
introns and ~ genes two to eight introns, the posi
tions of which are extremely variable. Seventeen 
different intron positions have been reported for 
a-tubulin genes and 20 for ~ genes, only one of 
which is common to the two types [56, 303]. 

The expression of many tubulin genes is tissue 
specific and dependent on the developmental stage. 
This has been examined in detail in Drosophila. 
Here, there are four a and four ~ genes, of which, in 
each case, two are expressed constitutively, whereas 
a2 is active only in the testes of adult males, a4 in 
early embryos and the ovaries of mature females, 
one ~ gene only in the testes and early embryos, and 
another ~ gene only during the intermediate stages 
of embryo development. The sequence differences 
between these isotubulins are very large; a1 differs 
in only 2 amino acids from a3, but in 21 from a2, 
and in 149 from a4 [41, 283]. Several ~-tubulin genes 
of the chicken have been sequenced and the 
encoded amino acid sequences show up to 8.7% dif-
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ference. Tubulin c~6 from erythrocytes differs, in 
fact, by 17 % from the rest. ~1 is the predominant 
tubulin of skeletal muscle, and ~2 predominates in 
the brain, which is the only organ to contain ~4. ~3 
is found only in the testis; ~5 is everywhere except in 
neurons; and ~6 occurs only in erythrocytes 
[199, 268]. In the mouse, two of the six a-tubulin 
genes are expressed only in the testis [292], and the 
blood platelets also contain a specific ~ tubulin [169]. 
The sequence differences between isotubulins are 
much greater than the differences between the same 
isoform in different species. The differences are not 
distributed randomly over the ~ chain; for example, 
the sequences between positions 401 and 425 in all ~ 
tubulins from mammals to yeast are identical, but 
the C-terminal regions from position 430 onwards 
are very variable in both sequence and length [41]. It 
would appear that the sequence differences between 
the isotubulins are the result of adaptive evolution, 
but so far very little is known about the functional 
differences between microtubules [41, 199]. 

The heterogeneity of tubulins is increased by 
post-translational modifications such as phospho
rylation and glycosylation. Tyrosylation of the C
terminal glutamate residue of a tubulin by an 
ATP-dependent tubulin tyrosine ligase is very 
common, and is detectable in all mammalian cells 
[16]. Worthy of comment is the fact that most a 
chains are synthesized with a C-terminal tyrosine 
which is later cleaved off by a specific carboxy
peptidase; this is an enzyme of 90 kDa which has 
been examined in detail only in the brain. Tubulin 
tyrosylation is found from the mammals to Trypa
nosoma but not, for example, in Tetrahymena. 
The ligases and tubulin from many different spe
cies, e.g. mammal and sea urchin, may be com
bined, but Tetrahymena tubulin is not processed 
by the mammalian enzyme [264]. 

Flagella and cilia (undulipodia) have a typical 
9 + 2 structural pattern in cross-section: two 
central tubules are surrounded by nine peripheral 
doublet-tubules, each of which is made up of a 
complete A tubule and an incomplete B tubule; 
the A and B tubules have three protofilaments in 
common. The A tubules bear two rows of hook
like dynein arms (outer and inner) over their 
whole length, and these can form bridges to the B 
tubules of the neighbouring duplex (Fig. 10.7). 
The dyneins are energy-releasing ATPases, simi
lar in this respect to myosin. They are protein 
complexes of 1.2-1.9 MDa, made up of two or 
three heavy chains (a, ~ and y) of 350-430 kDa 
and with ATPase activity, and several medium 
(57-85 kDa) and light (6-22 kDa) chains. It is 
not yet understood why the dyneins are so much 



354 10 Proteins of Muscle and the Cytoskeleton 

Tubule 

Central tubules 

larger and more complex than the head region of 
the myosin molecule. Their large size has hin
dered analysis by the usual methods of protein 
chemistry. The outer dynein arms of the axone
mes and the inner dynein arms, which may be 
present in two different forms, have basically the 
same structure but a very different polypeptide 
composition. The inner arms are not very well 
described, the best-known being the outer dynein 
arms from the cilia of Tetrahymena, the flagella of 
Chlamydomonas and the tails of sperm from sea 
urchins and trout [78, 83, 179]. Electron micro
scope pictures of the outer-arm dyneins show two 
or three globular heads arising from a common 
point on flexible stems. The number of heads cor
responds to the number of heavy chains (two in 
sperm tails, and three in Chlamydomonas and 
Tetrahymena). In a beating axoneme, a gliding 
movement between the outer doublet tubules is 
translated by elastic elements into a transverse 
bending movement. An ATP-driven bridge cycle 
occurs between the dynein arm on the A tubule of 
a doublet and the B tubule of the neighbouring 
doublet. The heavy chains in Tetrahymena may 
carry up to six phosphate residues, with the phos
phorylation presumably having some regulatory 
function [36]. 

Cytoplasmic dyneins appear to be ubiquitous, 
even occurring in Caenorhabditis, which, like all 
nematodes, has no cilia or flagella. The dyneins 
detected in the cytoplasm of sea urchin eggs prob
ably represent, on the one hand, the maternal 
contribution to cilia formation in the larva, but 
perhaps also have egg-specific functions such as 
cytoplasmic movement. A further microtubule 

Outer dynein arm 

Inner dynein arm 

Fig.10.7. Cross-section of 
a cilium. The nine outer 
duplex tubules are made 
up of the A tubule, with 
dynein arms, and the B 
tubule, which has three 
proto filaments in common 
with theA tubule (not five 
as shown in the figure!) 

motor protein, kinesin, was discovered in the 
squid giant axon in 1985; this protein appears also 
to be widely distributed. The best-investigated 
kinesin, i.e. that from bovine brain, has a mass of 
about 400 kDa and consists of two heavy chains 
of 135 kDa and two light chains of 60 kDa. The 
heavy chains form two heads with ATP- and 
tubulin-binding sites, and a stem-like tail with a 
coiled-coil structure which bears the light chains 
on the C-terminal end [144, 179]. A family of at 
least 30 genes has been found in Drosophila and 
codes for various kinesin-like proteins of as yet 
unknown function [66]. In axons, the kinesins are 
apparently the driving force for the transport of 
cytoplasmic particles away from the soma (ante
rograde), and the cytoplasmic dyneins are 
responsible for movement in the opposite direc
tion (retrograde). The dyneins and kinesins are 
possibly joined together in a common supramole
cular structure, in which the opposing movements 
can be switched on or off as required [83]. Nei
ther of the two proteins appears to be involved in 
the interactions between the cytoplasmic microtu
buIes. This is apparently the responsibility of 
another protein, dynamin, which can unite micro
tubules in an ATP-dependent manner into exten
sive bundles. A polypeptide of 851 amino acids 
has been isolated as part of this newly discovered 
microtubule-dependent ATPase; its sequence 
shows no similarity to the proteins of the kinesin 
super-family [205, 246]. 

The microtubule-associated proteins are a very 
heterogenous mixture of proteins of which, as 
yet, only two types have been described in any 
detail. The high molecular weight MAPs are 



molecules of more than 250 kDa. These include 
MAP1 with 330-350 kDa and MAP2 with 
280-300 kDa; MAP1 is bound to three light 
chains of 34, 31 and 18 kDa in the bovine brain. 
The second group of MAPs are the tau factors, 
which are tissue- and stage-specific proteins of 
55-62 kDa that include in their sequence of 
341-383 amino acids three or four typical, C
terminal 31-residue repeats [85, 150, 160,244, 
305]. In the parasitic flagellate Giardia, the proto
filaments formed from microtubules bear band
like protein structures. The predominant protein 
of the bands, ~ giardin, consists of 259 amino acids 
whose sequence includes 35 seven-residue repeats 
(heptads) and forms an a-helical coiled-coil [110]. 

10.10 Proteins of Intermediary Filaments 

In addition to actin microfilaments and tubulin, 
the cytoskeleton of almost all eukaryotic cells 
contains a third type of filament which, with dia
meters of 8-12 nm, are larger than microfila
ments (5-6 nm) but smaller than microtubules 
(23-25 nm), and are therefore known as inter
mediary filaments (IF). In contrast to the actin 
filaments and microtubules, these are stable 
structures which are not subject to constant 
switching between elongation and shortening. On 
the basis of their occurrence in cells of different 
types and of the properties of their protein com
ponents, six classes ofIFproteins are recognized: 
1. About 30 different cytokeratins of 40-70 kDa 

in epithelial cells and their derivatives, and 
also in liver cells. 

2. Desmins (52 kDa) in different muscle types. 
3. Vimentins (53 kDa) in cells of mesenchymal 

origin. 
4. Glia fibril acidic proteins (GFAPs) of 

45-55 kDa in glial cells (astrocytes). 
5. The triplet of the neurofilament (NF) prote

ins: NF-L (68 kDa) , NF-M (150 kDa) and NF
H (200 kDa). 

6. Lamins (60-80 kDa) from the lamina of the 
nucleus. 

A special feature of the vimentins is that they 
occur in embryonic or tissue-culture cells toge
ther with, or instead of, the cell-specific IF prote
ins. Thus, vimentin is found with desmin in 
embryonic myotubules, and together with cytoke
ratins in cultures of epithelial cells. The cells of 
the mammalian germline are amongst the few cell 
types without IFs; in contrast, the oocytes of 
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amphibians contain both vimentins and cytokera
tins [87, 212,244]. 

Despite their many differences, the IF proteins 
have some common characteristics; in particular, 
they are all weakly soluble under normal physio
logical conditions, and both in vivo and in vitro 
they form morphologically similar filaments. 
Copolymeric filaments of desmin and vimentin 
not only arise in vitro but are also found naturally 
in the wall cells of blood vessels and in the myo
blasts of chicken embryos. The basic structural 
unit of the IF is apparently a complex of four 
chains which, in pairs, form two coiled-coil struc
tures. All IF proteins have in their centre a con
servative a-helical rod domain of about 310 
amino acids, flanked by variable, non-helical 
domains. The central domains are made up of 
four segments of uniform size (lA, 1B, 2A and 
2B), which consist of seven-amino acid repeats 
(heptads) of similar sequences and which produce 
the coiled-coil structure of the dimers, and three 
linkers of varying lengths (Ll, L12 and L2), which 
have no tendency to form coiled coils (Fig. 10.8). 

In order for two a-helical peptide chains to 
form a coiled-coil, they must be built repetitively 
of heptads with non-polar amino acids in the first 
and fourth positions. IF proteins can be categor
ized into four types according to their heptad 
sequences and the structure of their terminal 
domains. The cytokeratins can be divided into 
acidic (type I) and basic (type II); vimentin, des
min and GFAP make up type III and the NF pro
teins type IV [74,244, 261]. The amino acid 
sequences of type-I cytokeratins have less in com
mon with type II (26-28 %) than with vimentin 
and GFAP (36-37 %); in contrast, desmin, 
vimentin and GFAP agree in 60-70 % of posi
tions [9, 136]. It was only recently discovered that 
the lamins A and C from the lamina of the cell 
nucleus also belong to the super-family of the IF 
proteins. They also form dimers with a coiled-coil 
structure; however, these do not associate into 
long filaments. Because of differences in the 
structure of the rod domains, lamins A and C do 
not fit into any of the classes I-IV, and they are 
designated type V [180, 214]. 

All the known IF genes occur as only one copy 
in the genoJIle. However, several mRNAs arise 
from the chicken vimentin gene by use of at least 
three poly(A)-regions, which all code for the 
same protein [261, 320]. The genes for cytokera
tins, desmin, vimentin and GFAP have similar 
structures with eight or nine (cytokeratin I) 
exons; the genes for NF-L with four exons and 
NF-M with three exons have a very different 
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Fig.tO.S. The proteins of the intermediary filaments (IF) 
[261] and the homologous lamins A and C from the nuclear 
envelope [180] have comparable domain structures. All IF 
subunits are composed of one central a-helical rod domain 
and two non-helical end domains. The rod domain consists 
of four segments (lA, 1B, 2A and 2B) which, in all IF sub
units, are made up of the same sequence of seven amino 

organization [9, 121, 165, 200, 320]. In the evolu
tion of the IF proteins, the coiled-coil-forming rod 
domain probably arose first, with the non-helical 
end domains appearing later. The internal periodi
city of the rod domains is evidence for their crea
tion by repeated duplication of heptads; at least 
four heptads are needed for the formation of a 
coiled-coil structure. The most ancient IF proteins 
were probably lamin-like. The NF proteins were 
apparently the first to branch from this line of 
evolution, followed by the ancestral forms of des
min, vimentin and GFAP [22]. Immunological 
and biochemical investigations of molluscs, anne
lids and nematodes suggest that invertebrate IF 
proteins have a consistently lower level of com
plexity; however, two main types can be distingu
ished: neuronal and non-neuronal. NF proteins 
have been detected in various invertebrates. Of 
the non-neuronal IF proteins, all cases investig
ated in detail have shown two related forms which 
can each form homopolymeric IFs. These have 
been sequenced in the snails Helix pomatia and 
H. aspersa, and the nematode Ascaris lumbricoi
des. They contain a typical coiled-coil rod domain, 
with a segment 1B that is six heptads longer than 
in vertebrate IF proteins, and is thus quite similar 
to lamin. This finding fits the concept that lamins 
are the ancestral IF proteins [58, 300]. Vimentins, 
desmins, all three NF proteins and some cytokera
tins include several phosphorylation sites, which 
can be phosphorylated by specific, cAMP-

acids (heptads) and three linkers; the length of the linkers 
varies in different IF proteins: L1 consists of 8-14 amino 
acids, L12 16-17, and L2 always 8. In the tetrameric IF 
components, the rod domains of two antiparallel subunits 
form a coiled-coil structure. The end domains of different 
IF proteins each have a specific organization of subdo
mains 

dependent or Ca2+ -calmodulin-dependent protein 
kinases. The biological significance of this IF 
phosphorylation is not yet clear [244]. As in the 
case of the actin filaments and microtubules, the 
IFs also have associated proteins, which in some 
unknown way influence the formation and func
tion of the filaments. For example, the desmin 
filaments of the muscles are associated with syn
emin (230 kDa) and paranemin (280 kDa), which 
can also bind to vimentin. Filaggrin from epithe
lial cells, which binds keratin filaments to macro
fibrils, consists in fact of a whole family of basic, 
histidine-rich proteins of various sizes (in the rat 
49 kDa, in humans 35 kDa and in the mouse 
26 kDa) which arise from a 250-kDa polyprotein. 
Reduced or increased expression of the corre
sponding intron-Iess gene is the cause of many 
human skin diseases [74, 244]. 

10.10.1 Cytokeratins 

All horny substances are usually known as kera
tin. However, some such substances include addi
tional components from other protein families, in 
addition to IF proteins. The IF protein families 
themselves are therefore better termed cytokera
tins. Electrophoretic and immunological methods 
or in vitro translation of the mRNA of higher ver
tebrates has revealed about 30 different cytokera
tin polypeptides encoded by just as many genes. 



The variation amongst the keratins is increased 
by cell-specific phosphorylation [244]. This hete
rogeneity of the proteins corresponds to the mor
phological and evolutionary plasticity of horned 
epidermal structures. Usually, the distinction is 
drawn between the soft keratins in vertebrate skin 
and hard keratin structures like hair, feathers, spi
nes, claws, nails and hooves, horns, beaks and 
whalebone. The formation of specialized keratin 
structures in various parts of the epidermis first 
appeared after the transition of the vertebrates to 
a terrestrial existence, i.e. with the reptiles, birds 
and mammals; only a few exceptional amphibians 
have keratinized warts, claws or horned jaws [20]. 

The keratinocytes in the stratum germinativum 
of human epidermis have up to 30 % of their total 
protein in the form of prekeratins, which can be 
extracted into acidic buffers. In the space of a few 
days, these living cells are converted into the 
dead, horny cells of the outer skin layer (stratum 
corneum), in which 70 % of the dry weight con
sists of keratins; here, they are cross-linked into a 
fibrous state by disulphide bridges and N'-(y
glutamyl)-lysine isodipeptide bonds, and can be 
solubilized only by a combination of reducing and 
denaturing reagents. The formation of the cross
links is catalysed by keratinocyte-specific trans
glutaminases which occur as different isoenzymes 
[221]. In the course of its development, each 
keratinocyte expresses a series of different cyto
keratins. Cytokeratins 1 and 10 predominate at 
the start of terminal differentiation. These form a 
highly complex aggregate of cross-linked fibrils 
beneath the plasma membrane, the cross-linked 
cell envelope (CE). Construction of the CE invol
ves the histidine-rich, 26-kDa protein maggrin, 
the sequence of which is very similar between the 
rat and mouse but is quite different in man. Spe
cial granules in immature keratinocytes contain a 
high molecular weight (>350 kDa) pro-filaggrin, 
made up of numerous filaggrin copies that are 
bound together by linkers and phosphorylated on 
many serine residues. During the first phase of 
terminal differentiation, the pro-filaggrin is 
dephosphorylated and then processed further by 
specific proteases [237]. In addition to cytokera
tins, the CE of terminally differentiated, flat
tened keratinocytes contains further, cross-linked 
proteins, e.g. the small pancornulins, keratolinin, 
loricrin [109, 222], and involucrin, the structure 
and evolution of which has received particular 
attention. A large part of the involucrin chain 
consists of a segment of tandem repeats, and this 
varies in position and repeat length between dif
ferent mammals. In the dog and pig and in the 
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pro simians Lemur catta and Galago crassicauda
tus, there is a "premodern" segment, located at a 
site P near the N-terminus, which has 6-13 
repeats each of 20-31 amino acids. The higher 
primates possess a "modern" segment of 10-
residue repeats located at a site M nearer the C
terminus. In the tarsioids, which lie close to the 
roots of the modern apes, there is in fact a P seg
ment with 14 repeats of 17-18 amino acids, and 
also an M segment. The modern segment of the 
higher primates can be divided into three regions, 
of which the early region is present in all species, 
the middle region is found only in the hominoids, 
and the late region shows large differences 
between man, gorilla and orang-utan [57]. The 
continuing evolution of the late region is indi
cated by the distinct polymorphism of this region 
in the gorilla [282]. 

As well as in the ectodermal epidermis cells, 
cytokeratins are also detectable in other multi
layered epithelia, for example, in the mouse in the 
mucous membranes of the palate and cheeks, on 
the tongue and in the lining of the oesophagus and 
the cardia portion of the stomach, i.e. in cells of 
endodermal origin [137]. The cytokeratins have 
the typical structure of IF proteins with a central 
rod domain, which can form a coiled-coil struc
ture, and a non-helical terminal domain. Two 
types of cytokeratin can be distinguished. Type I 
includes the acidic proteins (pI 4.5-5.5) of about 
40-60 kDa, and type II the neutral to basic prote
ins (pI 6.5-7.5) of about 60-70 kDa. The charge 
differences are due to the large proportion of 
basic amino acids in segments lA and 2B of the 
central domain; the size difference results from 
the absence from type I of the terminal sub do
mains Hl and H2 (Fig. 10.8). The keratin fila
ments are IIII heteropolymers, with the cells 
forming one or more specific IIII pairs at each step 
in their differentiation [262]. The genes of both 
cytokeratin types are arranged in separate clusters 
[226]. The immunological similarity within one 
type in different species is much greater than 
between types I and II in the skin of one animal. 
Hybridization experiments with cDNAs for the 
keratin mRNAs synthesized in human epidermis 
cell cultures have shown that genes for both types 
are present in all vertebrates from Myxine to man. 
Distantly related sequences have even been found 
in the Drosophila genome. Little is known about 
the structure of cytokeratins of the lower vertebra
tes; nevertheless, a non-epidermal, 56-kDa cyto
keratin from the oocytes and embryos and from 
cells in the liver, gut and kidney of the clawed frog 
Xenopus laevis has been sequenced via the 
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cDNA; this protein is highly homologous to 
mammalian keratins of type II [73]. 

The hard keratins of the mammals are complex 
structures which contain other, unrelated proteins 
in addition to cytokeratins. The best-investigated 
example is sheep wool. The keratinocytes in the 
hair follicles of the sheep produce filaments or fib
rils from low-sulphur (LS) proteins that have a 
mass of 45-58 kDa and only 5 % cysteine. In con
trast to the skin cells, the filaments of the hair
follicle cells are embedded in a matrix of proteins 
from two further families: the high-sulphur (HS) 
proteins (11-26 kDa and up to 30% cysteine), 
and the glycine/tyrosine-rich (HGT) proteins of 
6-9 kDa and with up to 30 % glycine and 15 % 
tyrosine. The compressibility of the keratin struc
tures depends upon the proportion of matrix pro
teins. For example, the ratios of LS:HS:HGT 
proteins in sheep are 62:29:9 in the wool, 
76: 11 : 13 in horn and 79: 11 : 10 in the hooves [236]. 
The composition of mammalian hair, and hence its 
mechanical properties, differs between species 
and races, and is also dependent upon external 
and internal conditions. The LS proteins are simi
lar in amino acid sequence and tertiary structure 
to the cytokeratins. In sheep wool, there are two 
groups, each of four LS proteins, which appar
ently correspond to the types I and II of the cyto
keratins [254]. Two HGTproteins and 18 HS pro
teins have been sequenced so far; they are not 
related to each other or to the cytokeratins. The 
genes of both protein families contain no introns. 

The differences between the hard keratins of 
the mammals and those of both reptiles and birds 
are so fundamental (Table 10.2) that the 
nomenclature originally formulated for the mam
mals is worthless in a discussion of comparative 
biochemistry. In the mammals, filaments of about 
7-nm diameter and made up of low-cysteine, pre
dominantly a-helical proteins, are embedded in a 
non-filamentous matrix of cysteine-, glycine- and 
tyrosine-rich proteins; these keratins are known 
as a-keratins. The hard keratin structures of the 
reptiles and birds, on the other hand, contain fila
ments that are only 3 nm in diameter and are pre
dominantly made up of a protein with a B-sheet 
structure; this type is termed cp- or B-keratin [84]. 

The best-investigated examples of B-keratins 
are the feather keratins of the chicken and other 
bird species. The feathers and the scales of the leg 
arise from very similar embryonal sources; it is 
assumed, therefore, that feathers evolved from 
scales. A comparison of the feather keratin gene 
B and the scale keratin gene III from chicken 
embryos shows that about 75 % of the sequence 

Thble 10.2. Amino acid composition in mol % of various 
keratins. Only the amino acids showing characteristic dif-
ferences are given 

1 2 3 4 5 6 7 8 
Ala 4.8 7.0 6.1 6.1 0.8 8.4 3.4 3.3 
Asp 4.8 5.9 3.7 4.1 2.9 0.8 0.8 1.6 
Cys 13.0 0 0 0 0 5.1 22.0 6.6 
Glu 3.4 7.0 3.2 3.8 0.7 0.5 2.3 0 
Gly 28.2 15.6 33.9 30.8 40.1 6.0 7.0 23.0 
Leu 3.6 7.8 5.4 5.8 5.3 12.8 2.9 3.3 
Phe 2.3 3.0 3.7 3.6 5.0 3.2 1.6 9.8 
Pro 9.1 11.1 9.6 9.4 3.9 1.4 11.2 6.6 
1Yr 4.1 3.9 9.4 9.0 18.9 3.2 2.3 18.0 

1, Varanus gouldii; claw outer layer [84]; 2-4, Kookaburra 
bird Dacelo novaeguineae [84]: 2, feather; 3, beak; 4, claw; 
5, echidna Tachyglossus aculeatus; spine [84]; 6-8, sheep 
wool [53]: 6, low-sulphur (LS) protein; 7, high-sulphur 
(HS) protein; 8, glycine/tyrosine-rich (HGT) protein 

can be aligned; 70 % of the amino acid sequences 
encoded by these regions coincide. The main differ
ence between the two keratins is that the scale 
keratin has a glycine-rich repetitive sequence of 
4 X 13 amino acids that feather keratin lacks. The 
scale keratin, therefore, has a molecular mass of 
about 15 kDa, compared with 10.5 kDa for the fea
ther keratin; the claw and beak keratins are also 
about 14-15 kDa. Both feather and scale keratins 
consist of a central region with a B structure and 
terminal regions in which almost all the cysteines 
are to be found. Neighbouring filaments are bound 
to each other by non-polar interactions between 
the central regions and by disulphide bridges 
between the tail regions to give a two-dimensional 
grid (feather) or a three-dimensional network. The 
feather keratins are encoded by a multi-gene family 
consisting of about 20 genes [228, 304]. The hard 
keratin structures of the reptiles correspond in their 
molecular structure to those of the birds. Conse
quently, the claws of the monitors and other lizards 
are morphologically very similar to those of the 
mammals, but are biochemically completely differ
ent. In their amino acid composition with its high 
glycine content, the keratins of reptile claws 
resemble more the keratins of bird claws and beaks 
than the feather keratins (Table 10.2). Additional 
components of reptile claws are tyrosine-rich, low
cysteine keratins with an a-helical central domain 
similar to that of the mammals [84]. 

10.10.2 Proteins of Other Intermediary 
Filaments 

Vimentin filaments were discovered in fibroblasts 
but also occur in other cell types. In some cells, 
vimentin is found along with cytokeratin, desmin 



or GFAP; gene expression is therefore not as 
strictly regulated as for other IF proteins. There is 
apparently only one vimentin gene in birds and 
mammals, and from this several mRNAs are tran
scribed with varying 3' regions [244]. The evolu
tion of the vimentins is relatively slow, e.g. the 
sequences of chicken and hamster agree in 80 % 
of positions [320]. The species-specific differences 
lie mainly in the N-terminal, non-helical 
domains, as is commonly found for IF proteins. 
In addition to the filamentous, insoluble vimen
tins, some cells also contain soluble, tetrameric 
vimentins at lower concentrations [253]. Desmin 
fIlaments are found in many different types of 
vertebrate muscle. Extraction of the contractile 
proteins by use of high-ionic-strength buffers lea
ves behind desmin in the Z lines of striated 
muscle, in the intercalated discs of heart muscle, 
and in the dense bodies of smooth muscle. In 
embryonic muscle, desmin filaments are found as 
a cytoplasmic network [244]. 

The IF proteins of the glial cells (GFAPs) vary 
in size in different species; e.g. human 49 kDa, 
bovine 54 kDa, and murine 45 and 55 kDa 
[244, 283]. In contrast, the nenrofIlaments of 
mammals, birds and reptiles apparently always 
contain the same protein triplet of NF -L 
(62 kDa), NF-M (102 kDa) and NF-H (110-
116 kDa), although the relative proportions vary 
with the species. The corresponding human and 
murine genes have been sequenced. The organ
ization of the three genes is very similar (although 
with two introns in the NF-M gene and three 
introns in NF-L and NF-H), and quite different 
from the other IF genes. Thus, the NF proteins 
appear to have separated at quite an early stage 
from the evolutionary line of the IF proteins. 
Compatible with this concept is the fact that neu
ronal IF proteins have been found in all inverteb
rates examined [121, 162]. NF-L is necessary but 
sufficient for the formation of filaments in vitro; 
the other two proteins are integrated into the fila
ment at regular intervals as required [105]. NF-M 
and NF-H have C-terminal extensions which 
build cross-bridges between the filaments. These 
extensions contain numerous Lys-Ser-Pro triplets 
and the serines are sometimes phosphorylated. 
This high degree of phosphorylation explains the 
discrepancy between the molecular masses meas
ured by gel filtration (150 kDa for NF-M and 
220 kDa for NF-H) and those, given above, 
which have been calculated from sequence data 
[121, 162]. NFs may contain other proteins in 
addition to the three NF proteins, e.g. periferin 
(57 kDa) in the peripheral nervous system, and 
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a-internexin in the brain (66 kDa). Both the lat
ter proteins belong to the IF family but do not 
form filaments in vitro [70, 157]. 

10.10.3 Lamins 

The nuclear envelope consists of an inner and an 
outer membrane and a fibrillar layer (lamina) that 
is 10-20 nm thick. The lamina serves to anchor 
the chromosomes during interphase and it is bro
ken down at prophase. In vertebrates, the lamina 
is built mainly from polypeptides of 60-80 kDa, 
the lamins. Mammalian nuclei have three lamins: 
A (70 kDa), B (68 kDa) and C (60 kDa). The 
sequences of A (702 amino acids) and C (572 
amino acids) are identical up to amino acid 566; C 
then has only 6 further amino acids whilst A has 
136. Lamins A and C are so similar to the IF prote
ins in structure, having a central rod domain with 
a coiled-coil structure and flanking non-helical 
domains, that they must surely be considered 
members of the same family (Fig. 10.8). On the 
other hand, they show significant differences to 
the other IF proteins and very probably departed 
quite early from the main line of IF evolution. For 
example, the central domains of A and Care 42 
amino acids longer than other IF proteins, and the 
rod region is consequently 6 nm longer (53 nm). 
Cross-linking occurs via the terminal domains. 
Two further lamins, D and E, have been found in 
several very different types of cells in the rat, 
including lymphoid cells which lack A and C. The 
lamins B, D and E apparently also belong to the 
IF family but are structurally and immunologically 
quite different to lamins A and C [126]. 

Two or three lamins are also detected electro
phoretically in the cell nuclei of birds and repti
les; e.g. lamin A and two different forms of Bare 
found in the chicken [219]. Five lamins have been 
described in the clawed frog Xenopus laevis and 
these are distinctly cell and developmental-stage 
specific. The lamins L-I and L-II are present in 
almost all somatic cells, L-I from the blastula 
stage onwards, and L-II from the gastrula stage. 
Oocytes contain L-III, which is also found in 
highly specialized cells of adult animals, e.g. 
muscle and nerve cells. L-IV is restricted to cells 
of the male germline. The fifth lamin of this series 
to be identified from the gene sequence is 
expressed in all somatic cells except erythrocytes 
[59, 126]. In contrast to the situation in vertebra
tes, the molluscs and arthropods appear to pos
sess only one lamin. Sequence analysis is only 
available for Drosophila melanogaster; in this 



360 10 Proteins of Muscle and the Cytoskeleton 

case, two different polypeptides are produced by 
alternative splicing from one lamin gene. In flies, 
a further protein associated with the inner nuc
lear membrane, otefin (45 kDa) , shows no simi
larity to lamins or to other IF proteins [126, 210]. 

10.11 Further Intracellular Structural 
Proteins 

Various proteins associated with the cell plasma 
membrane link the cytoskeleton with integral 
membrane proteins and are very important for 
attachment of the cell to various surfaces, for cell 
movement and for the structural organization of 
the cell surface. The most easily approachable 
system, and therefore the most investigated, is 
that of isolated membranes of vertebrate erythro
cytes (erythrocyte ghosts). Erythrocytes show 
extraordinary mechanical stability; during their 
lifetime of 120 days, human erythrocytes are 
forced through the capillary bed 200000 times 
and are radically deformed in the process. As 
they forfeit most of their cytoskeleton during dif
ferentiation, their mechanical strength depends 
largely on the structure of the cell membrane 
[42]. The central role amongst the structural pro
teins of the erythrocyte membrane is taken by 
spectrin. This forms a network on the cytoplasmic 
side of the membrane and is bound to other struc
tural components in a rather complex manner 
(Fig. 10.9). A connection is made via ankyrin to 
the cytoplasmic domain of an integral membrane 
protein (band-3 protein), further to short actin
tropomyosin filaments, and via the band-4.1 pro
tein to glycophorins and the band-3 protein. The 
names of these proteins are derived from their 

SDS-gel mobilities. Interactions also exist 
between spectrin, ankyrin and the microtubules, 
as well as between spectrin and IFs. Structural 
proteins that are similar, but not identical, to 
spectrin, ankyrin and the hand-4.1 protein are 
found in other cells, e.g. brain cells [42]. 

Spectrin from mammalian erythrocytes forms 
rod-shaped dimers, of about 100 nm, made up of 
two antiparallel chains: a (260 kDa) and ~ 
(220 kDa). Two dimers are associated head-to
head such that the a N-terminus of one dimer is 
bound to the ~ C-terminus of the other 
(Fig. 10.9). Each human erythrocyte contains 
about 100000 such tetramers. The a and ~ subun
its of spectrin bear binding sites for calmodulin 
and ankyrin, respectively. The two chains are 
homologous; their sequences are divided into 
repeated segments of 106 amino acids, each of 
which is folded into a triple helix (Fig. 10.10). The 
a and ~ chains of human erythroid spectrin, with 
2429 and 2137 amino acids, respectively, each 
have 17 such segments. The membrane skeleton 
of almost all the body cells contains tissue-specific 
spectrins. The a chain of human non-erythroid 
spectrin agrees only 58 % in its 2472 amino acids 
with erythrocyte spectrin. The ~-like chains vary 
greatly in size according to the cell type: 260 kDa 
in the TW 240/260 proteins from the microvillous 
border of gut cells; 235 kDa in the ay spectrins 
(fodrins) from brain, liver, lymphocytes and fib
roblasts; and 220 kDa in the spectrins from eryth
rocytes and heart and skeletal muscle [121,240, 
308]. The different spectrin types are not only 
cell-specific but also development-dependent; for 
example, ay spectrin (fodrin) is synthesized ini
tially in the myoblasts of the chicken embryo, and 
later a~ spectrin is produced. The nucleated 
erythrocytes of the shark contain a related pro-

Fig.l0.9. The membrane skeleton 
of human erythrocytes [19]. See text 
for further details 



Fig.10.10. The spectrin subunits are built up of repeated 
segments of 106 amino acids, each of which is folded into a 
triple helix with short, non-helical linkers [255] 

tein which, immunologically, is more closely 
related to fodrin than to mammalian erythroid 
spectrin [31]. 

A human erythrocyte contains about 100000 
molecules of the phosphoprotein ankyrin (band-
2.1 protein), which includes 23 repeats of 33 
amino acids in a total of 1879 amino acids 
(206 kDa) [155]. The band-4.1 protein of human 
erythrocytes consists of 588 amino acids; non
erythroid isoforms of this protein are also found 
[281]. One of the integral glycoproteins of the 
erythrocyte membrane linked to the membrane 
skeleton is the band-3 protein, which is present in 
about 1 million copies per cell. The polypeptide 
chain of more than 900 amino acids is divided into 
two domains of different function. One serves as 
the anchor of the erythrocyte cytoskeleton but 
also binds, for example, glycolytic enzymes; the 
other domain forms an anion antiport built of at 
least 12 non-polar transmembrane segments. In 
the erythrocytes of mammals, birds and fish the 
size of the band-3 protein varies between 95 and 
116 kDa. Here, there are also non-erythroid 
forms which are much more similar to the eryth
roid isoforms in their transmembrane than in 
their cytoplasmic domains [168, 182]. Binding of 
ankyrin and the band-3 protein is stabilized by the 
band-4.2 protein, which shows considerable 
homology to various transglutaminases in its 
sequence of 691 amino acids [143]. The best
known sialoglycoproteins from human erythro
cyte membranes are the glycophorins, of which 
five forms have so far been described. Glycopho
rins A (131 amino acids), B (71aa), C (128aa), D 
and E (59aa) differ, above all, in the C-terminal 
region; the N-terminal 26 amino acids of A, B 
and E are identical [291]. Glycophorin A repre
sents the original, ancestral form; glycophorin B 
is found only in man, the chimpanzee and gorilla 
[231]. Compatible with this evolutionary concept 
is the fact that glycophorin MK (144 amino 
acids), from the Japanese monkey Macaca fus
cata, is particularly similar to human glycophorin 
A [198]. All the glycophorins bear numerous N
and O-bound oligo saccharides on their N-
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terminal extracellular domains. The polymorph
ism of 1-Ser/Leu and 5-Gly/Glu in glycophorin A 
determines the blood groups MIN, and 29-Metl 
Thr determines the blood groups Sis. The glyco
phorins, together with the band-3 proteins, con
stitute the binding site for lectins and viruses, and 
the recognition site of the malarial agent Plasmo
dium falciparum [291]. The family of submem
brane proteins responsible for the attachment of 
the cytoskeleton to the plasma membrane in 
many different cell types also includes talin from 
the mouse; this protein has some N-terminal 
similarity to band-4.1 protein in its 2541 amino 
acids, but otherwise shows no noticeable relation
ships to other proteins [232]. The intermediary 
filaments of each cell are bound to those of neigh
bouring cells by specific intercellular junctions 
known as desmosomes, and thus a continuous 
network is formed throughout the whole tissue. 
The main components of a desmosome are the 
desmoplakins DPI (240-285 kDa) and DPII 
(210-225 kDa). These are made up of a C
terminal globular domain and a rod-like region, 
of about 130 nm, whose coiled-coil structure 
allows interaction with the IF proteins [90]. 

The passive elasticity of vertebrate skeletal 
muscle arises from the presence of filaments of 
the proteins titin (or connectin) and nebulin, 
which lie parallel to the contractile apparatus. 
The extended titin molecule of almost 3 MDa is 
unusually long. It links the ends of the myosin 
filaments with the Z line [296]. Nebulin is associ
ated with actin filaments and controls their 
length. The thin filaments of a muscle are made 
up of equal proportions of actin, tropomyosin and 
troponin molecules; nebulin apparently functions 
as a measure of excessive filament tension. 
Accordingly, the mass of the nebulin molecule 
increases in parallel with the length of the thin 
filament in the order: rabbit (1.05 !lm), chicken 
(1.1 !lm), and cattle (1.3 !lm); heart muscle with 
filaments of variable length contains no nebulin 
[154]. Dystrophin anchors the sarcolemma to the 
cytoskeleton of the muscle fibres, and is also pre
sent in large amounts in the electric organ of the 
electric eel Torpedo californica. This is a large 
protein of 3685 amino acids, the gene for which 
includes more than 65 exons in a length of 200 kb 
[67]. The largest known muscle protein is twitchin 
from the nematode Caenorhabditis elegans; its 
sequence of 6049 amino acids consists mainly of 
two types of 100-residue repeats. Its function is 
not yet clear, but mutations of the corresponding 
gene unc-22 give rise to the movement anomaly 
illustrated by the name [17]. 
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The uptake of macromolecules like the epider
mal growth factor (EGF), transferrin and asialo
glycoproteins into the cell by receptor-mediated 
endocytosis is an extraordinarily intensive process; 
a membrane area equivalent to that of the whole 
cell is taken up within 30 min. The resulting trans
port vesicles (coated vesicles) have a protein 
envelope which is preformed in the coated pits of 
the plasma membrane. This envelope is made up 
of a characteristic, outer layer of dathrin, which is 
polyhedric in structure, and an inner layer of 
assembly proteins (17-100 kDa), which form com
plexes of 250-300 kDa. Quite surprisingly, one of 
the assembly proteins, B-adaptin (100 kDa), is 
identical throughout its whole 937-amino-acid 
sequence in man, the rat and cattle [133,225]. The 
clathrin envelope consists of three-armed molecu
les (triskelions), each of which is built of three 
heavy chains, of about 190 kDa, and three light 
chains of 23-25 kDa (Fig. 10.11). 

The complete sequence of 1675 amino acids of 
the rat clathrin HC is known and there are no sig
nificant homologies to other proteins. Compari
sons between this and partially sequenced HCs of 
other mammals point to a relatively low rate of 
evolution [132]. The LCs are present in two 
homologous versions, LC-A and LC-B, which 
agree, for example, in bovine non-brain cells in 123 
(51 %) of the 243 amino acids. TIssue-specific iso
forms of both LC types are found, of which one 
occurs only in the brain, and the other occurs in 
various cell types, e.g. fibroblasts, adrenal cells and 
liver cells. All four human, bovine and rat LCs 
have been sequenced. The a-helical, central 
domain of all the molecules has a repeated 
sequence often heptads, and this is homologous to 
the rod domain of cytokeratins. The partial homo
logy to the IF proteins suggests that exon shuffling 
has played an important role in clathrin evolution. 
The central domains bind to the HCs and the ter
minal domains to other proteins. Almost the only 

Light chain 

Heavy chain 

Fig.lO.n. The basic component of the clathrin envelope 
of cytoplasmic vesicles is a three-armed structure (triske
lion), made up of three heavy and three light chains [131] 

difference between bovine brain and non-brain 
sequences is the presence of an insert in both brain 
LCs (30 and 18 amino acids in LC-A and LC-B, 
respectively, where the LC-B insert corresponds to 
the N-terminus ofthe LC-Ainsert). Thus, the brain 
and non-brain LCs apparently arise by alternative 
splicing from the same gene transcript [127]. The 
presynaptic vesicles of nerve cells also bear a clath
rin envelope. Two of the proteins in this particu
larly complicated structure have been examined in 
detail. Synaptophysin (33 kDa) is a Ca2+ -binding 
protein, with four transmembrane domains, which 
is involved in the Ca2+ regulation of transmitter 
release [12]. The synapsins bind the synaptic vesic
les to the actin of the microfilaments, the NF-L of 
the neurofilaments, tubulin of the microtubules, 
and spectrin of the membrane skeleton. There are 
two synapsins, 1 and 2, encoded by different genes; 
both genes can produce two forms with different C
termini by alternative splicing. The polypeptide 
chain of about 700 amino acids is divided into a 
conservative N-terminal globular domain (amino 
acids 1-401) and a tail domain, which differs mark
edly between synapsins 1 and 2. Synapsin 1 is a 
very conservative protein and the human, bovine 
and rat sequences agree by about 95 %. It has at 
least three phosphorylation sites that are sensitive 
to various protein kinases; phosphorylation is pre
sumably of regulatory significance [18, 266]. 

The product of the "glued" locus of Droso
phila melanogaster appears to be a filament
building cytoskeleton protein. Glued heterozygo
tes have severe optical defects. The glued cDNA 
codes for a polypeptide of 1319 amino acids 
(148 kDa), and this is subdivided into a central a
helical domain and two terminal non-helical 
domains. The central domain is composed of hep
tad repeats and can apparently form a coiled-coil 
structure. There are two N-terminal serine clus
ters which, as in lamin, are probably phospho
rylation sites; the C-terminal domain includes 
several possible glycosylation sites [270]. The 
main sperm proteins (MSPs) of the nematode 
Caenorhabditis elegans may also have cytoskele
tal functions, and are probably involved in the 
movement of these unusual spermatozoa. As in 
other nematodes, C. elegans spermatozoa have 
no flagella but move in a gliding fashion with the 
aid of pseudopodia. They have almost no actin 
and no detectable myosin. The MSPs are small 
basic polypeptides of about 120 amino acids, 
which exist in various forms and together consti
tute about 15 % of the total sperm protein. They 
are encoded by a multi-gene family, the members 
of which are arranged in six clusters on chromo-



somes II and IV, but are coordinately expressed. 
There are several pseudo genes in the family but 
at least 37 genes are transcribed. The proteins are 
synthesized in the primary spermatocytes and 
aggregate to form a fibrillar cell organelle; they 
break up again into monomers in the spermatids 
and reaggregate to form the fibrils of the pseudo
podium in the mature spermatozoon [297]. 

10.12 Lens Proteins (Crystallins) 

The lens of the vertebrate eye is the most protein
rich organ of the body; the dry weight is almost 
exclusively that of the constituent proteins and 
the protein content may reach 50 % of the fresh 
weight. The refractive index of the lens increases 
with increasing protein content, but the deform
ability is reduced. Avian eye lenses with their par
ticularly wide accommodation spectrum have the 
lowest protein concentration of about 20 % . 
Because of the optical characteristics of water, 
fish eyes require lenses of extremely high refract
ive index and therefore have protein concentra
tions of about 50 %; this means, however, that 
adjustments to distance cannot be achieved by 
deformation but only by moving the lens. The 
lenses of mammalian eyes have medium protein 
concentrations of 30-40 %. More than 90 % of 
lens protein is accounted for by crystallins. In the 
vertebrates these are restricted to the eye, where 
they also occur in small amounts in tissues other 
than the lens. 

Lenses are built up from cellular lens fibres, 
derived from a layer of epithelial cells on the 
anterior surface of the lens. Newly synthesized 
fibres are laid down on the preceding fibres so 
that a concentric layering occurs with the oldest 
fibres in the centre. As there is no turnover of 
cells and proteins in the lens, the proteins in the 
oldest fibres are already synthesized in the 
embryo. Crystallins are thus the vertebrate prote
ins with the longest life and are, therefore, excel
lent objects for the study of ageing processes. The 
solubility of the lens proteins declines with age; 
the lens of a child of 10 years contains only 3 % 
insoluble protein compared with 40 % in the lens 
of an 80-year-old person. The insoluble propor
tion may increase pathologically (cataract) to 
70 %, the main cause being increased cross
linking due to the formation of disulphide bridges 
and other, as yet unknown, cross-linking structu
res; contrary to previous hypotheses, bistyrosine 
is not involved. Further age-dependent changes 
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in crystallins are the deamidation of specific aspa
ragines and glutamines [295], and chain cleavage 
close to the C-terminus. Racemization of aspart
ate residues to the D-isomer also occurs in crystal
lins; the rate of this change is 0.14 % per year and 
cannot therefore be detected in proteins with a 
higher turnover rate. The main cause of all these 
alterations is probably light-induced oxidation. 

Many different types of crystaUins have been 
described for the eye lenses of the vertebrates 
(Table 10.3). The main forms are crystallins a, ~ 
and y. Little or no y crystallin is found in birds 
and reptiles but, instead, up to 70 % 6 crystallin is 
present. More recently, the lenses of some verteb
rates have been found to contain components 
other than the predominant crystallins; these are 
restricted to certain species or groups (Tab
le 10.3). Future investigations will undoubtedly 
reveal other taxon-specific crystallins. The lens 
proteins are extraordinarily heterogeneous and 
are thus suitable markers for population genetics 
and taxonomy. This heterogeneity is based on dif
ferences in the proportions of different classes 
present, on the relative proportions of different 
aggregated states of a and ~ crystallins and in the 
chain composition of their multimers, on 
sequence differences between the polypeptide 
chains, and particularly on post-translational 
modifications. 

The situation in the rat is described here as an 
interesting example in which a comparison of 
extractable lens proteins with mRNA translation 
products can be used to differentiate between pri
mary and post-translationally modified sequen
ces. The various highly aggregated a crystallins 
are made up five different chains; of these 
aA2,aAins and aB2 are primary gene products, 

Table 10.3. The main types of crystallins in the lenses of 
vertebrate eyes [77, 312] 

Type Subunits Distribution 

Number Size (kDa) 

a 30-50 20 All vertebrates 
~ 2-8 23-35 All vertebrates 
y 1 20 All vertebrates (low in birds! 

reptiles) 
{) 4 48-50 All birds and reptiles 
E 4 35 Some birds, crocodiles 
~ 1 36 Guinea-pig, camel 
'I'] 4 54 Elephant shrews 
A. 1 35 Rabbit, hare 
11 35 Wallaby and other marsupials 
Q 1 39 Frogs of the genus Rana 
t 1 46-48 Agnathans and also certain 

fish, reptiles and birds 
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and aAI and aB 1 have been phosphorylated 
post-translationally. In theory, more than 100 dif
ferent a crystallins could arise in one individual 
by variations in the molecular size and chain com
position. The ~ crystallins of the rat occur as at 
least ten chain variants, of which four are primary 
gene products; seven variants of y crystallins are 
known, of which only one arises by post
translational modification [239]. To the species
specific and individual differences one may also 
add ontogenetic alterations. In the rat, all the 
crystallin genes are active during early embryoge
nesis and they are then switched off at various 
moments during further development. Only two 
genes are later reactivated: the aB gene on day 18 
and the ~s(Ys) gene post-natally [1]. In mammals, 
y crystallin is the first to be produced in embryo 
development, whereas in birds it is 0 crystallin; in 
both cases, a and ~ crystallins later predominate. 
This leads to differences in the crystallin spectrum 
between different layers of the lens. 

The four main classes of crystallins belong to 
three protein super-families (a, Wyand 0). The 
homology of ~ and y crystallins clearly ensues 
from the similarity of their amino acid sequences 
and the corresponding subdivision of their poly
peptide chains into two domains, each with two 
structural motifs. The sequence similarities of 
37 % for the ~ and y chains of the rat, and 29 % 
for the bovine ~Bp and yll chains are highly sig
nificant [61]. The amino acid sequences of the a 
and 0 crystallins show no similarity to each other 
or to the ~ and y crystallins, although the hydro
pathy profiles of the different chains have a simi
lar pattern. The exonlintron structures of mem
bers of the three super-families are also quite dif
ferent. Comparisons of orthologous sequences 
from different species suggest that the rate of 
evolution of all crystallins is very low (see Tab
le 4.12, p. 161). Other lens proteins are also quite 
conservative, e.g. the lens fibre proteins, which 
probably arise from the gap junctions, have very 
similar peptide cleavage patterns from the 
amphibians to the mammals [280]. The mainte
nance of maximum transparency through closely 
packed protein molecules probably requires spe
cific spatial relationships between the side-chains 
of the polypeptide chains, and this presumably 
restricts the possibilities for amino acid substitu
tion. 

As crystallins are found only in the vertebrates 
it may be assumed that they originated from non
lens proteins. In fact, a partial fragment of 76 
amino acids from the aA crystallin of various 
mammals shows significant sequence agreement 

with the small heat-shock protein (hsp26) of Dro
sophila, Caenorhabditis and soybean. There is 
evidence of a relationship between the Wy crys
tallins and the Ca2+ -binding protein S of the bac
terium Myoxococcus xanthus [110, 134]. The 
taxon-specific crystallins are all related to, or are 
even identical to, enzymes of cell metabolism: 0 
with arginine succinate lyase, f with lactate 
dehydrogenase B4, ~ with alcohol dehydrogenase, 
'Y] with aldehyde dehydrogenase, A with 
hydroxyacyl-CoA-dehydrogenase, Q with aldose 
reductase and aldehyde reductase, and 1: with a
enolase. The crystallins 0, f and 1: are even cata
lytically active [120, 312]. 

The characteristically high molecular weight a 
crystallins (Table 10.3) consist of two chain types, 
aA and aB, which differ in about 40 % of their 
170-175 amino acids. The relative proportion of 
the two types varies from 9: 1 in the kangaroo to 
4: 1 in the shark. The amino acid sequences of the 
aA chains are now known for more than 40 mam
mals, 21 birds, 2 reptiles, 2 amphibians, and the 
shark Squalus acanthias (Fig. 10.12); the aB 
chains are known for only a few mammals. 
Because there is apparently only one aA gene, 
the aA sequences are orthologous and therefore 
suitable for the study of taxonomic relationships; 
genealogical trees of the aA sequences have, to 
date, always been constructed on the maximum 
parsimony principle and are thus subject to the 
usual criticism of this method. However, the data 
suggest an average rate of evolution of the aA 
chains of about only 3 % per 100 million years. 
The human and bovine aA chains differ at only 
ten positions and the aB chains at only three; 
thus, the rate of evolution of the aB chains is 
probably even lower than that of aA. As a result 
of the slow evolution of the a crystallins, even 
distantly related species have identical aA 
sequences, e.g. dog/cat, rat/golden hamster/the 
gerbil Meriones ungulatus, giraffeihippopotamus, 
and guinea-pig/springhaas Pedetes caffer [119]. 
The conservative nature of the lens proteins is 
also apparent from immunological data. Of the 
antigen determinants of undissociated bovine a 
crystallin, 42 % are present in the agnathans, a 
further 11 % in the cartilaginous fish, and a fur
ther 11 % in the bony fish, 21 % in the amphibi
ans and reptiles, and only 15 % are restricted to 
the mammals. 

Three different a-crystallin chains are pro
duced in the mouse (aA, aAins and aB), although 
there are only two genes each with three exons. 
The 1376-bp first intron of the A gene, between 
codons 63 and 64, contains 288 bp downstream 
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Fig.l0.12. The amino acid sequences of bovine aA crystal
lin chains, and the variations found in the chicken, Alliga-

from the start of a coding sequence which corre
sponds to the insertion sequence of 23 amino 
acids present in the aAins chain variant; thus, the 
mRNAs for aA and aAins arise from the same 
gene by variable splicing of the same primary 
transcript (see Fig. 2.12b, p.41). aAins-like pepti
des are immunologically detectable not only in all 
rodents but also in the hedgehog Erinaceus euro
paeus, the bat Artibeus jamaicensis and the lago
morph Ochotona pinceps. The only active human 
aA gene contains an aAins-homologous sequence 
which, however, displays a frameshift and two 
internal stop codons due to a nucleotide deletion. 
The aA ins exon is therefore apparently very old in 
evolutionary terms, and has been inactivated in 
most mammals [117]. 

The rudimentary lenses of the mole Talpa euro
paes and the mole rat Spalax ehrenbergi contain 
immunologically detectable a crystallins, and also 
Band y crystallins in the case of Talpa. The aA 
gene of the mole rat has been sequenced. It car
ries the same transcription and translation signals 
as a fully functional gene, but shows a markedly 
increased rate of evolution of 13 % amino acid 
substitutions per 100 million years compared with 
3 % for other mammals. Whereas in all other aA 
sequences from the shark to man, positions 12, 
29, 60 and 163 are invariant, in Spalax they have 
suffered substitutions (Fig. 10.12). If one assumes 
that the rate of evolution first began to increase at 
the start of their subterranean existence about 
25 million years ago, the substitution rate in Spa
lax can be calculated as 0.9 . 10-9 amino-acid-

tor mississippiensis, the frog Rana esculenta and the shark 
Squalus acanthias [119] 

exchanging substitutions per nucleotide per year; 
this is much lower than the value of 5 .10-9 for 
synonymous substitutions [98]. 

Crystallin genes are expressed only in the eye. 
Microinjection experiments with the chicken aA 
gene have shown that tissue-specific expression is 
regulated by enhancer-like sequences which lie 
189-242 bp upstream of the initiation site. The 01 
crystallin gene of the chicken is expressed in mouse 
lens epithelium just as well as in the chicken, but it is 
not expressed in non-lens cells [120]. 

Of all the lens proteins, B crystallin is the most 
heterogeneous. There are at least seven different 
bovine primary translation products and ten post
translationally modified chains; these are associ
ated into di- to octomers such that there are two 
size classes of B crystallins (BL and BH)' There are 
at least six different human B chains of 18.5 to 
55 kDa, and at least four B chains of various 
lengths in the chicken [97, 108]. The variation in 
chain length is based upon the presence or 
absence of C- and N-terminal extensions (arms) 
arising through variation in the positions of initi
ation and termination signals [120]. Thus, for 
example, the bovine ~ chains can be divided into 
two groups. The first group includes the chains 
BBl and BA and the predominant BBp, all of 
which have C-terminal extensions. Those of the 
second group, BB, BC, BD and BE, have no C
terminal extensions, BD differs from BB only by 
the possession of an N-terminal extension of 17 
amino acids, and this probably arises by differen
tial splicing of the same primary transcription 
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product. The bovine orthologous chains differ 
from those of the rat or mouse by only 4-5 % , giv
ing an estimate of about 4 % per 100 million years 
for the rate of evolution. Thus, the separation of 
the different chain types probably occurred about 
300 million years ago. Homologous chains should 
be present in all mammals, birds and reptiles, and 
most of them also occur in amphibians and fish 
[97]. A crystallin sequenced via the cDNA from 
the frog Rana temporaria is highly homologous to 
the ~A1 crystallins of the mammals and birds 
[170]. The so-called ~s crystallin ofthe mammalian 
lens is rather unique in the ~ crystallin family; it 
behaves electrophoretically like a ~ crystallin but 
is always present as a monomer and corresponds 
more in its sequence to a y crystallin [234]. 

The y crystallins are always monomers (Tab
le 10.3) and, like the ~ crystallins, show marked 
heterogeneity in all vertebrates. They have a typ
ical tertiary structure, which is also seen in the ~
crystallin subunits; there are two globular 
domains, each with two structural motifs consist
ing of 40-42 amino acids in four strands of an 
antiparallel ~ sheet (Fig. 10.13). Despite the great 
similarity in spatial structure, the sequence of the 
four motifs, I to IV, are identical in only 18-36 % 
of positions; 30-45 % of the remaining amino 
acids consists of conservative substitutions which 
have negligible influence on the chain conforma
tion. The marked agreement between I and III 
and between II and IV suggests that the chains 
arose by two successive gene duplications. The 
structures of the ~ and the y genes are compatible 
with this concept. In the ~ gene of the mouse, one 
exon is present for each of the four structural 
motifs; one human ~ gene has two further 5' ter
minal exons coding for an N-terminal extension 

Domains: 

Fig.IO.13. The exonlintron structure of the mammalian 
y-crystallin gene coincides with the domain structure of the 
polypeptide chain. The chain is composed of two domains, 
each with two structural motifs; the y-crystallin gene in-

of 32 amino acids [108]. The y gene, on the other 
hand, consists of only three exons, the first of 
which encodes only three amino acids, and the 
other two each encode one domain [61]. The y 
crystallin of the shark Scoliodon walbeemi has 
quite a different structure that is rich in a helices, 
in contrast to the typical ~ structures of all other y 
crystallins [39]. 

All the vertebrates examined so far were found 
to have multiple y genes, of which several from 
mammals and the frog have been sequenced. In 
man and the rat there are six closely associated 
genes, all of which are expressed in the rat; two of 
the human genes are pseudo genes with internal 
stop co dons [61, 247]. The y crystallins also 
evolved slowly; the N-terminal sequences of the y 
chains from the carp, the American bullfrog, the 
cayman and the rat agree in 12-14 out of 20 com
pared positions [37]. The tetrameric fJ crystallins 
appear to be present only in reptiles and birds, 
where they substitute for the y crystallins. Their 
concentration, as a proportion of the total crystal
lin, varies widely with the species; in the chicken 
they make up 50 % of the total lens protein, 
whereas the chimney swift Chaetura pelagica has 
no fJ crystallin but instead 20 % E crystallin [311]. 
The fJ crystallin is homologous to arginine succin
ate lyase. As the result of a gene duplication, the 
chicken and duck possess two fJ-crystallin genes, 
()1 and fJ2. The crystallin encoded by ()1 has a 
much lower enzyme activity than that encoded by 
fJ2. The two genes are expressed more or less 
equally in the duck lens, whereas ()1 predomina
tes in the chicken. The lens of the duck thus con
tains a much higher enzyme activity than that of 
the chicken, although in the latter the activity in 
the lens is nevertheless higher than in the liver. 

II 

50bp 
I----i 

eludes three exons, of which the first codes for only three 
amino acids, and the other two each encode one of the two 
domains [192] 



The & crystallin of the ostrich Struthio camelus 
also has high arginine succinate lyase activity 
[40,310]. E Crystallin was discovered in the Pek
ing duck but also occurs in other avian species, 
e.g. vultures and stilts, in proportions of up to 
23 % of the lens protein; it is not found in the 
chicken. It is also present in the eye lenses of cro
codiles but does not occur in any other reptiles. E 

Crystallin is homologous to the heart-specific 
isoenzyme B4 of lactate dehydrogenase (LDH
B4)' Ducks and chickens possess only one LDH-B 
gene which codes for both E crystallin and the cell 
enzyme. Thus, the gene product in this case must 
be adapted to two quite different functions and 
this "gene sharing" results in a radically reduced 
rate of evolution. Like LDH-B4' E crystallin is a 
homotetramer and differs from the cell enzyme 
only by the deamidation of the asparagine resi
dues in positions 163 and 265 [99]. 

Taxon-specific crystaIlins have only quite 
recently been discovered in the mammals; the 
first to be found was f... crystallin, which makes up 
about 7-8 % of the soluble protein in the lenses 
of rabbits and hares and shows 30 % sequence 
agreement with L-3-hydroxacyl-CoA-dehydro
genase from mitochondria [197]. The ~ crystallin 
from the lens of the quinea-pig Cavia poceUus 
belongs to the family of zinc-containing long
chained alcohol/polyol dehydrogenases. However, 
adaptation to the function of lens protein has led 
not only to the loss of the zinc-binding amino 
acids, and therefore loss of the enzyme activity 
during evolution, but also to other changes. Thus, 
the lens protein is tetrameric, like mammalian sor
bitol dehydrogenase, and not dimeric, like the 
zinc-containing alcohol dehydrogenases. Surpris
ingly, ~ crystallin is found not only in the guinea
pig and other hystricomorphs but also in Camelus 
dromedarius, a representative of a different mam
malian order [77]. The eye lenses of three species 
of the primitive elephant shrews (Macroscleidae) 
have been shown to contain up to 24 % soluble 1] 

crystallin, which is apparently identical to cytosolic 
aldehyde oxidase. However, the lens shows no 
enzyme activity, probably as the result of ageing 
processes [312]. In the tammar wallaby Macropus 
eugenii and the tiger cat Dasyurops maculatus 
(Marsupalia), the lens contains a !l crystallin which 
appears to have a nucleotide-binding structure but 
has no homology to known dehydrogenases [312]. 
The Q crystallin isolated from the lenses of 
Rana temporaria and R. catesbeiana shows high 
sequence homology to aldehyde reductase, aldose 
reductase and prostaglandin-F synthase. The frog 
lens contains an N-terminal acylated (RHO-I) and 
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a non-blocked (RHO-II) form of the lens protein, 
neither of which has enzyme activity [75]. The a
enolase-homologous 1: crystallin is found in the 
lamprey and also in certain species of birds, repti
les and teleosts. The duck has only one a-enolaseh 
crystallin gene, which thus codes for a protein with 
two different functions. However, the enzyme 
activity in the lens is reduced by ageing processes 
[120]. 

The invertebrates have no crystallins, not even 
the cephalopods, whose eyes are so similar to 
those of the vertebrates as to serve as a remark
able example of convergent evolution. The lenses 
of cephalopod eyes contain an electrophoretically 
complex spectrum of proteins which are, however, 
also termed crystallins. The main lens proteins of 
Ommastrephes sloani are homo- or heterodimers, 
with subunits of 222-223 amino acids, encoded by 
a gene family with at least three members. Two of 
these genes show only 50 % agreement in their 
amino acid sequences but both are significantly 
homologous to rat glutathione-S-transferase. 
Similar lens proteins have been detected in Octo
pus vulgaris and Sepia esculenta, which belong to 
very different cephalopod groups [38, 284]. 
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The extracellular matrices ()f animal tissues con
sist of networks of collagens and elastins, the 
meshes of which are filled with structural glyco
protein~ and glycosaminoglycans, The cells them
selves are in direct contact with the basement 
membranes, which are specific regions of the 
extracellular matrix with a thickness of 20-
200 nm. The very varied compositions of the dif
ferent extracellular matrices determine their 
mechanical characters and, in particular, their 
interactions with the cells [73]. The binding of 
cells to various matrix components is mediated by 
specific receptors on the cell surface and these 
recognize certain peptide sequences in the matrix 
proteins [141). Several particularly important and 
well-known protein types of the extracellular 
matrix win be dealt with in Sections 11.1 to 11.4, 
and the glycosaminoglycans will be discussed in 
Chapter 13. There are very few comparative bio
chemical .data on the other matrix components. 
Next to the collagens, the most predominant car
tilage protein is the cartilage matrix protein 
(CMP), a homotrimer with subunits of 470 amino 
acids, the gene for which has been sequenced in 
the chicken [69]. Tendons, skin and cornea con
tain the collagen-binding fibromodulin, and the 
gut wall includes the homologous proteoglycans 
PG-Sl and PG-S2 (decorin); the 357- to 375-
amino-acid polypeptide chains of these latter pro
teins are mainly built up of 23-residue repeats 
[92]. In addition to fibronectin, the other cell
binding proteins of the extracellular matrix are 
cytotactin and tenascin, which are mainly pro-
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duced during the phases of histo- and organoge
nesis. In contrast to the dimeric fibronectin mol
ecule, these two proteins form oligomers with 
a six~armed structure (hexabrachions). Their 
sequences of 1777 and 2203 amino acids, respec
tively, are highly repetitive; some of the repeats 
resemble the type-III repeats of fibronectin, and 
the others are similar to the repeats of the epider
mal growth factor (EGF) [19, 90]. Endothelial 
cells, fibroblasts and smooth-muscle cells produce 
the large glycoprotein thrombospondin, which is 
able to bind to fibronectin, collagen and heparin 
in the extracellular matrix [25]. 

Typical components of the basement membra
nes are type-IV collagens, glycosaminoglycans, 
laminin, merosin and nidogen [129]. The insolu
bility of the basement membrane makes for large 
problems in the characterization of these prote
ins; significant progress has only been possible 
through analysis of cDNA and gene sequences. 
Laminin can be extracted with ethylenediamine
tetraacetic acid (EDTA) and consists of three 
chains, A, Bl and B2. The N-terminal regions of 
the subunits take the form of three short, free 
arms; the C-terminal regions form a rod-like coil 
on the end of which sits a large globule made up 
of the C-terminus of the long A chain. Colla
gen IV binds to both the short terminal globules 
of the short arms and the large C-terminal glo
bule of the A chain. The N-terminus of the 
A chain carries a cell-binding site. The binding of 
neuronal cells to this site stimulates the out
growth of neurites. Further cell-binding sites, as 



well as the sites responsible for the binding of 
nidogenlentactin and for calcium-dependent 
aggregation, lie on the short arms of the 
B chains. The large globule at the C-terminus of 
the A chains binds glycosaminoglycans [8]. The 
sequences of the human and murine A chains, 
with 3058-3060 amino acids, agree by 76 % and, 
with the exception of the globular region, are sig
nificantly homologous to the B chains. The vari
ous regions of the human Bl (1765 amino acids) 
and B2 (1576 amino acids) chains agree in their 
sequences by only 16-40 %. The Bl gene inclu
des 34 exons and the B2 gene only 28; of the 
introns, only three occupy the same positions in 
both genes [60,90]. Laminins have been 
detected in various invertebrates, but only the 
B chain of Drosophila melanogaster has been 
sequenced. The B2 chain of the fly agrees at 
40-41 % of positions with human and murine B2, 
but at only 29-30 % with its own Bl chain or the 
Bl of the mammals [18]. The basement membra
nes' of the trophoblasts from human placenta, of 
striated skeletal muscle and of the Schwann cells 
from the peripheral nervous system contain a 
specific laminin made up of the polypeptide 
merosin and the laminin chains Bl and B2. The 
C-terminal region of merosin, as yet the only 
characterized region of the molecule, shows 40 % 
sequence similarity to the laminin A chain [30]. 
The laminin of the basement membranes is often 
complexed with nidogen (entactin). Murine 
nidogen is a dumb-bell-shaped molecule carrying 
binding sites for cells, laminin and collagen IV. 
The globular N- and C-terminal domains of nido
gen consist of 641 and 328 amino acids, respec
tively, and the connecting rod domain has 248 
amino acids [77]. Glutactin from the basement 
membranes of Drosophila may be functionally 
similar to nidogen but structurally it is very dif
ferent; the N-terminal half of its sequence of 
1023 amino acids resembles serine enzymes, but 
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catalytic activity is absent; the C-terminal half 
contains no fewer than 44 % glutamate and glu
tamine residues [93]. 

11.1 Fibronectins 

Fibronectins are found in vertebrates as insoluble 
structural proteins on the surface of fibroblasts 
and other cells, in the connective tissue matrix, 
and between the basement membrane and the 
associated cells; they are also found in soluble 
form as cell-adhesion factors in the blood plasma. 
They are present at a much greater concentration 
in embryonal tissues than in the adult, and are 
thought to have an organizing function in tissue 
formation. Only the structures of the human, 
bovine and rat soluble forms are known in any 
detail. In these cases the proteins are dimeric, 
extended, globular glycoproteins of 220 kDa with 
the two chains bound by disulphide bridges close 
to the C-terminus (Fig. 11.1). The chains are 
identical, or nearly identical, and consist of 
2146-2325 amino acids. The sequence is periodic 
with three types of repeats: 12 type-I domains 
and 9 type-II domains are present, each of which 
is composed of 45-50 amino acids with internal 
disulphide bridges; and there are also 15 type-III 
domains with 90 amino acids but no bridges. 
The species-specific carbohydrate fraction of 
4.5-9.5 % is made up of three to six N-glycosidic
bound oligo saccharides [109, 116]. 

The fibronectins are extraordinarily varied pro
teins. They are involved in the maintenance of 
normal cell form, cell adhesion, spreading and 
movement, the stimulation of phagocytosis 
(opsonification) and wound healing; they bind 
collagen, fibrin, actin and other proteins of the 
membrane skeleton, heparin, hyaluronic acid, 
gangliosides, polyamines, the complement com-
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Actin 
Fibrin 
Heparin 
Staphylo
cocci 

Collagen Actin 
Fibronectin DNA 
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Polyamine Staphylococci 
TEF 

Cells Heparin 

Fig.Il.I. The domain structure of human plasma fibronec
tin [131]. The domains are labelled according to their 

ligands as S (staphylococci), H (heparin), G (gelatin) and 
C (cell); glycosylation sites are marked with drumsticks 
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ponents C3 and C1q, C-reactive proteins, amyl
oid P, acetylcholinesterase, DNA, and bacterial 
and animal cells [109, 116]. Furthermore, they 
constitute the recognition and binding sites for 
the Chagas disease agent Trypanosoma cruzi. 
Each function has a specific binding site some
where on the long polypeptide chain (Fig. 11.1). 
Fibronectins have been found in all vertebrates 
examined, and related proteins appear to be pre
sent in all Metazoa from the Porifera onwards. 
An antibody against human fibronectin recogni
zes a glycoprotein of about 230 kDa in the hae
molymph of the fly Drosophila, and this glycop
rotein is apparently quite similar to the vertebrate 
fibronectin [45]. 

The soluble plasma fibronectins of the rat and 
other mammals can be clearly distinguished from 
the insoluble cellular forms by means of monoclo
nal antibodies. Both show marked variability, 
which is partly due to post-translational modifica
tions, such as glycosylation or sulphation of tyro
sine residues, but also partly due to differences in 
the primary sequences [109]. Man and the rat 
have only one fibronectin gene, from which, how
ever, 12 different mRNAs are formed by alternat
ive splicing at three positions (see Fig.2.12a, 
p. 41). It is not known how far the different fibro
nectins exercise different functions [94, 109]. The 
rat fibronectin gene extends for about 70 kb and 
has almost 50 exons. Each repeated unit of the 
type-land -II fibronectins is encoded by a specific 
exon, whereas the repeats of type III arise from 
two somewhat different exons. The primary 
translation product contains a signal sequence of 
20 amino acids and a pro-sequence of 5 amino 
acids [47]. The gene structure confirms the parti
cipation of gene duplication and exon shuffling in 
fibronectin evolution, but this is already sug
gested by the periodic amino acid sequence [96]. 
The blood plasma of various mammals and the 
chicken contains a further cell-adhesive glycopro
tein, vitronectin, which, with a length of 458 
amino acids (75 kDa), is significantly smaller than 
fibronectin and shows no sequence similarity [70]. 

11.2 Collagens 

In the early 1970s only one collagen type was 
recognised, and that is now known as collagen I 
from the extracellular matrix of the vertebrate 
connective tissues. Today, no fewer than 14 ver
tebrate collagen types are known, and these are 
made up of 25 different polypeptide chains. Fur-

ther collagen types are found in the invertebrates. 
Collagens form fibrils in the extracellular matrix 
and networks in the basement membranes; they 
occur, for example, in the cuticula of the annelids 
and nematodes, in the egg capsules of sharks, 
skates and rays, in the cocoon silks of some insect 
larvae, in the byssus threads of the edible mus
sels, and in the gemmules of the sponges. 
Quantity-wise, they are amongst the most preval
ent proteins; 25-30 % of total human protein 
consists of collagen, and there are collagen-like 
sequences in other proteins. For example, the 
asymmetric, basement-membrane-bound form of 
acetylcholinesterase has a 40-kDa segment with 
the triple-helix structure typical of collagen, and 
shows immunological cross-reactivity with colla
gen I. The three chains of the complement factor 
C1q also have a short triple helix close to the N
terminus, which suggests the combination of a 
collagen sequence with a non-collagen sequence 
during evolution. The neurophysins and various 
salivary proteins possess collagen-like fragments 
[35, 150]. 

11.2.1 Vertebrate Collagens 

The typical collagen fibre of the mammalian 
connective-tissue matrix is a bundle of fibrils with 
more than 1 million collagen molecules per centi
metre, each of which is shifted 67 nm with respect 
to the others by one so-called D unit, correspond
ing to 234 amino acids, giving the typical cross
striping of the fibrils (Fig. l1.2b). Each collagen 
molecule is a stiff, rod-shaped structure of about 
300 kDa with a length of 300 nm and a diameter 
of 1.5 nm; it is made up of three a chains which 
are, for the most part, twisted into a triple helix 
(Fig. 11.2a). The central part of each chain con
sists predominantly of a repetitive sequence of 
about 330 triplets with the structure -Gly-X-Y-, 
in which X and Yare often proline and 4-
hydroxyproline, respectively. At both ends of 
the a chains are so-called telopeptides, of 
15-20 amino acids, which have no triple-helix 
structure. As in the case of other secreted prote
ins, the newly synthesized a chains have an N
terminal signal sequence. After cleavage of the 
latter in the cisternae of the endoplasmic reticu
lum, three chains associate to form the pro
collagen molecule which is then released to the 
outside. The a chains of pro-collagen carry N
and C-terminal extensions which are cleaved off 
by specific amino-and carboxypro-collagen pepti
dases during fibril formation. Further post-
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Fig. 11.2a, b. Collagen structure . a Pro-collagen - the ter
minal extensions or propeptides are cleaved during fibril 
formation by specific pro-collagen peptidases. b Collagen 

translational modifications of collagen involve 
the hydroxylation of proline and lysine residues, 
and the glycosylation of particular hydroxylysines 
[35]. 

In the collagen fibrils, two, three or four mole
cules are connected together by special structu
res; thus, the fibres are really networks. Up to ten 
different connecting structures (cross-links) may 
be present on one molecule, and not all of these 
have yet been identified (Fig. 11.3). In collagen, 
as in elastin, the cross-linking is based on lysine 
or hydroxylysine, although at the most 3 lysine 
residues are involved in each collagen molecule 
compared with more than 30 in the elastin mol
ecule. Invertebrate collagens, in particular, may 
also be cross-linked by disulphide bridges or by 
structures based on tyrosine (Fig. 11.4). The 
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Fig.ll.3a-d. Cross-linking structures of collagen and elas
tin molecules and their precursors [32]. a Hydroxylysine; b 
hydroxyallysine; c cross-linking of collagens by the hydro
xyallysine route involves formation of the 3-hydroxypyri
dine derivatives HP and LP, which differ only by the 
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fibrils - the characteristic cross-striping arises from the 
staggered arrangement of the collagen molecules 

formation of the connecting structures begins 
with the conversion of certain lysine or hydroxy
lysine residues of collagen to the corresponding 
aldehydes allysine and hydroxyallysine by oxida
tion ofthe side-chain (Fig. 11.3a-b). Lysyloxidase 
is the only enzyme required for the cross-linking 
of collagen and elastin. This is a copper enzyme 
of 710 amino acids with pyridoxalphosphate as 
the cofactor, which interacts with growing fibrils 
more readily than with collagen monomers. The 
sequence of this enzyme shows only 18-19 % 
agreement with that of the functionally related 
prolyl-4-hydroxylase [87]. In most connective tis
sues the cross-links are formed via hydroxyally
sine, and in the skin via ally sine ; either of these 
two possibilities may predominate in tendons, 
e.g. allysine occurs in rat-tail tendons but hydroxy-

HP Desmosin 

absence from LP of the hydroxyl group marked with an 
asterisk; d cross-linking of elastin results in the formation 
of desmosin and isodesmosin, the latter having a C2 
instead of a C4 side-chain 
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Fig.11.4. The linking structures bistyrosine, tertyrosine and isotertyrosine, which arise from tyrosine residues 

allysine is found in human Achilles tendon. In the 
hydroxyallysine route, the trifunctional 3-
hydroxypyridine (HP) bonds are formed from 
three hydroxylysines and LP is formed from two 
hydroxylysines and a lysine (Fig. 11.3 c). The 
bonding structures of the allysine route are not 
known in detail. The formation of cross-bridges in 
collagens I-III always involves the same four 
sites: one each near the N- and the C-terminus 
and one each 90 positions distant in the triple
helix region. Only the terminal amino acid is oxi
dizable and reacts with the helical amino acids of 
a neighbouring molecule, which is shifted by 4 D 
units, i.e. by 268 nm [32, 150]. 

The 14 known collagen types of mammals and 
birds can be divided into three groups according 
to structure and localization. Types I-III, V and 
XI belong to the fibril-forming collagens. Their 
molecules consist of a chains of more than 
95 kDa with a 300-nm uninterrupted triple helix, 
and form cross-striped fibrils with the typical D 
unit of 67 nm. In non-fibrillar collagens, the 
triple-helix domains are interrupted by non
helical segments. The a chains of the large colla
gens, IV, VI, VII, XII and XlV, have a mass of 
more than 95 kDa and those of the short-chain 
collagens, VIII, IX, X and XIII, are always 
smaller than this [99]. Amongst the fibril.forming 
collagens, type I predominates in the skin, bone, 
tendon and cornea; it is often associated with 
small amounts of type V and forms large
diameter fibrils with distinct cross-striping. 
Type II is found together with small amounts of 
type XI in cartilage and in the vitreous humour 
of the eye; the fibrils of type II are finer with less 
obvious periodicity. There are cartilaginous struc
tures, e.g. the meniscus, which consist mainly of 
collagen I. Collagen type III occurs together 

with type I in the skin and blood-vessel walls. 
This is the only fibril-forming vertebrate collagen 
to have disulphide bridges in addition to the 
other bonding structures. The molecules of colla
gen I consist of two, or even three, different 
a chains; those of collagens II and III are homo
trimers. Although together they can form a triple 
helix, the subunits of collagen I differ consider
ably from each other; e.g. human a1(1) and aZ(I) 
differ in 34 % of their amino acids. The a chains 
from different collagen types show even larger 
differences, e.g. there is 42 % difference between 
human aZ(I) and a1(1I1) , and are unable to form 
triple helices with each other. In contrast, the 
species-specific difference between homologous 
chains is always much smaller, e.g. 7.9 % 
between human and chicken a1(1); bovine and 
rat aZ(I) differ by 9 %, and the human/chicken 
difference is Z1 %. These data suggest that the 
gene duplications leading to the separation of the 
different collagen types and subunits of anyone 
type took place long before the origins of the 
birds and the mammals, and that the rate of 
evolution of the aZ chains is much greater than 
that of a1 [108]. In contrast to the higher verteb
rates, the agreement between a1(1) and aZ(I) in 
the agnathan Entosphenus japonicus is greater 
than that between a1(I) and a1(1I). Thus, the 
separation of the subunits a1(1) and aZ(I) prob
ably occurred after the appearance of the types I 
and II. However, due to the higher rate of evolu
tion of the aZ chains, the difference between a1 
and aZ increases in parallel to the evolutionary 
rank of the vertebrates. 

The collagens of type I mostly consist of two 
chain types according to the formula (a1)2aZ. 
Collagen I from the skin of many teleosts, how
ever, includes a third chain type and has the for-



mula ala2a3. The a3 chain is encoded by its own 
(third) gene which apparently arose by duplica
tion of the al(I) gene. The a3 chain has so far not 
been detected in the agnathans, cartilaginous fish 
or higher vertebrates [103]. The lampreys Entos
phenus japonicus and Eptatretus burgeri possess 
two genetically different type-I collagens, one of 
which predominates in the skin and the other in 
the gut wall, muscle and cartilage [79]. The homo
logous collagen types I and II not only are up to 
40 % different in amino acid sequence, but 
type II shows up to tenfold higher hydroxylation 
and glycosylation of the lysine residues. Both col
lagens show an increasing proline hydroxylation 
in higher vertebrates, and thus a higher tempera
ture stability. The denaturing temperature for col
lagens I and II in mammals and birds is 37-39 °C; 
in fish, type II has a value of 32-34 °C and is rela
tively stable, whereas type I is already denatured 
at 28-29 °C in the sharks and cartilaginous fish, 
and at 22°C in the agnathan Myxine [107]. Sharks 
also have predominately type I in the skin and 
type II in cartilage; however, the transparent, 
elastic fin fibres (ceratotrichia) contain elastoidin, 
which is a complex of collagen and a tyrosine
rich, non-collagen protein. This substance, which 
by the way is the basis of the famous delicacy 
shark-fin soup, contains a homotrimeric collagen 
with a component al(E), which is very similar, 
but not identical, to al(I) [67]. 

Collagens III, V and XI can alone form fibrils 
in vitro, but usually occur in addition to colla
gen lor II in complex (heterotypic) fibrils. About 
5-20 % of collagens in various tissues are of 
type III, the proportion increasing with age [1]. 
Type V is usually associated with collagen I, and 
type XI with collagen II of cartilage, but fibrils 
composed of types V and II are also known. Col
lagen V exists as either (al)2a2, ala2a3 or (alh, 
and a further chain form, a4(V), has been found 
in the chicken [91]. Collagen XI contains three 
polypeptides, of which al(XI) and a2(XI) are 
encoded by their own individual genes, whilst 
a3(XI) is possibly a product of the al(II) gene 
[68]. A collagen isolated form bovine bone con
tains al(XI) in addition to al(V) and a2(V) [91]. 
In fact, collagens V and XI are very similar; for 
example, the triple-helix sequences of the human 
collagen chains al(V) and al(XI) have 82 % 
identical amino acids [125]. 

Unlike collagens I-III and V, the basement 
membrane collagen IV does not form fibrils but 
forms a network. Its molecules usually consist of 
two al(IV) subunits and one a2(IV), but homo
trimers of al(IV) have also been described. More 
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recently, other tissue-specific type-IV collagen 
chains have been discovered; they are designated 
a3(IV) , a4(IV) and a5(IV) and probably repre
sent adaptations to the functions of the different 
tissues [55]. The human al(IV) chain consists of 
1642 amino acids, including 20 cysteine residues. 
These are subdivided into a short N-terminal 
region (15 amino acids), a central triple-helix 
domain of about 350 nm (1398 amino acids), and 
a large C-terminal globular domain NCl (229 
amino acids). The collagen network arises by 
binding of the terminal domains: in each case, 
four molecules are bound together at the N
terminal domains with 30-nm overlaps, and two 
molecules are bound head-to-head via the C
terminal domains. In the central domain, the 
repetitive Gly-X-Y sequence is interrupted at 
21 positions. The NCl domain is made up of 
repeats of two homologous sequences which 
agree in about 45 % of positions. The human and 
murine a2(IV) chains have a structure similar to 
that of human al(IV) [13, 98]. Whereas the inter
stitial collagens I-III contain only about 1-2 % 
sugars, mainly galactose and glucose, bound 0-
glycosidic to hydroxylysines, the basement mem
brane collagen IV has a much larger and more 
complex carbohydrate component. The sequence 
agreement between homologous subunits of both 
human and murine al(IV) and a2(IV) is about 
65 % in the NCl domain, and is therefore much 
greater than in the central domain (45 % ); but 
also in this case, homologous subunits of different 
species are much more similar than are the two 
subunits in the same individual. For example, the 
human and murine a2(IV)-NCl sequences agree 
in 219 of 227 amino acids [55]. 

The collagen fibrils of the extracellular matrix 
are often associated with further collagens. Thus, 
the fibrils of cartilage consist of types VI and IX 
in addition to collagens II and XI, and the fibrils 
of the cornea have type VI as well as types I and 
V. Collagen types VII, VIII and X-XIV are more
or-less tissue-specific side components of connec
tive tissue. Collagen VI is localized in cartilage 
close to the chondrocytes and has some special 
features that are not found in other collagens. 
The monomer has the form of a dumb-bell made 
up of a short triple helix with a length of 105 nm 
and two large globular structures, which together 
make up more than 80 % of the mass of the mol
ecule. It is composed of three a chains, of which 
a3(VI) bears a particularly large N-terminal, glo
bular domain and, with a total of 2648 (chicken) 
to 2943 (human) amino acids, is much longer than 
chains al(VI) and a2(VI), each of which has 
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about 1000 amino acids. The triple helix contains 
cysteine residues, which can form disulphide 
bridges between the monomers, as well as several 
putative cell-binding sites with the sequence Arg
Gly-Asp and N-glycosylation sites with the 
sequence Asn-X-Thr. The N-terminal domains of 
the chains a1(VI) and a2(VI) contain one 
sequence, and the large a3(VI) chains have eight 
sequences of 190-210 amino acids, which 
resemble the type-A domains of the Willebrand 
factor and, like the latter, also bind collagen I. 
Thus, collagen VI apparently has the function of 
a bridge between cells and collagen fibres [11, 20, 
50]. The molecules of collagen VII consist of 
three identical subunits and occur in connective 
tissue as disulphide-linked dimers [83]. The short
chain collagen VIII is found in the majority of 
endothelial cells and, in particular, in the thick 
basement membrane of the cornea (Descemet's 
membrane). The molecule is a heterotrimer with 
the composition (a1)2a2. The a chain is made up 
of a short triple helix of 454-457 amino acids and 
two terminal, non-helical domains of 117 and 173 
amino acids [85]. 

Collagens IX and X are deposited in various 
cartilaginous structures formed from fibrils of col
lagens II and XI. Collagen X, which is closely 
related to type VIII, is expressed only at mineral
ization sites in hypertrophic chondrocytes; it is a 
homotrimer of short a chains which have triple 
helices with eight interruptions; the sequences of 
the chicken and bovine chains agree in 67 % of 
their 674 amino acids [127]. Collagen IX is a 
heterotrimer of three different a chains of 
72-115 kDa and these include three triple-helix 
domains, COL1-COL3, and four flexible, non
helical domains, NC1-NC4 (the numbering 
beginning at the C-terminus). a2(IX) bears a 
covalently bound glycosaminoglycan on domain 
NC3. Collagen IX alone is unable to form fibrils, 
but it is covalently bound with collagen II of car
tilage fibrils via lysine-derived cross-links. In this 
way, the collagen fibrils of the cartilage are com
pletely surrounded by glycosaminoglycan, and 
this contributes to the high hydration state of the 
cartilage matrix. Two forms of the a1(IX) chain 
arise by alternative splicing. The cartilaginous 
form bears a large, globular domain, NC4, of 
266 amino acids at the N-terminus; this extends 
beyond the fibril surface and can interact with 
other components of the matrix. The form found 
in the cornea and in the vitreous humour has a 
much shorter N-terminus [84, 140]. In addition to 
collagen IX, there are other fibril-associated col
lagens with interrupted triple helices (FACITs), 

e.g. type XII in the tendons of chicken embryos, 
type XIII in the endothelium of the human 
umbilical vein, and type XIV in calf tendon and 
skin [28, 43, 99]. 

The genes of the fibril-forming collagens I-III 
have 5-8 exons in the region of the N-pro
peptide and 44 exons in the triple-helix region, 
i.e. they have more interruptions than most other 
genes. Because correct splicing apparently requi
res a minimal intron length of about 80 bp, these 
genes with pro-collagen-coding sequences of less 
than 5 kb often occupy more than 40 kb of chro
mosomal DNA. Most of the exons have a length 
of 54 bp, and some have derived values like 45 
(= 54-9), 108 (= 2 X 54) or 99 (= 108-9) bp. 
One exon of 54 bp encodes 18 amino acids or six 
G-X-Y triplets. Exons of 54 bp also predominate 
in collagens V and XI. The characteristic gene 
structure of the fibril-forming collagens has led to 
the concept that the genes of all collagens arose 
by the multiplication of a primordial sequence of 
54 bp. However, further collagen genes that have 
been sequenced in the meantime do not fit this 
54-bp hypothesis: the pro-collagen genes of 
type VI mostly have exons of 63 bp in addition to 
some with 27,36,45,54 or 90 bp, i.e. multiples of 
a 9-bp unit. The human and murine a1(IV) genes 
contain 52 and 47 exons, respectively, with very 
variable lengths between 27 and 192 bp. The 
complete triple helix in the a1(VIII) and 
a2(VIII) genes of mammals and the a1(X) gene 
of the chicken is encoded by a single large exon 
[16,50,68, 117, 133]. 

It is difficult to put together a detailed picture 
of the evolution of vertebrate collagens. Colla
gens of types I and II have been identified in 
agnathans, elasmobranchs and teleosts, and in 
some cases have been partially characterized; lit
tle is known about other fish collagens. The agna
thans, which are at the root of vertebrate evolu
tion, possess a cartilaginous skeleton, the matrix 
of which contains chondroitin-6-sulphate as the 
glycan component, as in the higher vertebrates. 
However, the main protein components in the 
lamprey are not collagen and elastin as in other 
vertebrates; in this case collagen is subsidiary to a 
newly discovered structural protein, lamprin, 
which makes up 44-51 % of the dry weight. This 
protein differs in its amino acid spectrum from 
both vertebrate collagen and elastin. It consists of 
over 80 % of the non-polar amino acids proline, 
glycine, alanine, valine and leucine, and contains 
6.3 % tyrosine and 4.2 % histidine. Lamprin is 
cross-linked into fibres but the linking mechanism 
is not known; desmosin and isodesmosin are in 



any case not detectable. Based on its chemical 
structure, agnathan cartilage cannot be consid
ered a normal hyaline vertebrate cartilage, but 
represents a further unique type of connective tis
sue [138]. 

11.2.2 Invertebrate Collagens 

Collagens are not found in plants or protozoans 
but are present in all metazoans from the Porifera 
onwards. The extracellular matrix of invertebrate 
animals, such as the annelids, molluscs and arth
ropods, also consists of collagens and anionic gly
cans. In addition to the interstitial collagens of 
mesenchymal origin, the invertebrates also pos
sess collagens of epithelial or partly ectodermal 
origin in basement membranes, in the cuticle, 
e.g. of the nematodes and annelids, and in secre
tions such as the byssus threads of the edible mus
sel Mytilus and the silks of insect larvae. Only a 
few invertebrate collagens have been sequenced 
so far and consequently very little can be said 
about their evolutionary relationships. Compari
sons are possible only at the level of the amino 
acid composition (Table 11.1). As invertebrate 
collagens also almost invariably show triple-helix 
structures, they contain about one-third glycine 
and high proportions of proline and alanine. On 
the other hand, the proportions of proline and 
alanine. On the other hand, the proportions of 
hydroxylated pro lines and lysines vary widely 
[150]. Most invertebrate collagens form typical 
cross-striped fibrils like those of type-I and -II 
vertebrate collagens. However, the sponges 
already contain collagens which correspond to 
vertebrate basement-membrane collagens in 
some characters [Table 11.1 (1 b)]: many proline 
residues are hydroxylated, the cysteine content is 
high, and a large portion of the hydroxylysine 
residues bear complex oligosaccharides [150]. 
The lysine-derived bridge structures LP and HP 
(Fig. 11.3) have been detected in marine cnidari
ans, annelids, echinoderms, molluscs and arthro
pods [89]. 

In view of their chitinous exoskeleton, it was 
assumed for a long time that insects have no col
lagen. In fact, collagen is present in significant 
amounts subepidermally and in the extracellular 
matrix of all organs. Insect collagen fibrils are 
quite similar to those of the vertebrates; they 
have clear cross-striping with a periodicity of 
55-61 nm. The interstitial collagens of insects are 
composed of three identical subunits which are 
very similar to collagen I of vertebrates in size 
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Table 11.1. Amino acid composition of various collagens 
(residues per 100 amino acids) [37, 150] 

1a 1b 2a 2b 3a 3b 4 5 6 

Ala 106 33 64 83 53 63 100 64 138 
Arg 50 33 45 42 28 38 23 44 40 
Asx 92 51 89 110 55 57 58 66 58 
Cys 0 12 7 16 30 8 0 
Glx 71 84 104 83 54 80 81 87 98 
Gly 331 310 316 323 265 326 348 284 275 
His 5 10 2 4 7 3 1 2 5 
lIe 11 30 27 19 10 24 15 31 20 
Leu 24 54 34 23 14 54 27 41 22 
Lys 28 10 9 25 30 19 16 14 17 
HyLys 6 44 13 25 0 40 0 54 18 
Met 8 10 0 2 8 6 0 6 
Phe 12 27 10 10 6 14 6 18 4 
Pro 121 61 64 67 357 103 9 106 97 
3-HyPro 24 13 ) 20 )122 2 0 
4-HyPro 93 141 79 79 160 81 0 
Ser 46 37 43 19 19 16 88 40 110 
Thr 20 23 44 24 16 13 49 29 35 
Tyr 3 6 4 9 2 6 1 3 25 
Trp 0 0 
Val 22 29 40 24 12 13 16 30 38 

HyLys, hydroxylysine; HyPro, hydroxyproline; -, not 
determined 
1, Mammalian collagens; la, type I; Ib, type IV; 2, colla
gens from the sponge Ircinia sp.; 2a, spongin A; 2b, spon
gin B; 3, collagens of the nematode Ascaris lumbricoides; 
3a, cuticula; 3b, muscle layer; 4, cuticula collagen of the 
earthworm Lumbricus terrestris, 5, mesenteric collagen of 
the mealworm Tenebrio molitor; 6, collagen silk of the saw
fly Nematus ribesii 

(280 kDa), length (290 nm) and amino acid com
position [Table 11.1 (5)] [37, 150]. A collagen isol
ated from Drosophila melanogaster is homolog
ous to the vertebrate basement-membrane colla
gens. This is a homotrimer of a chains of 1775 
amino acids stabilized by disulphide bridges. The 
triple-helix domain includes 9 cysteine residues 
and has 21 interruptions, of which 11 have the 
same positions as in mammalian collagen IV. 
There is a C-terminal, globular domain of 230 
amino acids which agrees in 59 % of its sequence 
with the al(IV) and a2(IV) chains of the mouse. 
The corresponding gene has nine exons and 
therefore differs in general from the many small 
exons and large introns of mammalian colla
gen IV genes [9]. The larvae of the sawfly Nema
tus ribesii spin a cocoon composed of a silk which 
is very similar to vertebrate collagens in its amino 
acid composition, except that it contains no 
hydroxyproline [Table 11.1 (6)]. It is assumed that 
the molecule has a triple-helix structure but this 
has so far not been demonstrated [150]. The 
prawns Penaeus chinensis and P. japonicus con
tain collagens in muscle connective tissues with 
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the composition (al)3 and a high content of glyco
sylated hydroxylysine (19-23 residues per 1000) 
[81, 144]. 

The collagens of the Porifera are known as 
spongins. A distinction is drawn between fibrils 
with a diameter of 20 nm and clear cross-stripes 
with an interval of 63-65 nm (spongin A) and 
thinner fibrils with no distinct stripes (spon
gin B). The spongins contain one-third glycine 
and large amounts of hydroxyproline, hydroxyly
sine and cysteine [Table 11.1 (2a/b)]. Partial 
cDNA and gene sequences show that the sponges 
have both fibrillar collagens, with almost uninter
rupted triple-helix sequences, and short-chain 
collagens, with shorter triple helices and termi
nal, non-helical domains. The exons encoding the 
triple helices almost exclusively have lengths of 
54 bp or mUltiples thereof [31]. 

The mesogloea of the Cnidaria contains striped 
collagen fibrils with a diameter of 22-66 nm; 
these are made up from two or three different col
lagen chains and are rich in hydroxylysine-bound 
carbohydrate [82, 150]. The extracellular matrix 
of the Platyhelminthes also contains disulphide
linked, highly glycosylated 500-kDa collagens, 
i.e. about twice the size of interstitial vertebrate 
collagens and therefore possibly dimers [150]. 
The fibrils of the extracellular matrix of the Mol
lusca contain collagens with one or two chain 
types. The head cartilage of the cephalopod Toda
rodes pacificus is histologically similar to verteb
rate cartilage, and contains a collagen which 
resembles vertebrate type II in its high content of 
glycosylated hydroxylysine, but otherwise has the 
amino acid composition of vertebrate collagen 
type I [66]. The byssus threads of the edible mus
sel Mytilus edulis are composed of a type-l-Iike 
collagen with two different subunits, but also con
tain a tyrosine-rich non-collagen protein. Colla
gens of type I, III and IV are immunologically 
detectable in the Echinodermata. The sea urchin 
Paracentrotus lividus possesses tissue-specific col
lagen fibrils with a much smaller periodicity than 
vertebrate collagens I-III: 55 nm in the foot, 
47 nm in the epidermis, and 44 nm in the peri
stome. A partial eDNA sequence from this sea 
urchin encodes an uninterrupted triple helix of 
480 amino acids and a C-terminal pro-peptide of 
252 amino acids. The gene organization is appar
ently similar to that of the fibrillar vertebrate col
lagens [14, 24]. The collagens of the Tunicata and 
the Acrania differ from vertebrate interstitial col
lagens by having a high content of glycosylated 
hydroxylysines; they therefore resemble more 
closely the basement-membrane collagens [150]. 

The cuticular collagens of the Annelida Lumb
ricus, Pheretima, Nereis and Neanthes are rather 
unusual. The molecules are 950 nm long with a 
mass of 1700-1900 kDa and are thus several 
times larger than the classical vertebrate colla
gens. The cuticular collagen of Nereis is made up 
of two different subunits of about 470 kDa with 
6000 amino acids, i.e. five to six times larger than 
the subunits of vertebrate collagens, and is one of 
the largest known polypeptides. The cuticular col
lagens are not striped, in contrast to the collagens 
of the internal organs of annelids, which in their 
molecular size and periodicity are very similar to 
the fibril-forming collagens of the vertebrates. 
Furthermore, annelid cuticular collagens are uni
que in that 4-hydroxyproline is found not only in 
position Y but also in position X of the sequence 
Gly-X-Y. Thus the 4-hydroxyproline content is 
particularly high at 14-16.5 % ; 3-hydroxyproline 
is also present [Table 11.1 (4)]. The prolylhydrox
ylase of the earthworm is very similar to the ver
tebrate enzyme but, in contrast, is also able to 
hydroxylate the synthetic substrate (Gly-Pro
Ala)n. The cuticular collagens contain 5-15 % car
bohydrate, mainly galactose; however, this is 
bound not to hydroxylysine but to serine and 
threonine [150]. 

The collagen from the cuticle of the nematode 
Ascaris lumbricoides, with a length of 410 nm and 
a mass of 900 kDa, is also significantly larger than 
vertebrate fibrillar collagens. However, reduction 
with, for example, mercaptoethanol increases the 
solubility and releases three different chains of 
52 kDa. The native collagen is thus cross-linked 
by disulphide bridges and also by bis- and isoter
tyrosine residues (Fig. 11.4); cross-linking structu
res based on allysine or hydroxyallysine are not 
detectable. The total proline content of cuticular 
collagens is very high (22 % in Caenorhabditis, 
23 % in Panagrellus and 34 % in Ascaris) but the 
proportions of 4-hydroxyproline differ (1 in 2 pro
lines in the case of Caenorhabditis, 1 in 7 in 
Panagrellus, and 1 in 20 in Ascaris). 3-
Hydroxyproline is not present and, as in the 
annelid cuticle, hydroxylysine is also absent [Tab
le 11.1 (3 a)]; the carbohydrate content is low. 
Lysylhydroxylase shows no activity with the cuti
cular collagen of Ascaris, although this contains 
45 lysines per chain. The collagen fibrils of the 
connective tissues of internal organs are not 
striped but have the typical X-ray pattern; they 
are also much more similar to the vertebrate col
lagens in their amino acid composition than are 
the cuticular collagens [Table 11.1 (3b)]. The 
basement membrane of the gut epithelium con-



tains collagen molecules which, like the corre
sponding vertebrate collagens, are linked head
to-head by disulphide bridges [150]. 

The cuticle of the nematode Caenorhabditis 
elegans is a multi-layered extracellular structure 
consisting mainly of collagen. It is replaced after 
each of the post-embryonal ecdyses, changing 
each time in its ultrastructure and protein com
position. Many collagen components of 30 to 
more than 210 kDa may be extracted from the 
cuticle following reduction. The pattern is specific 
for each ecdysis stage and includes at least 18 dif
ferent chains in the adult cuticle; all have the typ
ical amino acid composition of collagens but vary
ing peptic digest patterns, i.e. they are the prod
ucts of different genes. In vitro translation of col
lagen mRNAs in fact yields more than 30 differ
ent peptides. Caenorhabditis elegans possesses at 
least 50, perhaps even 150, collagen genes which 
encode relatively small polypeptides of 
310-460 amino acids. The nine sequenced col 
genes for fibrillar collagens contain only one or 
two introns, i.e. they do not fit the 54-bp hypo
thesis. All encode 30-kDa polypeptides with five 
domains: an N-terminal non-helical domain of 
about 100 amino acids; two triple-helical domains 
of 30-33 and 127-132 amino acids, separated by 
a non-helical spacer; and a C-terminal non
helical domain. The longer triple-helix sequences 
include one to three short interruptions. This 
domain structure is somewhat similar to that of 
vertebrate collagen IX [23]. The neighbouring 
genes col-12 and col-13 differ in only 5 out of 
951 bp and encode the same amino acid 
sequence. Col-13 mRNA, however, bears a trans
spliced leader, and col-12 a cis-spliced leader. As 
illustrated in Chapter 2, about 10 % of all Cae
norhabditis elegans mRNAs are trans-spliced 
[95]. In addition to the genes for fibrillar colla
gens, two genes (clb-l and clb-2) for basement
membrane collagens have been sequenced. As 
in the mammals, the nematode basement
membrane collagen is a heterotrimer. The 
encoded polypeptides have distinct sequence 
similarity in the C-terminal non-helical domain to 
the NCl domains of mammalian a(IV) chains, 
e.g. clb-lIa2(IV) 72 % and clb-2/al(IV) 63 %. 
The gene duplication al(IV)/a2(IV) thus appar
ently occurred early in the evolution of the Meta
zoa. The existence of only a single homotrimeric 
basement-membrane collagen in Drosophila 
stems probably from the loss of one of the two 
genes [46]. 

11.3 Matrix Proteins of Calcifying Tissues 385 

11.3 Matrix Proteins of Calcifying Tissues 

The organic matrix plays an important, if not 
always obvious, role in the growth of crystals in 
mineralizing tissues. It is apparently organized 
quite similarly in vertebrates and invertebrates, 
with the main components being collagens and 
specific acidic phosphoproteins and polysacchari
des; phospholipids may also be involved in calci
fication [57]. In addition to the acidic proteins, 
there may also be a network of relatively non
polar proteins that has mainly a mechanical func
tion. The bones of all vertebrates, from the tele
osts to the mammals, have a complex spectrum of 
phosphoproteins with molecular masses between 
4-5 and over 100 kDa; these contain not only 
phospho serine and phosphothreonine but also 
glutamic and aspartic acid. The largest also con
tain hydroxyproline and hydroxylysine and may 
therefore be associated with collagens [44]. The 
phosphoproteins are linked via histidinoalanine 
(Fig. 11.5), a cross-linking structure found in ver
tebrate bone and tooth and also in cartilage, ten
don and other connective tissues [78]. The great 
heterogeneity of phosphoproteins in bone is 
probably partly related to proteolytic artefacts. In 
addition to phosphoproteins, vertebrate bone 
always contains a further type of protein, the 
small osteocalcin, which is composed of 46-50 a
mino acids, depending upon the species. The 
sequence of the protein from the teleosts to the 
mammals always includes glutamate residues at 
positions 17, 21 and 24; these are post
translationally y-carboxylated by a vitamin K
dependent process and can then bind calcium. 
The similarly highly conserved central region with 
a disulphide bridge between 23-Cys and 29-Cys is 
responsible for the tight binding of osteocalcin to 
the hydroxyapatite of bone [75]. 

Calcium-binding proteins with phosphothreo
nine and phosphoserine are also found in calcify
ing cartilage, dentin, the calcifying tendons of 
birds, and the scales of the cartilaginous fish 

Fig.ll.S. The phosphoproteins of 
calcifying tissues are linked via NT_ 

histidinoalanine [78] NT -Histidinoalanine 
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[111]. In contrast, the organic matrix of tooth 
enamel contains only phosphoserine and small 
amounts of acidic amino acids. Enamel, the espe
cially highly mineralized and hard coating of ver
tebrate teeth, is synthesized and secreted by spe
cialized cells (ameloblasts). The organic matrix 
consists of two families of enamel-specific prote
ins, the amelogenins (22-28 kDa) and enamelins 
(40-72 kDa). In reality, the enamelins appear to 
be tightly bound blood-plasma proteins with 
serum albumin as the main component [122]. The 
amelogenins of different mammals are practically 
identical in the N-terminal half of their 180-
amino-acid chain but are very variable in the C
terminal region. Proteins that are immunologic
ally similar to mouse amelogenins have been 
detected in the agnathan Eptatretus stoutii [148]. 
In the mammals, there is only one amelogenin 
gene per haploid genome, localized in either the 
X or the Y chromosome. Several different 
mRNAs are produced from the former by altern
ative splicing [40]. Enamel contains the largest 
hydroxyapatite crystals found in the mammalian 
body; at the end of the mineralization process, 
the matrix proteins are almost completely reab
sorbed. Human and mammalian saliva contains 
various proteins which, through calcium binding, 
result in the oversaturation of the saliva with 
Ca2+, the prevention of calcium phosphate pre
cipitation and the stabilization of the hydroxy
apatite of the enamel. Amongst them is the 
tyrosine-rich statherin [110] and numerous acidic, 
proline-rich phosphoglycoproteins (PRPs) which 
are encoded by a mUlti-gene family. The sequen
ces of the PRPs show considerable periodicity 
and are significantly homologous throughout the 
primates and rodents, although they may differ in 
length: 100-120 amino acids in humans and 
Macaca fascicularis and 200-240 amino acids in 
the mouse and rat [5, 61]. 

1\vo classes of macromolecular components 
may be distinguished in the organic matrix of 
mollusc shells. About 70-87 % of the soluble pro
teins are aspartate-rich proteins with a ~-folded 
structure and bind Ca2+ on the charged side
chains. The remainder are serine-rich proteins 
which are associated with large quantities of poly
saccharide and can also bind calcium [137]. The 
calcium metabolism of several mussels (Rangia, 
Macrocallista) has a noteworthy feature. The 
extrapallial (mantle) fluid has calcium-containing 
particles, about 40 nm in diameter, from which 
several phosphoproteins of more than 140 kDa 
can be isolated. These proteins are rich in aspar
tate, phosphoserine, phosphothreonine and histi-

dine, and contain up to 10 % of the cross-linking 
structure histidinoalanine (Fig. 11.5) [78]. Acidic 
matrix proteins have also been found in other 
invertebrates, e.g. the foraminifers and echino
derms, but have been little investigated. Surpris
ingly, antibodies against proteins of the rat incisor 
cross-react with the tooth matrix of the sea urchin 
Lytechinus variegatus; presumably, common 
evolutionally conserved or convergent molecular 
structures are present [21, 132]. 

11.4 Elastic Proteins 

All the movements of the animal body rely upon 
some sort of bendable or stretchable structure. It 
is, therefore, to be expected that all vertebrates 
and invertebrates have substances with elastic 
properties, i.e. with the capacity to release poten
tial energy conferred during passive stretching 
with minimal losses on return to the starting posi
tion. Rubber-like materials consist of kinetically 
free, randomly folded chains; their elasticity 
mainly involves changes in conformation entropy 
and not, for example like steel, changes in inter
nal energy resulting from the distortion of atomic 
bonds. The chains must be cross-linked to each 
other to avoid viscous flowing movements during 
deformation. The proteins of animal tissues are 
able to meet such physical specifications. So far, 
only four types of elastic protein are known from 
the whole of the animal kingdom: vertebrate 
elastin, insect resilin, abductin from the shellliga
ments of the mussels, and the elastic proteins 
from the arteries of the cephalopod Octopus dof
leini. All these proteins characteristically have 
small amino acids; one imagines that large, 
unwiedly components would only hinder free 
movement of the polypeptide chains, and thus 
limit the deformability of the protein (Tab
le 11.2). However, this alone does not explain the 
elastic properties as there are sequences of small 
amino acids in very stable, non-expansive chain 
conformations, e.g. those of the collagens and, in 
particular, the silk fibroins. Apart from this, the 
amino acid composition of the four protein types 
mentioned varies so widely that they cannot 
really be considered as homologous. Thus, their 
similar elastic properties appear to be the result 
of convergent evolution [113]. 

The best-known elastic protein is elastin, which 
is found in all vertebrates, except the agnathans, 
but not in the invertebrates. Elastins together 
with collagens are the most important structural 



Table 11.2. Amino acid composition of various elastic pro-
teins (residues per 100 amino acids) [101, 113] 

1 2a 2b 3 4 

Ala 211 50 42 72 112 
Arg 11 4 22 46 36 
Asx 4 23 39 91 102 
Cys 4 1 13 7 0 
Glx 18 14 37 121 43 
Gly 310 627 411 85 411 
His 0 2 4 21 8 
He 26 6 31 60 13 
Leu 68 3 72 74 22 
Lys 52 8 34 68 4 
Met 0 92 97 21 0 
Phe 23 83 22 42 25 
Pro 121 10 47 55 75 
Ser 10 61 89 72 77 
Thr 10 10 14 64 29 
Tyr 10 1 4 36 21 
Val 123 5 22 62 23 

1, Bovine elastin a; 2, shell ligaments of mussels: 2a, 
Aequipecten irradians; 2b, M ytilus edulis; 3, elastomers 
from the aorta of Octopus dofleini; 4, resilin from the wing 
joints of the locust Schistocerca gregaria 

proteins of the vertebrates and are found associ
ated in many tissues, e.g. in the skin, lungs, and 
elastic ligaments. The walls of the large arteries in 
vertebrates are particularly elastin-rich; this helps 
maintain the blood pressure of the heart ventricle 
during the filling phase. The elastic fibres of con
nective tissues contain cross-linked, highly poly
meric aggregates of elastin; these are formed 
from soluble tropoelastin (68-72 kDa) that is 
released into the extracellular space by fibroblasts 
and other cell types. The amino acid composition 
of elastin presents the same picture from the car
tilaginous fish to the mammals [Table 11.2 (1)]. 
The main constituent is glycine (31-41 %), with 
the non-polar amino acids alanine, valine and 
proline making up a further 35-41 %. The lysine 
content varies between 4.0 (swan aorta) and 
8.8 % (Latimeria aorta); the hydroxyproline con
tent is ten fold lower than in collagen, and 
hydroxylysine is absent. Elastin is an extremely 
non-polar protein, and the hydrophobicity and 
elastic properties have increased markedly during 
evolution of the vertebrates. As in all rubbery 
materials, the chains of elastin are cross-linked to 
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each other; this involves the same oxidative lin
king of lysine side-chains by lysyloxidase as is 
found in collagen. However, in the case of elastin, 
the cross-linking structures are the pyridine deriv
atives desmosin and isodesmosin (Fig. 11.3 d). 
The bovine ligamentum nuchae was recently 
found to contain a further structure, allodesmo
sin, which carries a branched side-chain based 
upon two lysine molecules at the C-4 position 
[123]. Of the 37 lysine residues in tropoelastin, 
only 5 have free side-chains in mature elastin. 

Because of the intensive cross-linking, direct 
sequencing of mature elastin is impossible. 
Although the sequences of almost all the indi
vidual tryptic cleavage peptides of porcine tro
po elastin have been described, their order was 
never very certain. The sequences of elastin from 
man, various other mammals and the chicken 
have since been determined via the cDNA [7]. 
There are three bovine tropoelastins, a, band c, 
which have lengths of 747, 733 and 713 amino 
acids, respectively, and differ only in the presence 
or absence of insertion sequences of 20 or 20 
+ 14 amino acids, introduced by alternative splic
ing. Multiple human, sheep and chicken tropo
elastins arise by a similar process [100]. The elas
tin sequence contains two types of alternating 
domain. One type includes many lysine residues 
arranged in pairs with two or three intervening 
small amino acids (Fig. 11.6); this domain type 
gives rise to the cross-linking structures but has 
no elastic properties. The latter are localized in 
the second type of domain, which consists of ran
domly intertwined polypeptide chains of mainly 
non-polar amino acids [56, 101]. The chicken 
elastin sequence, despite its similar length, can
not be fully aligned with the bovine sequence. 
The comparable 516 amino acids show 69 %, and 
in some regions over 90 %, agreement. It would 
appear that the evolution of these elastins has 
involved several duplications and the deletion of 
partial sequences [102]. The cross-linking structu
res desmosin and isodesmosin (Fig. 11.3 d), which 
are typical of elastin, are also found in the mem
branous egg-shells of birds and reptiles, the pro
teins of which have an amino acid composition 
completely different from that of elastin. These 
proteins are richer in proline in the reptiles com-

A A-A-A A 

A-K-A-A-A-K-A Lysyloxidase ~ Desmosin 

Fig.11.6. The linking of two elastin chains and the 
formation of desmosin [101] 
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pared with in the birds (Iguana iguana 44 %, Ano
lis limifrons 34 %, chicken 12 % ), but reptiles 
lack the hydroxyproline and -lysine found in 
chicken egg-shell proteins [145]. 

Insect resilin is a protein with almost perfect 
elastic properties; 96-97 % of the energy stored 
on stretching is released on shortening. It is found 
in various insect organs, e.g. in wing joints and 
tendons, in feather-like elastic structures in fleas, 
locusts and beetles, in the proboscis of butterflies 
and in the sucking apparatus of some bugs; it is 
also present in millipedes and crustaceans. Resi
lin has a very simple amino acid composition, 
with more than one-half of positions occupied by 
either glycine or alanine [Table 11.2 (4)]. The 
chains are linked by bis- and tertyrosine residues 
(Fig. 11.4), which are formed from tyrosines by 
the activity of phenoloxidases or peroxidases. 
Resilin contains about 3 % free tyrosine, 0.8 % 
bistyrosine and 0.4 % tertyrosine [29]. 

The ligament of the mussel shell is formed from 
mantle tissue, just like the solid part of the shell, 
and was originally part of the complete shell struc
ture. It is covered externally by the periostracum 
and is divided into two layers. The outer ligament 
is made of non-calcified but quinone-treated pro
teins, about which little is known. The inner liga
ment of most mussels contains calcium carbonate 
to about 60-80 % of the dry weight; only that of 
the scallop (Pectinidae) is low in calcium. In this 
latter type of swimming mussel, the outer liga
ment is reduced to a thin band and the inner liga
ment has the form of a wedge-shaped cushion 
which functions as antagonist to the single adduc
tor muscle present. The high elasticity of the inner 
ligament allows up to three flapping movements 
of the shell per second during recoil swimming. 
The inner mussel ligament consists of fibrillar 
elastic proteins, the abductins [Table 11.2 (2a1b)]. 
The polypeptide chains of the abductins, like 
those of all elastic proteins, are cross-linked but in 
this case the linking structures are not known. The 
ligament proteins of the mussels in the super
family Mactracea contain 20-25 % methionine 
sulphoxide in addition to 45-50 % glycine; this 
can be demonstrated spectrometrically in intact 
ligaments. The two diastereomers of this unusual 
amino acid appear to be present in equal propor
tions. The Pectinidae, in contrast, have a much 
lower methionine fraction, of which only 40-50 % 
is oxidized [64]. 

The cephalopods have a vascular system with a 
relatively high blood pressure. Their aortas and 
large arteries, like those of the vertebrates, help 
maintain the blood pressure and have a layer of 

elastic fibrils in their walls. The elastic protein 
was first isolated from the aorta of Octopus dofle
ini and, consequently, received the name octopus 
arterial elastomer (OAE) [113]. The OAE fibrils 
have considerable elastic properties, although 
their amino acid composition is not as extreme as 
that of the other elastic proteins [Table 11.2 (3)]. 

11.5 Albumen Proteins of Birds 
and Reptiles 

The egg-white (albumen) of the chicken and 
other avian species contains at least 50 different, 
electrophoretically distinct protein components, 
only a few of which, however, have been investig
ated (Table 11.3). It has been shown for various 
albumen proteins, e.g. ovalbumin, conalbumin 
(ovotransferrin), lysozyme, ovomucoid and avi
din, that they are synthesized in the tubular 
glands of the oviduct, under the control of steroid 
hormones. Albumen, which surrounds the yolk as 
a gelatinous protective layer, owes its special 
mechanical properties to the cross-linking of ovo
mucin and lysozyme. Lysozyme has carbo
hydrate-hydrolyzing activity, and will therefore be 
discussed together with the other carbohydrases 
in Chapter 13. The content of this enzyme in egg
white varies with the species, from 3-4 % of total 
protein in the chicken and duck to only trace 
amounts in the penguins. Ovomucins are sialogly
coproteins which can interact electrostatically 
with the positively charged lysine side-chains of 
lysozymes via their negatively charged sialic 
acids. The chicken has two different ovomucins: 
an a type of 210 kDa with only 1 % sialic acid, 
and a ~ type of 720 kDa and more than 10 % 
sialic acid. During brooding, the carbohydrate 
chains of ovomucin are partially cleaved by the 

Thble n.3. The proportions (%) of different proteins in 
the egg-white of the chicken and the penguin Pygoscelis 
adeliae [33] 

Ovalbumin 
Penalburnin 
Ovomucoid 
Ovotransferrin 
Lysozyme 
Ovomucin 
Ovomacroglobulin 
Flavoprotein 
Avidin 

Chicken 

55 
<0.01 
11 
12 
3.5 
1.5 
0.5 
0.8 
0.05 

Penguin 

30 
25 
10 
4.5 
0.05 
1.0 
1.0 
0.3 
0.02 



lysozyme, and the egg-white gradually liquefies. 
Like lysozyme, other egg-white components, 
which belong functionally or structurally to other 
protein families, are discussed in various sections 
of this book. For example, conalbumin (ovotrans
ferrin) of the chicken egg differs from serum 
transferrin in the blood plasma only in its carbo
hydrate fraction, and not in the amino acid 
sequence, and it has already been introduced in 
Chapter 5. The protease inhibitors of egg-white, 
ovomucoid, ovoinhibitor and ovostatin were 
mentioned in Chapter 3. Therefore, what follows 
is mainly concerned with the ovalbumin family 
and with avidin. 

Ovalbumin is the predominant protein of the 
egg-white. It is easy to isolate and is, therefore, 
well investigated, but its biological role is not 
clear. Chicken ovalbumin is a polypeptide of 
383 amino acids with a mass of 42.7 kDa. The 
polypeptide chain is post-translationally modified 
at four sites: the N-terminal glycine is acetylated, 
the residues Ser-68 and Ser-344 are phosphoryl
ated, and Asn-292 is N-glycosylated. More than 
ten different oligosaccharides have been identi
fied in the ovalbumin of the chicken, and other 
avian species also show marked heterogeneity in 
the carbohydrate fraction. The ovalbumin gene 
was the first gene in which interruptions of the 
coding sequence by introns were described in 
1978. The promoter activity is normally suppres
sed and this inhibition is relieved by steroids [39]. 
Two further homologous genes, the X and the 
Y gene, occupy the same 40-kb DNA segment on 
which the ovalbumin gene is located; they show 
the same divisions into eight exons and are also 
expressed in the oviduct in an oestrogen
dependent manner. However, their protein prod
ucts have not yet been identified. The sequence of 
388 amino acids encoded by the Y gene is 58 % 
similar to that of ovalbumin, and the sites of post
translational modification, with the exception of 
the substitution 69-Ser to Thr, are also the same 
[51]. In the egg-white of the penguins, e.g. Pygos
celis adeliae, about half the ovalbumin is replaced 
by a protein, penalbumin, which is found in trace 
amounts in other avian eggs (Table 11.3). This is a 
glycoprotein of 61 kDa which, with a carbohyd
rate fraction of 15 %, is twice as highly glycosyl
ated as ovalbumin; the sequence is not yet known 
[33]. 

Avidin is a basic glycoprotein (pI = 10) with 
128 amino acids and 10 % carbohydrate, and it 
binds biotin with an extremely high affinity. Avi
din molecules are homotetramers of 66-kDa sub
units, each of which carries a biotin-binding site. 
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This protein is synthesized in the oviducts of 
amphibians, reptiles and birds, but not in mam
mals. Its concentration in the egg-white varies 
more than 100-fold between different avian spe
cies, with especially large amounts occurring in 
the egg of the turkey Meleagris gallopava. Avidin 
synthesis in the oviduct cells is regulated by ster
oid hormones, and in some circumstances other 
cells of both males and females can synthesize the 
protein, e.g. following wounding or during 
inflammation, bacterial infection or retroviral 
transformation; avidin apparently has an overall 
protective function [42]. In addition to avidin, 
other vitamin-binding proteins are found in 
chicken egg-white; for example, there is a 
cobalamin-binding protein and a riboflavin
binding protein which is also present in the yolk 
[147, 149]. The yolk also contains a biotin-binding 
protein which has no immunological relationship 
to avidin [86]. The albumen of the eggs of the cro
codile Crocodylus porosus contains significantly 
less dry matter than that of chicken eggs (3.6 % 
compared with 12 % ). About 80 % of the total 
protein is comprised of a glycoprotein which 
resembles ovomucin of avian eggs in its amino 
acid spectrum and other properties. There is also 
a large amount of a further protein with the cha
racteristics of ovomacroglobulin. Proteins that 
are comparable with ovalbumin and ovotransfer
rin are not found in the crocodile; instead, a 
novel 59-kDa protein with the name crocalbumin 
has been demonstrated [15]. 

11.6 Milk Proteins 

11.6.1 Caseins 

Caseins are the major proteins of mammalian 
milk. They provide the young animal not only 
with amino acids but also with calcium phosphate 
for skeleton growth; these are bound in colloidal 
particles referred to as micelles. Bovine micelles 
are formed by calcium-dependent aggregation of 
molecules of type asb a s2 and ~ caseins, and are 
stabilized and protected from premature precipi
tation by casein x. Interactions between non
polar regions of the polypeptide chains are 
responsible for the aggregation of casein molecu
les. Negative charges concentrated in particular 
parts of the sequence bring about interaction 
between Ca2+ and casein x. Caseins as and ~ can 
be phosphorylated on serines which lie mainly in 
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the N-terminal region [6]. All the phosphoryla
tion sites have similar sequences, with several 
serines followed by two glutamic acid residues. 
Compared with the a caseins, the ~ caseins have 
a lower phosphate content and are precipitated at 
much higher Ca2+ concentrations; the x caseins 
are calcium insensitive. The caseins are clotted by 
chymosin in young animals or by pepsin in the 
adult; x casein is cleaved into an N-terminal frag
ment, para-x-casein, and the casein macropep
tide. Many caseins are glycosylated, and x casein 
is especially carbohydrate rich. The a casein of 
the rat is one of the few glycoproteins to have glu
cose as the sugar component. 

As for many other proteins, extensive sequence 
comparisons amongst the caseins became possible 
only with the availability of DNA sequence anal
ysis, e.g. of the cDNAs or genes of human, 
bovine, sheep and murine caseins as well as of 
those of the rat, guinea-pig and rabbit [2, 12, 
27,48,52, 59, 76, 143]. The milk from most ofthe 
mammal species investigated contains the known 
bovine casein types, although they may have 
received other names before the sequence data 
became available. The caseins may also show dif
ferences from the bovine spectrum. For example, 
human and other primate caseins lack type as. In 
the rat there is an a casein that is homologous to 
bovine asl but which includes a unique insert of 
60 amino acids that is composed of 10 amino acid 
repeats. The rat also possesses a so-called y casein, 
which apparently belongs to the a-casein group 
but has only limited sequence similarity to bovine 
asl [59]. Mouse milk contains no fewer than eight 
different calcium-sensitive caseins, three of which 
are known as a" two as~, and one each as y, () and 
E; the E casein is similar to bovine asl [52, 143]. 

The genes of the four bovine casein types are 
arranged in the genome in a 200-kb-Iong cluster 
[128]. Of particular interest is the synchronous 
regulation of their expression by the concerted 
action of steroid and peptide hormones; this 
occurs at the level of both transcription and trans
lation. In fact, all casein genes of the rat and 
bovine asl have a very similar organization in the 
5' region [59, 146]. Sequence comparison indica
tes that all calcium-sensitive caseins have a com
mon origin: their DNA sequences show clear 
homology, especially in the 5' non-translated 
(NT) region and in the region of the signal pep
tide (Fig. 11.7). In contrast, sequence similarity in 
the coding region and in the amino acid sequence 
is limited to the areas which include the phospho
rylation sites. For example, the signal sequences 
of sheep pre-as2 casein and guinea-pig pre-A 

-1 +1 
Sheep-aSl MKLLILTCLVAVALA R ... 
Sheep-aS2 MKVLMKACLVAVALA K ... 
Sheep-~ MKVLILACLVAVALA R ... 
Rat-~ MKVFILACLVAVALA R ... 
Mouse-I:: MKFIILTCLLAVALA K ... 
Sheep-K MRKS~~LVVTILALTLPFLIA Q ••. 

Fig.ll.7. The signal sequences of various caseins [52] 

casein agree by 93 %, but the mature proteins 
agree by only 33 %. The asl caseins of the rabbit 
and mouse have 34 % sequence similarity; human 
~ casein agrees 45-62 % with the bovine, sheep, 
rat and mouse sequences. 

The gene for bovine x casein is tightly linked to 
the asi-, a s2- and ~-casein genes but it is not 
closely related, as may be seen from the very dif
ferent sequence of the 5' -NT region and the signal 
peptide (Fig. 11.7). There are also very large 
species-specific differences in the mature prote
ins; the human, bovine, sheep, goat and rat x 
caseins have only 22 out of 158-169 amino acids 
in common. Many gaps are required for optimum 
alignment of the casein sequences, e.g. 22 in the 
case of a comparison between the rat a casein and 
bovine asl casein. This presents problems for 
estimations of genetic distances. However, it is 
clear that the rate of evolution of the caseins is 
quite high. Comparison of the human, rat and 
mouse signal peptides suggests that the various 
calcium-sensitive caseins arose by gene duplica
tion at the time of the primitive mammals about 
300 million years ago, long before the evolution
ary spread of the mammals 75 million years ago. 
According to this interpretation, all living mam
mals should have the same casein genes but, in 
fact, humans lack a homologue to the bovine as 
casein and there is no bovine homologue to the y 
casein of the rat. Casein-homologous sequences 
in non-mammals have not so far been described. 

11.6.2 Whey Proteins 

In addition to the caseins, milk typically contains 
low concentrations of other proteins, which are 
known as whey proteins. These include, in par
ticular, a-lactalbumin, ~-lactoglobulin, milk 
transferrin (lactotransferrin) and lysozyme, but 
also include serum albumin and serum transfer
rin. a-Lactalbumin is the regulatory chain of lac
tose synthase and will be discussed further in rela
tion to this enzyme (p. 470); it is found in the milk 



glands of all lactating mammals which produce 
lactose or lactose-derived oligosaccharides (Mar
supialia), and is also released into the blood. It is 
not found in the milk glands and milk of aquatic 
mammals which do not produce lactose. The distri
bution and function of the ~-Iactoglobulins 
remains a mystery. They are found only in the milk 
of ruminants, the horse, ass, pig, dog, dolphin 
(Tursiops truncatus) , manatee (Trichechus mana
tus) and kangaroo, and their occurrence in human 
milk is controversial [97]. In the horse, ass, pig, 
dog, dolphin and manatee they are monomeric 
proteins, but they are dimeric in the ruminants and 
the kangaroo. The horse and the dolphin have two 
~-lactoglobulins with very different sequences, 
and the cat actually has three lactoglobulin loci 
(I-III) [49, 97]. The ~-lactoglobulins of the rumin
ants agree with each other by more than 90 % but 
with those of other mammals by only 30-55 % 
[49]. The polypeptide chains of 155-166 amino 
acids have a spatial structure of two layers of anti
parallel folded sheets, similar to that of the retinol
binding proteins of vertebrate blood, the bilin
binding protein of insect haemolymph, and other 
transport proteins for hydrophobic molecules in 
the protein super-family of the lipocalins. Pairwise 
sequence comparisons within the family show 
agreements of 25-30 % [41]. 

The acidic whey proteins (WAP) are unusual 
milk proteins in that they are found only in the 
milk of the rat, mouse and rabbit, and occur at 
concentrations many times higher than that of the 
a-Iactalbumins. In the milk glands ofthe lactating 
rat, WAP mRNA makes up no less than 15 % of 
the total poly(A)-RNA; this protein is not found 
at all in the ruminants. The WAP genes of the 
mouse and rat are highly homologous; they coin
cide over a sequence which begins 325 bp 
upstream of the cap-binding site and extends 
20 bp into the 3'-flanking region. The conservat
ive evolution of this 5' region probably involves 
selection for a similar hormone-regulating 
mechanism. However, the rat, mouse and rabbit 
amino acid sequences (127-137 amino acids) 
show at most 64 % agreement [26]. 

11.7 Proteins of the Arthropod Cuticula 

The arthropod cuticula is an extracellular struc
ture secreted by the underlying epidermis. It is 
made up in a complex manner from several layers 
that differ in both fine structure and composition. 
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Exterior to the procuticula (endo- and exocuti
cula) of at least 100 !lm lies the multilayered epi
cuticula of only 1-2 !lm. The epicuticula is chitin
free but its molecular structure is otherwise 
largely unknown. The procuticula consists of a
chitin fibres in a protein matrix. Depending on its 
exact function, the pro cuticula may be hard, flex
ible or elastic. As will be described in more detail 
in Chapter 12, the hardening (sclerotization) of 
the cuticula, which is usually accompanied by a 
brown coloration, involves the cross-linking of 
protein molecules by phenolic substances. As the 
proteins are then no longer extractable, examina
tion of the cuticula proteins of the insects has 
been restricted almost entirely to the non
sclerotized cuticula, i.e. that of larvae, pupae, 
and hatching or freshly hatched adults. 

The insect cuticula typically consists of many 
different proteins, the number of which varies 
greatly according to the separation and detection 
methods used. The differences in complexity of 
the cuticula protein spectrum between the vari
ous insect orders will only be appreciated fully 
after a large number of insect species have been 
compared using the same method. Two
dimensional electrophoresis of extractable cuti
cula proteins from the locusts Locusta migratoria 
and Schistocerca gregaria gives more than 
100 spots, most of which occupy the same posi
tion in both species [3]. Translation of the 
mRNAs from wing epithelium of the moth Man
duca sexta gave 160 different polypeptides in the 
pupa and 120 in the adult; only some of these had 
similar values for molecular size and pI in both 
developmental stages [120]. Simpler electropho
retic or chromatographic methods reveal only 
about 10-20 different extractable cuticula prote
ins [3, 118, 121, 135]. The protein spectrum is 
unusually simple in the fly Ceratitis capitata, 
where more than 80 % of the total protein from 
pupal cuticula consists of one glycoprotein of 
about 100 kDa [10]. The variety of cuticula prote
ins varies not only with the species but also with 
the developmental stage within a species [65, 88, 
118, 121, 135]. In many species, even different 
regions of the cuticula of one individual show dif
ferences in the protein spectrum. 

Despite all these differences, cuticula proteins 
have quite a few common features. They are usu
ally very small, with masses of 8-37 kDa. About 
40 % of the total cuticula protein of Drosophila 
consists of one component of 90 kDa, which is 
covalently bound to chitin and has prophenoloxi
dase and peroxidase activity [53]. The predomin
ant proteins of many species are acidic with pI 
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values of 3-6 [118]. The amino acid composition 
of the cuticula proteins is always rather biased; 
this is seen, for example, in the particularly well
investigated protein number 38 of Locusta, in 
which only 14 of the 20 common protein amino 
acids are found. The proteins are consistently rich 
in alanine and/or glycine, but are low in charged 
amino acids and often entirely lacking in methio
nine and cysteine [3, 65). Similarities in the 
amino acid composition and distribution are 
found in both the sclerotinized proteins (oothe
cins) of cockroach egg capsules ( ootheca) and the 
egg-membrane proteins (chorion proteins) of flies 
and moths. This does not necessarily indicate 
phylogenetic relationships between the proteins 
but, more likely, suggests similar functional 
adaptations. With the exception of sclerotization, 
the cuticula proteins are subject to little post
translational alteration [22]. 

Only a few cuticula proteins have been 
sequenced so far, e.g. those of the locust Locusta 
migratoria, the lepidopterans Bombyx mori, 
Manduca sexta and Hyalophora cecropia, and the 
dipterans Drosophila melanogaster and Sarco
phaga bullata [53, 54, 88, 104, 136]. The data 
show quite clearly that the cuticula proteins do 
not belong to any of the known protein super
families. The partial sequences from the two fly 
species agree at 50-60 % of positions, but have 
no significant homology to the locust proteins. A 
cuticula-gene cluster found in the region 44D of 
Drosophila melanogaster chromosome 2 includes 
four active genes (I-IV) and one pseudogene. 
The active genes are organized in pairs with the 
genes of each pair being read in opposite directi
ons. The encoded amino acid sequences agree by 
95 % (1/11) and 33 % (1/111). There is significant 
sequence agreement between the cuticula prote
ins of the lepidoptera Manduca and Hyalophora 
and those of the Diptera Drosophila and Sarco
phaga [104, 136]. A pupal cuticula protein from 
the silk moth Bombyx mori, sequenced via the 
cDNA, contains nine repeats of the sequence 
APAX1X2X3WN in its total sequence of 253 
amino acids [88]. Little is known about the cuti
cular proteins of other arthropod groups. Numer
ous acidic proteins of 10-70 kDa have been 
extracted from the cuticula of the crustacean 
Scylla serrata; the cuticula of the crayfish Astacus 
leptodactylus contains mainly larger proteins 
which do not differ significantly between soft and 
calcareous cuticulae. Similarly, the cuticula prote
ins from different body regions of the shrimp Pan
dalus borealis appear the same on 2-D electro
pherograms [4]. 

11.8 Chorion Proteins 

The insect egg is surrounded by an integument 
which must fulfil several functional requirements. 
It must allow entry of spermatozoa, and for this 
there are one or more narrow canals (micropy
les). It must be permeable to respiratory gases, 
and an example here is the "aeropyles" of silk
worm eggs; these are arranged either in bands 
(Antheraea polyphemus) or over the entire egg 
surface (A. pernyi), and in some species they are 
surrounded by a small crown. The egg membrane 
must be flexible enough for the egg-laying process 
to occur but must be sufficiently protective, espe
cially during the diapause of the winter months. 
This membrane is the secreted product of several 
thousand cells (follicle epithelium) which sur
round the oocyte together with its nutritional 
cells. Structurally, an inner thin vitellin mem
brane, the composition of which is not entirely 
known, can be distinguished from the outer cho
rion, which consists almost entirely of proteins. 
The chorion has a predominantly lamellar struc
ture, the lamellae being two-dimensional net
works of protein fibrils. Formation of the 60-f..I.m
thick chorion of Antheraea polyphemus requires 
about 2 days, and the 0.8-f..I.ID-thick chorion of 
Drosophila melanogaster is synthesized in only 
5-6 h; the chorion of Bombyx mori is intermedi
ate between these two extremes and has a thick
ness of 20-25 f..I.ID. During choriogenesis, the fol
licle· epithelial cells are given over entirely to the 
production of chorion proteins. These proteins, 
together with the corresponding genes and their 
regulation, were studied first in the tussah moth 
Antheraea polyphemus and later in Bombyx mori 
and Drosophila melanogaster. The chorion prote
ins of the silk moth have a characteristic composi
tion of 30-37 % glycine, high proportions of ala
nine, valine, leucine and tyrosine, and 6-12 % 
cysteine. The corresponding Drosophila proteins 
have only 16 % glycine and 0.6 % cysteine and, 
instead, are high in charged, especially basic 
amino acids. Thus, the chorion proteins of the 
flies are at best only distantly related to those of 
the moths [105]. 

SDS electrophoresis separates the chorion pro
teins of Antheraea pernyi into four classes with 
different molecular masses: 38 % A proteins 
(9-12 kDa), 50% B (12-14 kDa), 9% C 
(16-20 kDa) and trace amounts of the much lar
ger D proteins. A fifth type, the E protein, is 
unusual in that it is not involved in the cross
linking of A-D and can therefore still be 
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Fig.U.S. A gene pair for the chorion proteins A and B 
from the tussah silk moth Antheraea polyphemus [58]. The 
arrows show the direction of transcription. Sequences 
included in the mature mRNAs are shown as large rectan-

extracted from the mature chorion. This class 
includes the two proteins E1 (15 kDa) and E2 
(85 kDa). Bombyx mori is apparently alone in 
also containing the high-cysteine (Hc) proteins 
which consist of about 30 % cysteine and consti
tute as much as 23 % of the total chorion prote
ins. The polypeptide chains of proteins A-C are 
subdivided into three domains (Fig. 11.8): a con
served central domain, which forms the core of 
the chorion fibres, and the very variable terminal 
domains (arms). The A proteins fall into two sub
families with 1.0-7.6 % sequence difference 
within the families and 40-50 % difference 
between them. Thus, it appears that gene 
duplications occurred at two distinct times during 
evolution. The B family is subdivided in a similar 
fashion. The A and B proteins are only very dis
tantly related. In the early expressed C proteins, 
both A-like (CA) and B-like (CB) sequences can 
be distinguished. The Hc proteins of Bombyx 
mori likewise belong to either the A or the B sub
family. Therefore, with the exception of the 
E proteins, all chorion proteins of the silk moths 
belong to either the a branch (A, CA, HcA) or 
the ~ branch (B, CB, HcB) of the super-family 
[74]. The E proteins form a sponge-like network 
("filler") in the crowns of the aeropyles. E1 con
sists of 150 amino acids; the almost fourfold lon
ger E2 protein (542 amino acids) is explained by 
the repetitive structure of positions 128-541. E2 is 
62 % similar to E1 in some regions, but only 20 % 
similar in others. Neither protein is recognizably 
related to any other chorion protein [105]. 

The chorion proteins are extremely hetero
geneous. Several years ago, 186 different proteins 
in the chorion of A. polyphemus had already been 
detected by 2-D electrophoresis: 26 A, 42 B, 
69 D and 8 E proteins. More sophisticated 
methods would probably increase the number 
detected. Part of this heterogeneity undoubtedly 
results from protein polymorphism within the 
investigated popUlations; however, even in a gen
etically uniform inbred line of Bombyx mori, 
n protein fractions could be separated by iso
electric focusing, and several more could be dis
tinguished in a second fractionation step. The 
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and dotted (the central domains) areas. Introns are shown 
as wavy lines and the spacers as small rectangles 

number of chorion proteins in Drosophila mela
nogaster is much lower than in the silk moth; in 
this case, there are 16-19 main and 30-35 subsidi
ary components with molecular masses between 
15 and 150 kDa [106]. The chorion proteins are 
subject to some post-translational modification. 
Apart from cleavage of the N-terminal signal pep
tide, cyclization of the N-terminal glutamine to 
pyrrolidoncarboxylate occurs in chorion proteins 
Band C of A. polyphemus. In contrast, glycosyla
tion is not significant. The chorion proteins can be 
extracted up to the end of choriogenesis, after 
which they become insoluble within hours as the 
result of cross-linking with each other by disul
phide bridges; A binds to B, B also binds to itself, 
and E1 and E2 bind to each other and to themsel
ves [106]. The Drosophila chorion contains little 
cysteine, and here bis- and tertyrosines (Fig. 11.4) 
function as the cross-linking structures. 

Expression of the chorion genes follows a pre
cise time-space programme. The main proteins 
synthesized initially are C followed by A and B 
and, in Bombyx mori, by the Hc proteins. The 
proteins of the aeropyle crowns, including the 
E proteins and certain A-D proteins, are synthe
sized only later. The differences in chorion struc
ture found in different regions of the egg may be 
the result of variations in gene regulation in indi
vidual follicle epithelial cells. The genes of the 
chorion proteins A and B are arranged in a tan
dem cluster in the genome of A. polyphemus; the 
7-kb repeats each consist of one A and one 
B gene read in opposite directions (Fig. 11.8). 
Each gene contains only one intron, which divi
des the region of the signal peptide. The common 
5'-NT region contains regulatory elements. Bom
byx mori possesses about 200 chorion genes, 
arranged in two clusters, which are expressed at 
different times. The HcAlHcB genes also form 15 
opposing pairs with common 5 I_NT regions of 
about 270 bp [36, 119]. In Drosophila melanogas
ter, there is one cluster of three chorion genes 
with the same orientation on the X chromosome, 
and a further cluster of four genes on chromoso
me 3. The 5'-NT sequences of these genes con
taining the regulatory elements are very similar 



394 11 Extracellular Structural and Secretory Proteins 

amongst all Drosophila species and also in the 
medfly Ceratitis capitata [34, 71]. The number of 
chorion genes in the follicle cells is amplified 
(see Fig. 2.6, p.28) about 20-fold in the X
chromosome cluster and 60- to 80-fold in the clus
ter on chromosome 3 [105]. In both clusters, a 
stretch of 80-100 kb is amplified and this far 
exceeds the chorion protein locus (8 kb) in size. 
The amplification is caused by an "amplification 
control element" of 510 bp, which is probably the 
start of replication, as well as by several ampli
fication enhancers [124]. Amplification of the 
chorion genes has also been detected in Ceratitis 
capitata [71]. The gene families of the silk moth 
chorion proteins, with up to 200 genes, belong to 
the largest known multi-gene families; they are 
particularly suitable for the study of evolutionary 
processes such as gene duplication, rearrange
ment and conversion [119]. Bombyx mori has one 
pseudogene each for the type A and Hc proteins; 
the latter makes an mRNA which, however, is not 
translated [36]. 

11.9 Silk Proteins 

Silk is produced by spiders, some mites and, in 
particular, insect larvae; it is found only rarely in 
adult insects, e.g. in the ovipositor of the green 
lacewing Chrysopa and other Neuroptera, the 
cocoons of Hydrophilus and other beetles, or the 
ootheca of the praying mantis (Mantidae). The 
silk of the spiders is synthesized in special spin
ning glands in the abdomen, and that of insect lar
vae is usually produced in silk glands in the head 
region; these are derived from salivary glands. 
The silk-like material of adult insects is produced 
in glands associated with the oviduct (Hydrophi
Ius, Mantis) or the Malpighian tubules (Chry
sopa). In some beetles (e.g. Ptinus) it is actually 
material of the peritrophic membranes, and is a 
form of chitin (y chitin) not otherwise found in 
the arthropods. Silk and silk production have, for 
obvious reasons, been studied most thoroqghly in 
the silk moth Bombyx mori. At the end of the 
fifth stage, the silkworm makes a cocoon, in 
which it pupates, by spinning a single thread that 
is 2 !Lm thick and 1000-1500 m long. The cocoon 
has a dry weight of 300-500 mg, of which two
thirds consists of the fibrillar protein fibroin. The 
fibroin thread which makes up the cocoon is 
enveloped in a gelatinous layer, formed largely of 
the protein sericin. Both these proteins have a 
very unusual amino acid composition (Tab-

Table 11.4. Amino acid compositions of various silks in 
mol % [63, 114] 

1a 1b 1c 2 3 4 5 6 

Ala 29.8 16.9 6.0 22.5 21.2 22.5 23.9 28.5 
Arg 0.2 3.8 3.1 0.8 0.5 4.9 1.0 1.9 
Asx 0.7 15.4 16.7 7.6 6.0 5.9 6.2 3.2 
Cys 1.6 0.2 
Glx 0.7 8.4 4.4 7.4 0.8 6.7 8.5 9.7 
Gly 49.4 10.0 13.5 10.4 24.6 18.7 7.9 11.8 
His 0.1 1.6 1.3 0.7 2.0 0.1 
lie 0.1 7.3 0.7 2.8 1.9 1.4 2.5 
Leu 0.1 7.2 1.1 3.0 2.9 5.3 6.4 
Lys 0.1 1.5 3.3 0.7 2.4 1.3 1.1 
Met 0.4 0.04 0.7 
Phe 0.4 2.7 0.5 0.3 1.1 
Pro 0.3 3.0 0.7 2.2 
Ser 11.3 7.9 33.4 28.3 42.7 17.1 30.1 22.4 
Thr 0.5 2.8 0.5 4.3 3.1 3.2 3.3 4.3 
Tyr 4.6 3.4 2.6 2.4 0.8 1.1 3.2 3.7 
Val 2.0 7.4 2.8 4.8 5.4 5.4 2.3 

1, Proteins from the silk glands of Bombyx mori: la, large 
fibroin subunit; 1b, small fibroin subunit (25 kDa); 1c, 
sericin; 2, Hypera postica (Coleoptera): larval silk; 3, 
Chrysopa [lava (Neuroptera): ovipositor; 4, Lasciocampa 
quercus (Lepidoptera): cocoon; 5, Araneus diadematus 
(Araneae): egg cocoon; 6, Nephila senegalensis (Ara
neae): egg cocoon 

Ie 11.4). Fibroin is synthesized in the posterior 
part of the silk gland and stored in the central sec
tion (Fig. 11.9); there, the fibroin granules are 
embedded in sericin, which is synthesized in the 
middle section. The anterior section of the silk 
gland is a narrow delivery tube, out of which the 
silk thread is forced at a velocity of 0.4-1.5 cmls; 
the shear forces arising in this process are import
ant for the development of the mechanical prop
erties of the silk. In preparation for fibroin syn
thesis, the cells of the posterior silk gland enlarge 
about 50 OOO-foid and reach the extraordinary size 
of 0.3 mm. In parallel, the DNA, and thus the 
number of copies, of the fibroin gene increases 
during 17-18 replication steps by 200 OOO-fold; 
the nuclei of the mature cells have multiple bran
ches. The sericin genes are amplified 400000-
fold. The silk glands adapt to the special demands 
of fibroin synthesis in that they accumulate the 
tRNAs and aminoacyl-tRNA-synthases specific 
for glycine, alanine and serine. Whereas the 
20-30 constitutive tRNAAla genes are dispersed in 
the genome, the 20 silk-gland-specific tRNA Ala 

genes form a tightly linked cluster. They are not 
amplified, and the increase in tRNA Ala concentra
tion involves regulation of their transcription 
[130]. The giant fibroin molecule (365-415 kDa) 
is encoded in a correspondingly large mRNA, 
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Fig.ll.9. The silk glands of Bombyx mori consist of three 
regions with different structures and functions [114]. H, 
Dorsal, M, middle and V, ventral region. Further details 
are given in the text 

which is processed simultaneously by 45-122 
ribosomes. The completion of a fibroin molecule 
of about 4700 amino acids takes about 25 min, 
i.e. four amino acids are coupled per second 
[114]. Translation, however, is discontinuous and 
is interrupted at particular sites on the mRNA 
(p.81). 

The long fibroin chain of Bombyx mori con
sists of alternating highly organized "crystalline" 
segments and "amorphous" segments, with the 
former making up about 60 % of the molecular 
mass. The highly organized segments consist of 
repeats of 59 amino acids with the sequence -
GAGAGSGAAG(SGAGAG)8Y-, and the less 
organized regions have repeats of -GX-, where X 
may be one of many different amino acids. The 
gene sequence indicates that the fibroin chain is 
made up of ten crystalline blocks, each of four to 
seven times 59 amino acids, alternating with 
amorphous segments of 200 amino acids. 
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Because of its high proportion of highly organ
ized structures, the silk fibroin of Bombyx mori is 
particularly suitable for X-ray analysis. It was 
with this protein that, in the 1950s, Pauling and 
Corey discovered and described the classical 
B-sheet structure. These are neighbouring, 
antiparallel-orientated peptide chains that are lin
ked by H-bonding into a folded sheet, which 
bears glycine residues on one side and alanine! 
serine residues on the other side. The folded 
sheets are stacked one above the other so that 
either the smaller glycines or the larger alanine! 
serine residues lie opposite each other; the differ
ences in space required produce alternating dis
tances between the sheets of 0.35 and 0.57 nm 
(Fig. 11.10). The fibroin stored as granules in the 
central section of the silk gland is not yet highly 
organized; the supramolecular structure which 
gives silk its special mechanical properties is con
ferred by the forces involved in ejection of the 
thread [114]. 

The fibroin gene, which exists as only one copy 
in the haploid genome, has a length of 16 kb and 
includes a single intron towards the 5' end. The 
(G+C) content of the fibroin genes of the silk 
moths Bombyx mori, Antheraea pernyi, A. yama
mai and Philosamia cynthiae is about 60 % , which 
corresponds to the codon preference of GGN for 
alanine and GCN for glycine [126]. Comparison 
of various lines of Bombyx mori reveals consider
able polymorphism of the fibroin gene. In par
ticular, variation in the number and length of the 
crystalline blocks results in molecular masses of 
365-415 kDa [114]. For a long time it was thought 
that the fibroin molecule was a single large poly
peptide. However, in 1972 it was discovered that 
reduction of a disulphide bridge causes the 
appearance of a small subunit of 25 kD with an 

T 0.35 nm 

t 0.57nm 

Fig.ll.l0. The organization of the ~-sheets in silk fibres 
from Bombyx mori. The distance between the layers varies 
depending on the presence of small glycine or larger ala
nine/serine residues 
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amino acid composition quite different from that 
of the large subunit [Table 11.4 (1b)]. The light 
fibroin chain, encoded by its own gene, is 244 
amino acids in length. This includes three cysteine 
residues, of which two form an internal disul
phide bridge, and the third is responsible for the 
link to the heavy chain [142]. Fibroin contains an 
asparagine-linked oligosaccharide of N-acetyl
glucosamine and mannose. A gene for the large 
fibroin chain, sequenced from the Japanese oak 
eggar Antheraea yamamai, consists of two exons, 
as in Bombyx mori. The two genes show close 
agreement in a region covering 300 bp of the 5'
NT region and the 70 bp of the first small exon, 
but do not show close agreement in the second 
exon, which encodes the major part of the fibroin 
sequence. Thus, the 5'-NTregion is important for 
expression of the fibroin gene in the posterior silk 
gland, and is highly conserved [126]. 

Much less is known about sericin, the adhesive 
protein of the silk thread. Two-thirds of the amino 
acids are serine, glycine and aspartic acid [Tab
le 11.4 (1 c)]; in addition to N-glycosidic aspa
ragine-bound carbohydrate, as found in fibroin, 
sericin also contains O-glycosidic serine- or 
threonine-bound oligo saccharides of N-acetyl
galactosamine and galactose. Six sericin polypep
tides with molecular masses between 65 and 
400 kDa have been isolated from the silk glands of 
Bombyx mori; these are the result of alternative 
splicing of transcripts from only two genes [80]. 

The amino acid compositions, conformations 
and mechanical properties of the various silks are 
extraordinarily varied. The amino acid spectrum 
does not always correspond to the scheme in 
Bombyx mori, where glycine, alanine and serine 
predominate (Table 11.4). Thus, there are silks 
high in glutamine, as in those of Digelansinus 
diversiipes and Arge ustalata [114], and the silk of 
the lepidopteran Calpodes ethlius contains no less 
than 25.5 % proline. The fibroins can be ordered 
into eight groups according to their glycine con
tent (Table 11.5). For groups 1-6, one can assume 
a classical ~-sheet structure with variable distan
ces between one sheet and the next (c value). The 
higher the proportion of amino acids with large 
side-chains, and thus the number and extent of 
the amorphous regions in the molecule, the 
greater the elasticity of the silk. Whereas classical 
silk is made up of only one chain type and in X
ray diagrams shows a periodicity with two layers, 
there are also parallel-~ silks with two or three 
different chain types, which have a period of 
three layers according to the schemes AAB or 
ABC. Such unusual silks are found, for example, 

Table 11.5. Classification of silks according to their glycine 
content (mol %) and conformation. The c value (nm), i.e. 
the distance between one sheet and the next but one, is 
given for the parallel ~-sheet silks [114] 

Species Glycine Group Conformation 

Phymatocera aterrima 66 0 Polyglycine II 
Bombyx mori 43 1 ~ (c = 0.92) 
Anaphe moloeyi 37 2 ~ (c = 1.00) 
Antheraea mylitta 25 3 ~ (c = 1.06) 
Thaumetopoea 4 ~ (c = 1.50) 
pictyocampta 
Nephila senegalensis 5 ~ (c = 1.57) 
Digelansinus diversiipes 2 6 ~ (c = 1.38) 
Arge ustalata 6 7 a helix 
Nematus ribesii 36 Collagen-like 
Chrysopa sp. 25 X~ (cross-~) 

in the caddice fly Olinga fereday, parasitic wasps 
of the genus Macrocentrus and sawflies of the 
genus Cladius [114]. 

There are also silks with structures other than 
the parallel-~, in which case the secondary struc
ture of the silk proteins is critical for the mechan
ical properties. The cross-~ conformation is 
derived from the stretched ~-sheet structure by 
regular folding of the chains perpendicular to the 
axis of the thread (Fig. 11.11). The cross-~ struc
ture is found in the ovipositors of the green lacew
ings Chrysopa and in the silks of the beetles 
Hydrophilus piceus and Hypera sp. and the fun
gus gnat Arachnocampa luminosa; they are prob
ably quite widely distributed. There are silks with 
an a-helical structure, e.g. in the ootheca of the 
praying mantis (Mantidae), in the cocoon of the 
flea Xenopsylla, as a four-stranded coiled-coil in 
the cocoon of the honey bee and, in addition to 
parallel-~ structures, in the silk of the moth Arge 
ustalata. Finally, a silk with a collagen structure 
has been described for the cocoon of the sawfly 
Nematus ribesii, and silk with the helix structure 
of poly glycine has been found in the moth Phy
matocera aterrima. Passive stretching can change 
these conformational states, e.g. cross-~ can 
change into the stretched parallel-~ form 
[63, 114]. The silks of some emperor moths 
(Saturniidae) contain a tanning system. The 
newly formed silk remains white so long as it is 
dry; moisture initiates the tanning process and 
the colour changes to yellow or brown. The tan
ning agents have been identified as 2-amino-
3-hydroxybenzoic acid-3-0-glucoside in Actias 
selene, 2,5-dihyroxybenzoic acid-5-0-glucoside in 
Antheraea pernyi, both of these in Hyalophora 
cecropia and H. gloveri, and N-(3,4-dihydroxy
phenyllactyl)-dihydroxyphenylalanine in Dictyo-
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Fig.ll.ll. The orientation of the polypeptide chains in the 
stretched parallel-f3-sheet structure and in the folded cross
f3 (Xf3) structures of different silks. The arrow indicates the 
direction of the silk-fibre longitudinal axis [63] 

ploca japonica [62]. The biochemistry of the spi
der's web unfortunately remains fairly obscure. 
Nephila claviceps can produce six different silks in 
its six spinning glands. The major ampullate
gland (drag-line) silk has a tensile strength of 
29000 kPa, higher than that of steel, and an 
elasticity of 35 %. The threads are constructed of 
pseudocrystalline regions with antiparallel ~
sheets interspersed with elastic, amorphous seg
ments. The repeat unit of 34 amino acids includes 
a polyalanine sequence of five to seven residues 
and five GGX tripeptides in which the position X 
is occupied by either alanine, tyrosine, leucine or 
glutamine [139]. 

11.10 Insect Secretory Proteins 

Proteinaceous secretions are produced by many 
animals. Apart from the slimes (mucins), which 
will be discussed together with other glycoprote
ins in Chapter 13, only a few insect secretory pro
teins have been examined from the point of view 
of comparative biochemistry. In the larvae of the 
non-biting midges of the genus Chironomus, a 
secretion from the salivary gland is used in the 
construction of the nest tubes and the capture 
funnels. This consists of a mixture of proteins of 
greatly varying mass (17-1200 kDa). Of the 
12-15 main components, the best known are the 
SPI or Balbiani-ring proteins, which are phos
phoglycoproteins of 800-1200 kDa that can be 
spun into elastic threads. They are encoded by the 
genes BRl, BR2.2 and BR6, and are named after 
the so-called Balbiani rings, which appear as 
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thickened "puffs" in the light-microscope image 
of the polytene chromosomes, and show active 
RNA synthesis. The SPI genes form multi-gene 
families, several members of which have been 
completely or partially sequenced from Chriono
mus tentans, C. pallidivittatus and C. thummi. The 
genes have a hierarchical repetitive structure. In 
each gene there are about 100 almost identical 
repeats of 180-300 bp, each with a constant 
region without internal periodicity and a subre
peat region made up of 3-12 subrepeats of 
9-33 bp. This gene structure apparently arose by 
multiple duplication and diversification. In addi
tion to the four SPI proteins, a further three sec
retory proteins have been found and named after 
their mass in kDa: SP-195 contains numerous 
charged amino acids in 25-residue repeats, SP-140 
is rich in glycine and charged amino acids and 
occurs in 14-residue repeats, and SP-185 contains 
no mutually homologous repeats but has repeats 
of three consecutive cysteines every 22 amino 
acids [38, 134]. 

The larvae of Drosophila melanogaster pro
duce a secretion in the salivary glands and this is 
used to fasten the pupa to the substratum. The 
main components are the Sgs or glue proteins, of 
which eight are now known. The Sgs genes are 
distributed on various chromosomes but are coor
dinately expressed. The genes and the encoded 
polypeptides are very diverse. Gene Sgs-5 con
tains two introns; the genes Sgs-3, -7 and -8 have 
only one intron; and gene Sgs-4 has no introns. 
Sgs-3 and -4 consist of about 300 amino acids, 
have a high threonine content and are highly gly
cosylated. Sgs-5 has a length of only 163 amino 
acids and contains only a little carbohydrate. 
Sgs-7 and -8 are not glycosylated. However, they 
all contain many cysteines and can be cross-linked 
by disulphide bridges to form networks [72]. 

The accessory glands of the male genital tract 
in all insects produce a secretion with numerous 
species-specific peptide and protein components, 
some of which stimulate egg-laying in the females 
and reduce copulatory behaviour. The best inves
tigated of these secretions are those of Droso
phila species, in which 2-D electrophoresis of 
secretions from the paragonial glands revealed 
several hundred different proteins in species
specific patterns. Little is known about the struc
ture of these proteins. One of the peptides from 
Drosophila melanogaster and D. sechellia has 
been sequenced and shown to have three differ
ences between the species in its sequence of 36 
amino acids [17]. Within a few minutes, copula
tion results in a drastic increase in protein biosyn-
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thesis in the accessory glands, not as the result of 
increased transcription of the structural genes but 
from increased synthesis of rRNAs and ribosomal 
proteins [112]. In the mealworm Tenebrio molitor, 
as in many other insects, the secretion from the 
male accessory gland is used in the construction 
of a spermatophore. This is a complicated object 
with a multilayered outer wall and an inner space 
filled with sperm-containing fluid. Several "sper
matophorins", with masses from 14 to more than 
100 kDa, can be extracted from the spermato
phores of the mealworm, but none have been 
characterized in any detail [115]. 
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u.t Free Amino Acids 

Because of the constant turnover of proteins, 
protein-bound and free amino acids exist in a 
dynamic equilibrium. The intracellular pool of 
free amino acids, which is replenished by the 
hydrolysis of existing proteins, by uptake from 
the intercellular space and by de novo synthesis, 
is available for protein synthesis and for the many 
other metabolic processes dependent upon amino 
acids. The concentration of free amino acids is 
always lower than that of the protein-bound resi
dues, one limiting factor being the strong osmotic 
effects of such low molecular weight compounds. 
Thus, there is no specific amino acid store in an 
organism; it is more the case that enzymes and 
structural proteins themselves represent the 
reserve of amino acids. Insect larvae, which 
require large amounts of amino acids for meta-
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morphosis and sclerotization of the cuticula, 
make use of extracellular proteins as a source of 
amino acids; examples include the larval haemo
lymph proteins of some dipterans (p.191) and 
possibly the haemoglobins of the non-biting 
midges (Chironomidae) (p.273). 

12.1.1 The Chemical Nature of Free Amino 
Acids 

As the biosynthesis of cell proteins requires 20 
standard amino acids, these must all be present in 
the pool of free amino acids. Previous publica
tions about certain organisms or tissues in which 
fewer amino acids were typically found were 
based upon the insufficiently sensitive methods of 
paper and thin-layer chromatography. In addition 
to the standard amino acids, the pool of small nit-
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rogenous substances contains "rare" amino 
acids which, despite the name, in fact occur 
quite often. They include protein-associated 
amino acids which were chemically altered post
translationally and released by proteolysis, in 
particular methyl, hydroxyl and halogen derivat
ives. There are, however, rare amino acids which 
are never protein bound. Some of the latter arise 
during normal metabolism in animal cells and 
are, therefore, more-or-Iess ubiquitous, e.g. 
ornithine, which is a product of arginine cleav
age by arginase, and B-amino-isobutyric acid and 
B-alanine, which are degradation products of 
pyrimidine bases (Fig. 12.29); other such amino 
acids are formed in subsidiary pathways of meta
bolism. As higher plants are particularly rich in 
the products of secondary metabolism, it is often 
the case that unusual amino acids found in herbi
vores originate from nutrients. One example of 
this is the first report of its kind from the animal 
kingdom of S-methylcysteine in the caterpillar of 
the moth Prodenia eridania. It was later found 
that this methyl amino acid was derived from S
methylcysteine sulphoxide in the cabbage leaves 
on which the insects fed (Fig. 12.1); the amino 
acid was not found after the insects were fed 
with potatoes. Citrulline as an intermediary 
product of arginine biosynthesis should occur 
only in animals in which this biosynthetic path
way is functional. However, some plants are very 
rich in citrulline and, as a consequence, the con-

o 
II 

CH2-S-CH I 3 

HC-NH2 
I 
COOH 

centration may be very high in herbivorous 
snails. 

More than 200 rare amino acids have been 
identified to date in plants and animals. These are 
mostly single, independent studies about which 
further information can be found in the literature 
[62]. We will restrict ourselves here to an exa
mination of cases in which such amino acids have 
assumed special functions or have an interesting 
distribution. Thyroxin and other iodinated tyro
sine derivatives formed in the thyroid are of par
ticular interest from a comparative biochemistry 
point of view and will be dealt with in a separate 
section 

In the case of the N-acetylated amino acids, 
which are found in high amounts in some verteb
rates, it is not clear whether the differences that 
exist have some adaptive significance and, if so, 
how this functions. N-acetylhistidine and N
acetylaspartic acid (Fig. 12.1) serve as a store of 
acetyl residues in vertebrate brain, e.g. for the 
synthesis of acetylcholine. Both amino acids are 
found in the brains of teleosts, but amphibians 
and reptiles have only acetylhistidine, and birds 
and mammals have only acetylaspartic acid. Sear
ches for these two amino acids in the brains of 
chondrostei, agnathans and cephalopods were 
unsuccessful. The lower vertebrates also have 
high concentrations of acetylhistidine in the lens 
of the eye. The significance of the histidine cycle 
found in the carp eye is not known. Histidine dif-

S-Methylcysteine S -Methylcysteine sulphoxide 
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Felinine Fig.12.1. Rare amino acids 
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fuses out of the eye fluid into the lens, where it is 
acetylated; it then diffuses back into the eye fluid 
and is cleaved by a deacetylase. All freshwater 
animals have large amounts of acetylhistidine in 
the heart; marine teleosts, in contrast, have much 
less. In fish that undertake spawning migration, 
the concentration of acetylhistidine in the heart 
correlates to the habitat in which embryo devel
opment occurs, e.g. it is tenfold higher in the sal
mon than in the eel [82]. 

Methylated amino acids are formed post
translationally in numerous proteins and are 
released by hydrolysis. They include, in parti
cular, N-mono-, di- and trimethyllysine, 3-
methylhistidine, and mono- and dimethylargi
nine. 1-Methylhistidine, on the other hand, arises 
by methylation of the free amino acid. Thus, for 
example, the silkworm Bombyx mori contains 
eight different methyl derivatives of lysine, histi
dine and arginine, often at high concentrations. 
Trimethyllysine exceeds free lysine during the 
fifth larval stage, where it enters the ovary of the 
pupa and accumulates in the eggs; adult males 
contain only trace amounts. In this case, the tri
methyllysine apparently has a specific role, per
haps as the starting point for carnitine synthesis 
[174]. Mammalian erythrocytes also contain high 
concentrations of trimethyllysine [153]. The mar
ked, species-specific differences in the concentra
tion of methylated amino acids are exploited to 
identify certain sorts of meat in foodstuff chem
istry. For example, the presence of 3-
methylhistidine is an indicator of pork in meat 
products. A large number of N-trimethyl amino 
acids (betaines) are known in plants, whereas ani
mals contain mainly glycinebetaine (Fig. 12.1), 
which arises by oxidation of choline and is an 
important donor of methyl groups. It is of great 
importance for intracellular osmoregulation in 
many marine invertebrates. Thus, its concentra
tion in the tissues of marine molluscs and crusta
ceans can reach very high levels of 80-120 !J.mol/g 
[10]. 

The sulphur-containing amino acid taurine 
(Fig. 12.8) has various biological functions: it is 
an important osmoregulatory substance in many 
marine animals; it is conjugated with bile acids, 
retinoic acid or certain foreign substances in ver
tebrates; it is bound in peptide form in the synap
to somes of calf brain; and it is a constituent of the 
phosphagen taurocyamine. It is therefore not 
surprising to find marked species- and tissue
specific variations in taurine content. The concen
tration in skeletal muscle is usually higher than 
in other tissues of the same animal [262]. 

The highest recorded concentration of about 
100 !J.mol/g fresh weight (1.3 % of the total fresh 
weight) is found in the giant nerve fibres of the 
cephalopod Loligo sp. Values of around 10 !J.mol/g 
are found in the tissues of many marine inverteb
rates and teleosts, but values are much lower in 
the freshwater fish, crayfish and insects. Dea
mination of the taurines produces isethionic acid 
(Fig. 12.8), which is also found at its highest level 
in cephalopod nerves: the giant axons of Loligo 
contain more than 150 !J.mol/g fresh weight, i.e. 
no less than 20 % of the dialysable anions. Much 
lower concentrations have been recorded in the 
ganglions of the snail Ap/ysia and the mussel Spi
su/a, and in various mammalian organs; about 
40-200 !J.mol pen day are excreted in human 
urine [82, 271]. Free L-Ianthionine (Fig. 12.1) has 
been found in most insects examined, but not in 
crustaceans, annelids, molluscs, echinoderms, 
tunicates or vertebrates. In contrast, the structur
ally related amino acid cystathionine is widely 
found as an intermediate in the metabolism of 
methionine to cysteine (Fig. 12.7). An enzyme 
discovered in the fat body of Bombyx mori pro
duces lanthionine from cysteine and is apparently 
very similar, or even identical, to cystathionine 
synthase, which produces cystathionine from 
homocysteine and serine. The fat body also con
tains an enzyme that cleaves lanthionine to cyste
ine, ammonia and pyruvate [225]. The sulphur
containing amino acid feIinine (Fig. 12.1) has an 
especially interesting distribution: it is excreted in 
amounts of up to 120 mg per day in the urine of 
the domestic cat and somewhat less in the urine 
of the ocelot; it is absent from other cat species, 
such as the lion, tiger and puma, and is found 
nowhere else, except in some bacteria [62, 82]. 

12.1.2. Concentration and Spectrum 
of the Free Amino Acids 

The ninhydrin reagent normally used for the 
determination of free amino acids also reacts to 
varying degrees, depending on the conditions, 
with unsubstituted amino groups such as amines, 
amino-sugars and ammonia. In contrast, peptides 
react less strongly than their constituents released 
by hydrolysis. Therefore, when considering con
centration data it is necessary to distinguish 
between free amino acids, non-protein-bound 
amino acids (after hydrolysis of the oligopepti
des) and total ninhydrin-positive substances. 
With the exception of certain insect species, the 
concentration of peptides in the tissue and body 
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fluids is always so low that the values for free and 
non-protein-bound amino acids hardly differ; on 
the other hand, the value for total ninhydrin
positive material may be much higher. The con
centration of free amino acids differs markedly 
with the species and the tissue, and is usually 
higher intracellularly than extracellularly. High 
extracellular amino acid concentrations are found 
in the haemolymph of many insects. The more 
primitive groups of the dragonflies, cockroaches 
and locusts, however, have relatively low con
centrations of 25-50 mmolll; the highest values 
of more than 120 mmolll are to be found in the 
lepidopterans, where the difference between 
intra- and extracellular fluids is minimal. 

The spectrum of free amino acids in tissues and 
body fluids has been investigated in many spe
cies. The introduction of paper chromatography, 
which allowed amino acid analyses to be carried 
out by the analytically inexperienced, released a 
flood of investigations, mainly with taxonomic 
goals. Reliable quantitative data, however, are 
obtainable only by means of column or gas chro
matography. Of the total free amino acids, the 
non-essential amino acids alanine, glycine, pro-

line, serine, glutamic acid and glutamine are 
almost always in the majority, whereas aspara
gine, aspartic acid, cysteine and all the essential 
amino acids are present at lower concentrations. 
In contrast to the protein-bound amino acids, the 
spectrum of free amino acids varies so widely 
with the tissue and species that generalizations 
are difficult to formulate (Table 12.1). Older pub
lications often quote very high glutamic acid 
concentrations in arthropod haemolymph. This 
would be surprising because glutamic acid serves 
as a neurotransmitter in arthropods and produces 
strong pharmacological effects. In fact, in these 
species glutamic acid is found exclusively in the 
blood cells, as is the case for the majority of the 
free amino acids in arthropod blood [46]. 

The concentration of each individual amino 
acid in the cellular pool is the resultant of influx 
and efflux, and can therefore be homeostatically 
maintained at a constant level or changed as 
required. Each analysis of free amino acids repre
sents only the dynamic equilibrium at one point 
in time, and numerous internal and external fac
tors can lead to changes in the spectrum. This is 
the reason why the taxonomic use of the amino 

Table 12.1. The spectrum of free amino acids (mol %) in tissues and body fluids 

Aur Hym Ach Gec Ast Cal Iet Hum 

HL Ggi HL Mus HL HL T Ser Mus H Ser 

Ala 2 42 20 22 14 14 34 13 7 7 19 9 12 
Arg 1 1 <1 11 3 3 5 3 14 3 3 2 3 
Asx 1 2 5 7 1 1 1 8 2 1 6 24 
Glx 8 16 7 13 1 2 1 7 26 4 3 31 
Gly 44 13 11 4 11 34 14 5 7 11 29 7 8 
His <1 2 5 3 2 2 1 6 9 2 2 5 3 
lIe 1 1 2 1 1 <1 2 1 2 8 4 4 2 
Leu 1 3 2 1 2 1 3 1 3 12 5 7 4 
Lys 2 2 6 13 2 <1 6 2 10 9 7 6 
Met <1 1 <1 <1 <1 <1 2 1 2 1 <1 
Phe <1 1 1 1 1 <1 1 1 <1 4 2 2 2 
Pro 1 2 5 3 25 20 10 52 13 9 7 4 8 
Ser 2 5 34 19 30 21 8 6 7 6 4 5 4 
Thr 1 1 3 <1 9 3 <1 7 5 6 6 
Val 1 2 3 2 3 1 5 1 1 10 4 5 6 

Aur, Aurelia aurita (Cnidaria) laboratory grown polpys in 2 % salt solution with 12.9 !tmol free amino acids (faa) per g 
fro wt. [259]. 
Hym, Hymenolepsis diminuta (Cestoda) with 13.9 !tmol faa per g fro wt. [36]. 
Ach, Achatina fulica (Gastropoda): haemolymph (HL) with 0.49 !tmol faa per ml; and suboesophageal ganglion (GgI) 
with 28 !tIDol faa per g fro wt. [148]. 
Gec, Gecarcinus lateralis (Crustacea): HL with 3.8 !tmol faa per ml; and claw muscles (Mus) with 190 !tmol faa per g 
fro wt. [277]. 
Ast, Astacus leptodactylus (Crustacea): HL with 0.63 !tmol faa per ml [208]. 
Cal, Calliphora erythrocephala (Insecta): HL with 22 !tmol faa per ml; and tissue (T) with 71 !tIDol faa per g fro wt. (calcul
ated from the values for whole animal and haemolymph) [55]. 
Iet, Ictalurus punctatus (Teleostei): serum (Ser) with 2.3 !tIDol faa per ml; muscle (Mus) with 5.6 !tmol faa per g fro Wt.; 
and heart (H) with 6.6 !tIDol faa per g fro wt. [264]. 
Hum, human: serum (Ser) with 2.8 !tmol faa per ml [220]. 
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acid spectrum, for which one had great hopes 
30 years ago, eventually proved to be unsuitable. 
Of the factors which can influence the concentra
tion and variety of free amino acids, nutrition 
plays a significant role, in that it directly changes 
the input into the pool. Fundamental changes in 
the amino acid pool are observed following 
changes in the physiological situation (e.g. during 
metamorphosis of insects [46] and amphibians, 
and in the ecdysis cycle of the crustaceans), at 
times of increased protein synthesis (e.g. silk pro
duction, and formation of sex substances), or in 
response to parasite infection. Changes in inter
nal conditions are the basis of seasonal and diur
nal fluctuations in the amino acid pool. External 
factors that may influence the concentrations of 
free amino acids include temperature, oxygen 
partial pressure and osmolality. 

12.1.3 Osmotic Functions 
of Small Nitrogenous Compounds 

Inorganic ions constitute usually more than 98 % 
of the osmotically active substances of the extra
cellular fluids. Organic molecules make signifi
cant contributions to the extracellular osmolality 
in only a few animal groups, e.g. amino acids or 
sugars in insect haemolymph or urea, and trime
thylamine oxide in the blood of certain fishes. In 
tissues, inorganic ions usually contribute about 
half the osmolality and the rest mainly arises from 
the presence of nitrogenous substances such as 
aminocarbonic acids, taurine, glycinebetaine, tri
methylamine oxide and urea. The dominant role 
of urea as an osmotic substance in the marine 
elasmobranchs and crossopterygians is an inter
esting problem. Here, the urea concentrations 
in the blood plasma are generally about 
300-450 mmolll, and in the case of the ray Trygo
norhina as high as 600 mmolll; the intracellular 
concentrations are even higher. Such high urea 
concentrations should, in fact, disturb the func
tional and structural integrity of the cell proteins. 
It appears, however, that the simultaneous pres
ence of methylamino compounds, such as tri
methylamine oxide, glycinebetaine and N
methylglycine (sarcosine), compensates for the 
destabilizing effects of urea [253]. 

The osmolality of metazoan cells always agrees 
more or less with that of the extracellular envi
ronment, and the cell must react to all changes in 
the extracellular osmolality. Adaptation (isos
motic intracellular regulation) results above all 
from changes in the concentration of nitrogenous 

compounds. This has the advantage that the con
centrations of inorganic ions, which have other 
specific biological effects in addition to their 
osmotic functions, are subject to minimal change 
[90, 149, 253]. Comparable intracellular regula
tion has been observed following dehydration, 
e.g. in the edible snail Helix pomatia. Exactly 
which nitrogenous compound is most involved in 
osmoregulation depends upon both the species 
and the tissue (Table 12.2), and may also be 
determined by the speed at which the changes in 
salinity of the external medium occur. In various 
mussels, long-lasting changes in salinity lead to 
regulatory changes in taurine and amino acid con
centration; this does not happen, for example, in 
response to the 12-hour rhythm of the tides in 
river estuaries. 

In view of the variety and number of factors 
that affect the intracellular pools of small nitro
genous compounds, it is not surprising that there 
is no general explanation for the mechanisms of 
isosmotic intracellular regulation. Osmoregulat
ory increases in intracellular nitrogenous substan
ces (hyperosmotic regulation) can occur by 
uptake from the extracellular space, through 
increases in de novo synthesis, reduced degrada
tion, or a shift in the rate of protein turnover in 
favour of free amino acids. Several of these 
mechanisms are probably always involved simul
taneously, depending upon the species and the 
tissue [82]. That some amino acids have their ori
gins in cell proteins is suggested by the reported 
increases in essential amino acids, although the 
role of protein hydrolysis in intracellular regula
tion is still controversial. Interesting data have 
been reported in this connection for the edible 
mussel Mytilus edulis. Here, aminopeptidase I is 
encoded by the polymorphic Lap locus; animals 
with the Lap94 allele have a 20 % higher proteo
lytic enzyme activity and do, in fact, show more 
rapid increases in the amount of free amino acids 
following hyperosmotic stress [63]. 

Evidence for regulatory changes in the de novo 
synthesis of amino acids has been sought, on the 
one hand, in tracer experiments, which unfortun
ately often give ambigous results, and, on the 
other hand, in studies of the enzymes of amino 
acid metabolism in vitro. Glutamate dehydroge
nase, which is without doubt a key enzyme of 
amino acid metabolism, is activated by NaCI and 
other inorganic salts. However, the ion sensitivity 
of this enzyme in an animal with a marked capac
ity for intracellular osmoregulation, such as the 
shore crab Carcinus maenas, has in fact been 
found to be lower than in the much less adaptable 
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Table 12.2. The osmoregulatory changes in the intracellular concentration of free amino acids in mmollkg water (ltmol!g 
dry wt. in Bunodosoma, Bun) 

Acaa Litb Balc Bund 

Ala 2.4 ~ 80 17.7 ~ 3.9 1.2 ~ 16.3 ~ 24.7 6.2 ~ 13.2 
~-Ala 1.5 ~ 41.9 
Arg 0.1 ~ 0.5 6.3 ~ 5.3 1.5 ~ 7.6 ~ 5.7 
Asp 0.1 ~ 2.2 0.9 ~ 1.9 0.3 ~ 0.3 ~ 2.1 6.6 ~ 14.1 
GIu 0.4 ~ 4.9 4.0 ~ 2.4 1.5 ~ 6.4 ~ 9.1 7.2 ~ 24.2 
Gly 0.4 ~ 4.1 9.0 ~ 5.5 0.9 ~ 29 ~ 19.5 12.5 ~ 10.8 
His 0.1 ~ 0.6 Sp ~ 0.3 Sp ~ 0.7 ~ tr 
lIe 0.1 ~ 1.1 0 0 Sp ~ 0.6 ~ 0.7 
Leu 0.2 ~ 1.8 0.8 ~ 1.0 0.1 ~ 0.8 ~ 1.4 
Lys 0.3 ~ 1.1 tr ~ 0.8 0.2 ~ 1.4 ~ 0.6 
Met 0.1 ~ 0.8 0 0 Sp ~ 0.6 ~ tr 
Phe 0.1 ~ 0.6 0.4 ~ 4.1 0 ~ 0.2 ~ 0 
Pro 0.4 ~ 33 19.0 ~ 10.8 0.2 ~ 119 ~ 510 
Ser 0.2 ~ 5.1 2.9 ~ 3.7 0.4 ~ 3.7 ) 7.6 
Thr 0.2 3.1 1.0 2.1 0.1 1.1 

~ 
~ ~ ~ 

Tyr 0.1 ~ 0.9 0.6 ~ 0.5 0 ~ 0.6 ~ 0 
Val 0.2 ~ 2.0 0.9 ~ 1.3 0.2 ~ 1.6 ~ 1.8 
Taurin 40 ~ 22 0.5 ~ 16.6 ~ 2.9 85.4 ~ 83.5 

tr, trace 
a Aca, Acanthamoeba castellani (Protozoa): amino acid-free medium with cane sugar increased from 40 to 500 mOsmol! 
kg water [69]. 
b Lit, Littorina littorea (Gastropoda): muscles of animals from seawater and 50 % seawater [82]. 
C Bal, Balanus improvisus (Crustacea): thorax muscle from animals in media with 4, 1031 or 1877 mOsmollkg water [86]. 
d Bun, Bunodosoma cavernata (Cnidaria) after adaptation to a change in seawater composition from 2.6 to 4.0 % salt [124]. 

lobster, or in the rat [82]. The effect of enzyme 
inhibitors on osmoregulation has been examined 
during hyperosmotic stress in the isolated heart of 
the mussel Modiolus demissus; the transaminase 
inhibitors aminooxyacetic acid and L-cycloserine 
could not prevent increases in the intracellular 
amino acid concentration, but only produced cer
tain shifts in the spectrum of additional amino 
acids produced. The question also remains of the 
origin of the nitrogen needed for the de novo 
formation of the amino acids. In the prawn Mac
robrachium rosenbergii, uptake of ammonia from 
the medium increases during adaptation to 
increased osmolality. Detailed results are avail
able for the sea anemone Bunodosoma cavernata, 
which responds to a jump in salinity from 2.6 to 
4 % with a 20-fold increase in the concentration 
of free ~-alanine, from 1.5 to 41.9 I-tmollg dry 
weight. The rate of synthesis from aspartate 
increases threefold, whilst that from uracil 
remains constant; the degradation rate is reduced 
by a factor of 2.5-3.0 [124]. 

Reductions in intracellular nitrogenous sub
stances during adaptation to lower osmolalities 
may involve lowered biosynthesis, increased 
degradation or efflux from the cell, reduced 
uptake from the extracellular space, increased 
incorporation of free amino acids into protein, or 

some combination of these mechanisms. The sub
stances which decrease during hyposmotic stress 
are in many, but not all, cases the same as those 
that increase during hyperosmotic stress. Thus, in 
the euryhaline Paramecium calkinsi, the con
centrations of proline and alanine are regulated in 
both situations [59]. In contrast, in Acantha
moeba castellanii, transfer from 240 to 500 
mosmollkg results in increases in proline, alanine 
and glutamate, whereas transfer from 240 to 40 
mosmol/kg brings about a decline, especially of 
a-aminobutyrate and proline [89]. The role of 
protein synthesis in hyposmotic conditions is just 
as controversial as that of protein hydrolysis in 
the hyperosmotic state. In the shore crab Carci
nus maenas, transfer to a dilute medium results in 
an increase in labelled leucine incorporation in 
the haemocyanin; however, apart from increased 
protein synthesis, this effect could also be due to 
non-covalent binding of leucine to the hydro
phobic side-chain of the protein [280]. 

Increased amino acid degradation in connec
tion with osmoregulatory processes may upset the 
nitrogen balance. In the polychaetes Neanthes 
succinea and Leonereis culveri, part of the amino
N is retained by amination of glutamic acid to glu
tamine. A rapid reduction in the extracellular 
osmolality causes entry of water into the cell and 
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an increase in volume. The immediate volume 
regulation that ensues relies upon reductions in 
the osmotically active substances of the cell by 
the mechanisms mentioned above. 

12.2 Nutritional Aspects 
of Amino Acid Metabolism 

The amino acid metabolism of animals is charac
terized by the facts that nitrogen for the synthesis 
of amino acids can only be used at the oxidation 
level of the amino group, and certain amino acids 
(essential amino acids) cannot be synthesized de 
novo. Thus, the nutrients must contain sufficient 
amino acids to replace those lost by excretion and 
to supply those required for further growth; they 
must include all the essential amino acids in at 
least the amounts needed for protein synthesis. 
As the cell has no significant reserves of essential 
amino acids, a nutritional deficiency of just one of 
these amino acids causes the limitation of protein 
synthesis and degradation of the excess of 
remaining amino acids. Although the non
essential amino acids are in fact all dispensable, 
feeding of a mixture of only essential amino acids 
results in a suboptimal nitrogen balance; at least 
one of the non-essential amino acids must be sup
plied. 

1Wo methods are available for the determina
tion of amino acid requirements. In the classical 
diet method, animals are kept, or even reared, on 
a chemically defined diet for long periods and are 
examined for signs of deficiency: reduced growth, 
delayed development, the occurrence of mal
formations, reduced longevity, increased nitrogen 
excretion, alterations in the blood amino acid 
spectrum, reduced incorporation of 14C-leucine 
into protein, etc. In the 14C method, a suitable 
labelled nutrient, such as 14C-glucose, is adminis
tered and the radioactivity of isolated amino acids 
is determined; only non-essential amino acids are 
labelled. The latter method is used for animals 
that cannot be maintained on a chemically 
defined diet, e.g. many parasites, blood-suckers, 
microphages, or highly specialized plant eaters. 
The results from the two methods may be quite 
different. It is often the case that the capacity to 
synthesize an amino acid is insufficient in a cer
tain stage of the life cycle; such "semi-essential" 
or "growth-promoting" amino acids are obviously 
recognized only by the diet method. For animals 
with yolk-rich eggs, the results of diet exper
iments may be confused by the transfer of essen-

tial amino acids from the yolk proteins to the 
developing animal. The supply of essential amino 
acids by symbiotic microorganisms may lead to 
false results, even in 14C experiments, especially 
when the labelled substrate is supplied as feed 
and not injected into the bloodstream. 

Numerous investigations, in particular with 
mammals, insects and protozoans, have shown 
that histidine, isoleucine, leucine, lysine, methio
nine, phenylalanine, threonine, tryptophan and 
valine are all apparently essential. Thus, the abil
ity to synthesize these amino acids was already 
lost very early in evolution. Only a few animal 
groups are able to make arginine, and even here 
the availability of arginine for protein biosynthe
sis is so limited by arginase activity that supply of 
this amino acid is growth stimulating, e.g. in 
many mammals and human babies. In several ani
mal groups, insufficient amino acid metabolism 
creates further essential or semi-essential amino 
acids: some ciliates and the beetle Trogoderma 
granarium require tyrosine in addition to phenyl
alanine, i.e. the hydroxylation of phenylalanine is 
insufficient. Proline is semi-essential for many 
insects, e.g. for Culex pipiens, some lines of Phor
mia regina and Cochliomyia hominivorax, and 
perhaps for Bombyx mori. Crayfish of the genus 
Astacus, the freshwater prawn Macrobranchium 
rosenbergii and the mosquito Culex pipiens lack 
the ability to make asparagine from aspartic acid; 
the amide must be present in the diet. Some 
insects cannot meet their requirements for 
sulphur-containing amino acids with methionine 
alone and also require cysteine; examples include 
the butterfly Argyrotaenia velutinana and several 
aphids. Glycine and serine in the diet improve the 
development and survival of Culex pipiens. The 
domestic cat is unable to make taurine and a defi
ciency leads to severe symptoms, such as degen
eration of the retina; humans and other primates 
also require taurine in their diet [46, 82,227]. 

So long as the appropriate aminotransferases 
are present, the essential amino acids can all be 
replaced by the analogous keto acids, although 
these are always only partly aminated. o-amino 
acids can be used after they have been deamin
ated by o-amino acid oxidases. In this regard, 
there are species-specific differences: many 
insects can make use of o-histidine, o-methionine 
and o-phenylalanine; Aedes uses o-tryptophan 
and o-leucine; and Tribolium uses o-lysine. None 
of the o-amino acids is growth stimulating for 
Bombyx mori; in fact, some are weakly inhibit
ory. In the Peking duck, o-methionine is also 
unable to replace completely the L-enantiomer 
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[74]. Compounds structurally related to the essen
tial amino acids (amino acid antagonists) inhibit 
metabolism of the natural forms and produce 
effects very similar to those of amino acid defi
ciency. In many cases, they are also used for pro
tein synthesis and dysfunctional proteins are pro
duced. Amongst the amino acid antagonists are 
natural compounds such as canavanine, produced 
by the Leguminosae (Fig. 12.2), which as an argi
nine analogue has proved toxic for all animals 
tested [136]. Most investigations of amino acid 
antagonists have been carried out on bacteria and 
the rat, and there are very few comparative data. 
Experiments with ethionine (Fig. 12.2) may be 
mentioned; this competes with methionine for 
incorporation into protein, e.g. in the parasitic 
dipteran Agria housei, and also disturbs sea 
urchin development. 

In some groups of animals, other N com
pounds in addition to amino acids may be used as 
nitrogen sources with the help of symbiontic mic
roorganisms. The best-known example is that of 
the ruminants, in which most of the urea circulat
ing in the blood is not excreted in the urine but is 
released into the rumen, where it is converted 
into all 20 standard amino acids by symbionts. 
Recycling of urea between the blood and a 
symbiont-containing fermentation chamber of 
the alimentary canal is also a feature of other 
mammals, e.g. the wallaby kangaroo Macropus 
eugenii, the hyrax Procavia habessinica, and the 
American lagomorph Sy/vilagus floridanus. The 
extent of the recycling varies with the species; it 
involves only about 50 % of the urea produced by 

/NH2 NH 
HN=C I 2 

'NH-O-CH 2 CH2 -CH-COOH Canavanine 

Arginine 

Ethionine 

Methionine 

Fig.12.2. Amino acid antagonists: canavanine to arginine, 
and ethionine to methionine 

cattle, sheep and goats, but 74 % of that pro
duced by the camel. In Procavia, the recycling 
increases to 70 % during conditions of water defi
ciency [213]. 

An interesting question is how the wood-eating 
termites satisfy their amino acid requirements, 
given their very protein-deficient diet. Gut sym
bionts certainly play an important role. In tracer 
experiments, essential amino acids also became 
labelled, and a reduction in the number of symbi
ontic bacteria and protozoans led to a decline in 
the concentrations of the free amino acids and in 
the incorporation of 14C-acetate into amino acids. 
Such symbionts even allow the termite to fix 
elementary nitrogen. In most species this occurs 
to an extent which hardly influences the nitrogen 
balance; however, in Nasutitermes corniger the 
amount of nitrogen bound in 1 year is equivalent 
to the total nitrogen of the animal [22]. Nitrogen 
fixation has also been detected in mussels of the 
family Teredinidae (ship-worms), and a nitrogen
fixing bacterium has been isolated from one spe
cies. 

12.3 End Products 
of Nitrogen Metabolism 

Most of the excreted nitrogen-containing substan
ces are end products of amino acid metabolism 
and only a few percent are degradation products 
of purines. The predominant end products of 
amino acid degradation are ammonia (ammonio
telic), urea (ureotelic) and uric acid (uricotelic). 
The pathway preferred during evolution depen
ded upon the habitat of the animal. Primarily 
aquatic vertebrates and invertebrates which have 
sufficient water available to dilute the highly toxic 
ammonia are ammoniotelic. The fairly soluble 
urea can be released only in aqueous solution, 
where its concentration is limited by osmotic 
effects. The more-or-Iess insoluble uric acid and 
other purines can be excreted almost dry. The 
evolutionary alternatives of ureotelic or uricotelic 
are determined not so much by the water rela
tions of the adult animal but much more by the 
possibility for the transport of substances through 
the egg membrane. Animals which produce eggs 
with an impermeable membrane, such as birds, 
terrestrial gastropods and arthropods, are charac
teristically uricotelic. In contrast, all terrestrial 
animals whose embryos can release their nitro
genous excretions into the environment or into 
the body of the mother are ureotelic, e.g. the 



mammals and the terrestrial and semi-terrestrial 
amphibians. The situation of the reptiles is inter
esting but, unfortunately, inadequately investig
ated. The soft-shelled eggs of many snakes and 
turtles and also the hard-shelled eggs of the cro
codile are permeable, and the developing 
embryos in these eggs always produce urea, 
although the adult animals are uricotelic. Surpris
ingly, in the eggs of the turtle Trionyx spiniferus, 
70 % of the excreted nitrogen is urea, 24 % 
ammonia and only 6 % uric acid, despite the fact 
that these eggs are completely impermeable 
[176]. Owing to special adaptations, the elasmo
branchs and crossopterygians are also ureotelic, 
as are the lungfish and terrestrial oligochaetes 
under certain conditions. In fact, animal excre
tions usually contain all three substances in vari
ous proportions, as well as further nitrogenous 
compounds, such as amino acids, allantoin or 
allantoic acid, trimethylamine oxide and other 
amines, creatine, creatinine, and nitrogenous 
substances that are partly of exogenous origin. 
The proportions of these substances greatly 
depend upon internal and external conditions. 

The Platyhelminthes are primarily ammonio
telic. However, the terrestrial turbellarian Bipa
lium kewense, the endoparasitic trematodes Fas
ciola hepatica and Schistosoma mansoni, and the 
cestode Hymenolepsis diminuta produce and 
excrete substantial amounts of urea. Similarly, 
amongst the ammoniotelic Nemathelminthes sev
eral species excrete up to 20 % urea. Ascaris 
lumbricoides maintained in a small amount of 
external medium significantly increases its output 
of urea. All investigated nematodes excrete about 
20-30 % of their nitrogenous waste as amino 
acids; Trichinella spiralis larvae and Ditylenchus 
sp. additionally produce small amounts of amines 
[18, 82]. 

Cephalopods and bivalves are strictly ammoni
otelic. Pelagic squids of the family Cranchiidae, 
such as Helicocranchia pfefferi, make special use 
of their ammoniotelic nitrogen metabolism. A 
coelom sac, which takes up most of the mantle 
cavity, is filled with a fluid containing about 
480 mmolll ammonium chloride. Owing to its 
lower density relative to seawater, this fluid exerts 
a buoyancy that allows the animal to float. 
Cephalopod urine also contains guanine, and that 
of the mussels contains 25-38 % of the nitrogen 
in the form of amino acids, with an additional 
7-13 % urea in the case of Mya and Crassostrea 
[26,82]. 

In parallel with the great variety of their habi
tats, the gastropods show a wide spectrum of 
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nitrogenous excretions. Aquatic snails excrete 
mainly ammonia, but in addition excrete species
and season-dependent amounts of urea. Uric acid 
is stored for a long time in the snails, and very 
variable results are obtained from analysis of the 
nephridium content and the excretions. The 
amounts of uric acid stored in aquatic forms are 
often just as high as in terrestrial varieties. Terre
strial gastropods produce urea and uric acid, and 
part of the latter is retained for long periods. 
Members of the families Helicidae and Limacidae 
also produce guanine and xanthine. Urea produc
tion depends upon the species and the conditions, 
e.g. Helix pomatia appears to produce only uric 
acid, whereas in Lymnaea urea makes up about 
14 %, and in Biomphalaria in some situations it 
constitutes more than 50 % of the excreted nitro
gen [26, 82]. The aquatic pulmonate snail Biom
phalaria glabrata is the intermediate host for the 
trematode Schistosoma mansoni, the agent for 
bilharziosis. Increased protein degradation fol
lowing the withdrawal of nutrients or infection 
with Schistosoma larvae causes an increase in the 
urea fraction from 20 to 55-60 % in Biomphalaria 
excretions. Under normal conditions terrestrial 
snails experience dramatic de- and rehydration 
events, but the resulting alterations in the osmo
lality of the extra- and intracellular fluids are 
tolerated. In the dry resting phase, several species 
markedly increase their synthesis and storage of 
urea; examples include Bulimulus dealbatus, 
Limax flavus, Strophocheilus oblongus and 
Anguispira alternata. The urea concentration in 
the haemolymph may increase to over 400 mm01l1. 
In other species, e.g. Olata lactea and Helix 
aspersa, urea is synthesized in large amounts but 
is continuously hydrolysed by a highly active 
urease; these species therefore excrete gaseous 
ammonia. 

Amongst the annelids, polychaetes and leeches 
are all ammoniotelic. Amino acids are excreted 
by some leeches and oligochaetes, and urea 
excretion occurs in starving oligochaetes. The 
proportion of urea in the excretions and its 
increase with hunger varies with the species; in 
Eisenia foetida it is always less than 22 % and 
increases little with hunger, whereas in Lumbri
cus terrestris and Allolobophora calliginosa urea 
constitutes up to 90 % of the excreted nitrogen. 
The situation is similar in the freshwater oligo
chaetes. In Lumbricus rubellus, urea excretion 
increases with hunger, although ammonia is still 
excreted in large amounts. In contrast, Eisenoides 
lonnbergi remains purely ammoniotelic. The 
conditions bringing about the switch to ureotelic 
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excretion have been examined in more detail in 
Lumbricus terrestris; the critical factor is a dec
line in glycogen reserves from the normal 14 mglg 
to less than 4 mglg during starvation [255]. 

The typical excretory product of the arachnids 
is guanine, and this predominates in the real spi
ders, mites, uropygi, solifugi and amblypygi. The 
situation is more complicated in the scorpions. 
Vejovis mexican us excretes only guanine, but 
Lycas tricarinatus also produces some urea. The 
excretions of Paruroctonus mesaensis contain 
over 90 % xanthine and some hypoxanthine, and 
this is the first known xanthotelic animal [278]. 
As expected, the crustaceans are strictly ammoni
otelic; this is also true of the terrestrial isopods, 
which in fact excrete gaseous ammonia. The only 
myriapod investigated in any detail (Cylindroiu
Ius longinensis) excreted 57 % ammonia, 38 % 
amino acids and 5 % uric acid. The insects in gen
eral are a model for uricotelic excretion, although 
systematic investigation of over 400 species 
showed that the activity of uricolytic enzymes 
resulted in the excretion also of allantoin, 
allantoic acid and urea [51]. Excretion of allan
toin in fact predominates in Dysdercus fasciatus, 
and hypoxanthine and xanthine are found in addi
tion to uric acid in some species. The butterfly 
Colias croceus stores guanine in the wings, and 
the tsetse fly Glossina morsitans excretes rela
tively large amounts of amino acids, especially 
arginine and histidine. Uric acid is sometimes 
stored in the specialized fat-body cells of insects; 
in Periplaneta and other cockroaches the storage 
is indefinite, and the uric acid is not released dur
ing the insect's lifetime [50, 51]. 

Echinoderms excrete large quantities of amino 
acids, e.g. 24-30 % of excreted nitrogen in the 
cases of Asterias and Diadema. In many echino
derms, more than 10 % of the excreted nitrogen is 
in the form of urea [237]. The tunicates are 
ammoniotelic. In the eggs of the ascidian Corella 
willmeriana, ammonium salts at a concentration 
of about 250 mmol/l serve to reduce the buoyant 
density, as in the pelagic squids. Some ascidians 
excrete ammonia but in addition store uric acid in 
the form of concretions in the nephridia [82]. 

In the fish, the elasmobranchs are ureotelic, as 
is the only living crossopterygian Latimeria cha
lumnae. The urea, however, is retained by the 
kidneys and accumulates in the intra- and extra
cellular fluids, where it is the most important sub
stance of osmoregulation. In the freshwater ray 
Potamotrygon sp., the urea level in the plasma is 
relatively low and remains almost unchanged 
when the animal acclimatizes to dilute seawater. 

The bony fish excrete almost exclusively ammo
nia, although in the case of the mudskipper Peri
ophthalmus up to 33 % urea is excreted. The 
nitrogen metabolism of the three dipnoan genera 
varies greatly in parallel with their abilities to 
withstand dry periods. The Australian lungfish 
Neoceratodus, which never leaves the water and 
whose lungs are used only for accessory air 
breathing, is almost purely ammoniotelic, with no 
more than 6 % of the excreted nitrogen occurring 
as urea. On the other hand, the South American 
lungfish Lepidosiren, which can live out of water 
but does not build a cocoon like Protopterus, 
excretes 38 % urea when living in water. The Afri
can lungfish Protopterus already has a urea frac
tion of over 50 % when in the water. During aes
tivation, the tissue urea concentration is as much 
as 1 % of the fresh weight. Oreochromis alcalicus, 
a species of fish living in an African soda lake at 
pH 10, has all the enzymes of the urea cycle in its 
liver; it excretes only urea, and no ammonia 
[200]. 

The rule for the amphibians is that the larvae 
and adults of persistently aquatic species are 
ammoniotelic, whilst the amphibious and terre
strial species are increasingly ureotelic [269]. The 
larvae of the ovoviviparous European salaman
der, which develop in the uterus up to the 14th 
month, are ureotelic. The larvae of the frog Lep
todactylus bufonis, which develop in the foam of 
a mud nest, also produce mainly urea. During 
dehydration or an increase in the salt concentra
tion of the environment, the internal osmolality 
of Xenopus laevis, various Rana species and Bufo 
viridis rises due to increased synthesis and reten
tion of urea. The South African clawed frog 
Xenopus laevis can acclimatize to a 300-mmol/l 
sodium chloride solution; this corresponds to 
60 % of the seawater osmolality. Acclimatization 
involves a three- to sixfold increase in activity of 
glutamate dehydrogenase and the enzymes of the 
urea cycle in the liver; the urea content of the 
blood plasma rises from about 4 to 200 mmol/l, 
and the biological half-life of the urea in the 
blood extends from 2 to 42 h. Xenopus larvae can 
also survive at 300 mosmol per kg water, but 
there are relatively minor changes in the urea 
concentration and its half-life in the plasma. Such 
adaptation to increased osmolality by an increase 
in urea concentration is also reported for other 
anurans; for example, Rana cancrivora from the 
mangrove swamps of Thailand survives 700 
mosmol per kg water. Osmoregulatory changes in 
urea production are observed only in spring and 
summer animals of Rana pipiens; here, arginine 



succinate lyase is inhibited by an increase in the 
level of aldosterone. Hormonal regulation of the 
osmoregulatory process has also been shown for 
Rana temporaria, but the exact mechanism is not 
known. 

The South African tree frog Chiromantis 
xerampelina (Racophoridae) and the South 
American species Phyllomedusa sauvagii (Hyli
dae) possess a uricotelic mechanism which pro
tects against dehydration. Uric acid, as a propor
tion of the total nitrogen excreted, is 50-57 % in 
C. xerampelina, about 80 % in P. sauvagii, but 
only 24-25 % in the related species P. pailona, 
P. iherengi and P. hypochondrialis; in other gen
era of the Hylidae, such as Agalychnia, Pachyme
duse or Hyla, it is in fact always less than 3.5 %. 
In the liver of the uricotelic species, the activities 
of the enzymes of urea synthesis (arginase) and 
uricolysis (uricase) are relatively low, and those of 
the enzymes of uric acid synthesis (xanthine 
dehydrogenase) are relatively high. Hyperolius 
viridiflavus (Hyperoliidae) produces mainly gua
nine and hypoxanthine, which are deposited in 
iridophores. Thus, the osmotic problems accom
panying water loss are solved and, at the same 
time, the high reflectance of these cells reduces 
heat absorption [218]. H. nasutus, which is also 
very resistant to dehydration, is, in contrast, 
purely ureotelic. 

Amongst the reptiles, the snakes and lizards 
are all uricotelic, and the crocodile excretes 
mainly urea but also ammonia. Turtles and tortoi
ses may be ammoniotelic, ureotelic or uricotelic, 
depending on their habitat. In addition to these 
species-specific differences there is also variation 
in the regulatory mechanisms. Aquatic and semi
aquatic species excrete ammonia and urea in 
about equal proportions; terrestrial species from 
wet biotopes produce much more urea than 
ammonia; and species from dry biotopes produce 
about 60 % uric acid and 40 % urea. Transfer of 
the turtle Trionyx spiniferus from freshwater to 
brackish water with 0.7 % salt results in an accu
mulation of urea in the tissues. 

The urine of birds consists almost entirely of 
ammonium urate, i.e. it contains uric acid nitro
gen and ammonia nitrogen in the ratio 4: 1. Need
ham (1931) in his pioneering work Chemical 
Embryology described how, during chick devel
opment, ammonia is excreted initially (maximum 
at day 3), then urea (days 5-9) and, finally, uric 
acid; he cited this as an example of the biogenetic 
rule also being valid in biochemistry. However, 
already by 1935, he found that the urea in fact ori
ginated from preformed arginine. Today, it is 
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quite clear that in the chicken, as in other birds, 
there is no functioning urea cycle. 

Mammals are ureotelic. In addition to urea, 
their urine always contains uric acid or allantoin, 
as an end product of purine metabolism, and 
many other nitrogenous compounds. Hippuric 
acid, which is a product of the detoxification of 
benzoic acid, is found at high concentration in the 
urine of herbivores but only in trace amounts in 
the carnivores and omnivores. 

12.4 Nitrogen Metabolism 
of the Amino Acids 

The degradation of most amino acids begins with 
the cleavage of the amino group and formation of 
the corresponding keto acid. The L-amino acid 
oxidases that may be present in tissues are not sig
nificantly involved in this process; the usual situa
tion in animals is that deamination of amino acids 
occurs by one of two more indirect pathways, one 
via glutamate dehydrogenase (GDH) and the 
other via the purine nucleotide cycle. In both 
pathways, the amino groups of different amino 
acids are initially transferred to a common inter
mediate (glutamic or aspartic acid), and only in a 
second step, if at all, are they released as ammo
nia. The GDH pathway occurs typically in ver
tebrate liver. Here, the glutamic acid intermedi
ate is oxidatively deaminated by mitochondrial 
glutamate dehydrogenase. The fate of the ammo
nia released in the liver mitochondria differs 
markedly in different species. In ureotelic ani
mals, it is bound to carbamylphosphate synthet
ase I and then incorporated into citrulline, which 
is released into the cytosol and there used for 
urea synthesis. The second amino group required 
comes from aspartic acid. In uricotelic animals, 
the ammonia is converted to glutamine by mito
chondrial glutamine synthase and is then used in 
the cytosol for uric acid synthesis. The purine 
nucleotide cycle (Fig. 12.3) is typical of vertebrate 
muscle, which contains only low GDH activity. 
The product of the transamination is aspartic acid 
and its nitrogen then serves in the conversion of 
IMP to AMP; ammonia is released from the AMP 
by an AMP deaminase, giving again IMP. 

Little is known of the relative importance of 
these two pathways of amino acid deamination in 
different invertebrate animals. Apart from in 
birds and mammals, the complete enzyme system 
of the purine nucleotide cycle has been found 
only in the goldfish and in the hepatopancreas of 
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the pulmonate snail Helix aspersa. The white 
muscles of the goldfish contain GDH (0.09 U/g 
fresh weight) and the enzymes of IMP amination 
(0.11 U/g fresh weight) at approximately the 
same levels, and contain much higher levels of 
AMP deaminase (226 U/g fresh weight). In the 
liver, IMP amination enzymes «0.02 U/g fresh 
weight) are insignificant compared with GDH 
(2.3 U/g fresh weight). As expected, isolated 
liver mitochondria only produce ammonia aerob
ically because GDH deaminates oxidatively; in 
muscle mitochondria, much more aspartic acid 
than ammonia is produced and this occurs also to 
some extent anaerobically [253]. In the Helix 
hepatopancreas, the activity of AMP deaminase 
is relatively low (about 2 U/g fresh weight); the 
adenylosuccinate synthase and the extremely 
labile adenylosuccinate lyase have even lower 
activities. However, there is no doubt that the 
purine nucleotide cycle is active in the hepato
pancreas; the ammonia released can be bound by 
cytosolic glutamine synthetase and used for uric 
acid synthesis. 

Fumarate 

12.4.1 L-Amino Acid Oxidases 

The rat kidney contains an enzyme with FMN as 
the prosthetic group; this enzyme deaminates, 
above all, leucine, methionine, proline and iso
leucine with the formation of H20 2 • However, it 
has such a low turnover rate as to be insignificant, 
and it is not found in other rat tissues or in the 
kidneys of other mammals. A completely differ
ent, very active form of D-amino acid oxidase is 
present in turkey liver; this enzyme is specific for 
basic amino acids such as arginine, histidine, 
lysine and ornithine. Chicken liver has a related 
amino acid oxidase with a wider specificity. Easily 
the most active L-amino acid oxidase of the ver
tebrates is the FAD enzyme in snake venoms 
(p.323). Such enzymes are also found at high 
activities in the hepatopancreas of many molluscs. 
In contrast to the enzymes of venoms and mam
malian kidney, the mollusc enzymes are especially 
active with the basic amino acids arginine, histi
dine, lysine, ornithine and citrulline, but are 
inactive with proline. Two types of enzyme can be 
distinguished and these differ to some extent in 
their specificity patterns. The Mytilus type is par-



ticle bound and is also present in other molluscs 
like Sepia and Aplysia. The Cardium type is 
soluble and specifically activated by magnesium 
ions. In the freshwater snail Lymnaea stagnalis, a 
soluble amino acid is found not only in the hepa
topancreas, but also in the foot tissues. This 
enzyme is specific for basic amino acids [82]. 

12.4.2 Aminotransferases (Transaminases) 

For most amino acids, transfer of the amino 
group is both the first step in degradation and the 
last step in de novo synthesis. Usually the 2-
oxoglutarate/glutamate pair plays the role of 
amino group acceptor/donor. When amino trans
fer to 2-oxoglutarate is tested with a large number 
of amino acids, aspartic acid and alanine, and 
often also leucine and tyrosine, are found to be by 
far the most active donors. The ratio of aspartate 
transaminase to alanine transaminase differs with 
the species and the tissue; in most cases, the 
aspartate transaminase has the higher activity and 
has special responsibilities for transport across 
the mitochondrial membrane [48]. Alanine, 
aspartate, tyrosine and histidine transaminases 
are all homologous, but agree pairwise in only 
16-25 % of the 400-500 positions [115, 151, 205]. 

Of all the aminotransferases, the aspartate 
transaminase (AspAT or GOT) is the best 
known. It has been studied in detail in vertebra
tes, protozoans, fungi and bacteria. All vertebra
tes possess both mitochondrial and cytoplasmic 
aspartate transaminases (m-AspAT and c
AspAT), which differ in all species in about 50 % 
of their sequences, but have identical tertiary 
structures. Together with mitochondrial and cyto
plasmic malate dehydrogenases, they make up 
the most important mechanism for introducing 
reduction equivalents into the mitochondria; this 
mechanism is the malate-aspartate shuttle. The 
two isoenzymes of aspartate transaminase are 
dimers with 45-kDa subunits of about 400 amino 
acids. They have been sequenced via cDNAs in 
various mammals, the chicken and E. coli 
[65, 186]. According to these data, the mito
chondrial and cytoplasmic forms had already 
separated about 1000 million years ago and 
should, therefore, also be widespread in the 
invertebrates. The rate of evolution of c-AspAT 
appears to be somewhat higher than that of m
AspAT [68]. More detailed information on the 
structure and intracellular localization of the 
AspATs of invertebrates does not appear to be 
available. The enzyme of the parasitic flagellate 
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Trichomonas vaginalis is unusual in that, in con
trast to the mammalian enzyme, it is not highly 
specific for the pairs glutamate/2-oxoglutarate 
and aspartate/oxaloacetate; it also shows high 
activity with the aromatic amino acids phenylala
nine, tyrosine and tryptophan [141]. 

Cytoplasmic and mitochoncrial isoenzymes are 
also known for vertebrate alanine transaminase 
(AlaAT or GPT). In the mammals, the cyto
plasmic form predominates in carbohydrate cata
bolizing tissues, such as muscle and heart, and the 
mitochondrial form predominates in organs with 
intensive gluconeogenesis, such as the liver and 
kidney. It may be concluded from this that in vivo 
the mitochondrial form catalyses the reaction ala
nine to pyruvate, and the cytoplasmic form does 
the reverse. The only alanine transaminase to 
have been isolated and characterized from an 
invertebrate is that from Drosophila nigromela
nica [46]. Here, the enzyme is a homodimer of 
113 kDa and, apart from its approximately five
fold higher affinity for alanine (Km = 5.2 mmoll 
1), corresponds in its catalytic properties to the 
mammalian enzymes of the rat liver, and porcine 
and bovine heart. The enzyme is involved in 
energy extraction from proline in the flight musc
les; the high activities in the fat body aid proline 
synthesis, in that the alanine transported from the 
muscle to the fat body provides nitrogen for the 
synthesis of glutamic acid and proline from 2-
oxoglutarate (Fig. 12.6). In the flight muscles of 
Schistocerca gregaria, the cytoplasmic alanine 
transferase is monomeric and dimeric with subun
its of 63 kDa, and the mitochondrial form is 
dimeric and tetrameric [61]. 

12.4.3 Glutamate Dehydrogenases 

Organs with central metabolic functions, such as 
the liver, kidney, hepatopancreas and fat body, 
have high activities of GDH, whereas the activ
ities are lower in most muscles. High activities of 
GDH are found in some muscles in association 
with the use of proline in energy-yielding meta
bolism, e.g. in the flight muscles of various 
insects and in the mantle muscles of the cephalo
pod Loligo pealeii (see Table 15.7a, p. 582). The 
typical animal GDH, as isolated and character
ized from the liver and kidneys of mammals, 
birds, amphibians and fish, and from the fat 
bodies or flight muscles of insects [244], is a mol
ecule of 310-340 kDa with six identical subunits 
of 50-57 kDa and is localized in the mitochond
rial matrix. The sequences of the approximately 
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500-amino-acid chains have been determined, for 
example, for the liver enzymes of humans, sev
eral other mammals and the chicken, and for the 
human brain enzyme [3, 150, 163, 191]. In the 
frog liver, an equilibrium between forms of 250 
and 500 kDa is shifted by NADH in favour of the 
smaller form and by NAD+ in the opposite direc
tion. The enzyme of bovine liver differs from that 
in, e.g., rat liver in being organized into aggrega
tes of 2 to 3 MDa. 

Most animal GDHs are active with both coen
zymes, although the rate of reaction with NADH 
is always higher than with NADPH. The activity 
ratio NADH:NADPH differs widely with the 
origin of the enzyme, pH and other parameters: 
it is less than 2 for the bovine and chicken liver 
enzymes, 6-8 for the two isoenzymes of the 
beetle Popillia japonica [144], and 15 for the liver 
enzyme of the tuna fish. Reductive amination is, 
as a rule, more rapid than oxidative deamination, 
with the activity ratio NADH:NAD+ varying 
from 2.5-6.0 for GDH from various invertebrates 
and the gills and kidneys of fish to over 20 for the 
liver GDH of various vertebrates. GDHs are not 
absolutely specific for glutamic acid. Whereas the 
bovine enzyme has only minor activity against 
other L-amino acids, like glutamine, norvaline 
and 2-aminobutyrate, the frog-liver GDH is much 
less specific. The enzyme from both tadpoles and 
adults of the bullfrog has, for example, with glu
tamine 38 % of the activity shown with glutamic 
acid. The pH optima of animal GDHs are all very 
similar: pH 7-8 for glutamate synthesis, and 
somewhat higher at pH 8-9 for glutamate cata
bolism. 

The typical GDH is regulated allosterically, 
with ADP and AMP as activators, GTP in par
ticular as an inhibitor, and ATP with negligible 
effect. NADH also inhibits under certain condi
tions; its effect is relieved by ADP. There are 
many strong interactions between allosteric effec
tors. One would expect that cells suffering an 
energy shortage would catabolize glutamate, and 
synthesize it during periods of surplus energy. In 
fact, GDH is stimulated during an energy short
age by low GTP:ADP ratios; situations of surplus 
energy, however, are characterized by high ratios, 
and GDH should be inhibited. Thus, glutamate 
synthesis is apparently regulated more by sub
strate supply than by allosteric effects [144]. In 
some cases, tissue-specific GDH isoenzymes with 
varying kinetic-regulatory properties have been 
described. Thus, in the Amazon fish Arapaima 
gigas and Osteoglossum bicirrhosum, ATP activa
tes GDH in the kidney but inhibits the enzyme in 

the gills; the activation by ADP is much greater 
for the kidney GDH than for the gill enzyme. The 
biological significance of these differences is not 
clear. In contrast, the differences in kinetic
regulatory properties of the GDH isoenzymes 
from the flight muscle and fat body of the beetle 
Popillia japonica are clearly interpretable. Pro
line is used as an energy source in the flight musc
les of this species. The glutamic acid formed in 
the process is deaminated by the muscle GDH, 
giving free ammonia; in the flight muscles of the 
tsetse fly Glossina morsitans and the potato 
beetle Leptinotarsa decemlineata, on the other 
hand, alanine is produced by transamination 
(Fig. 12.6). The 2-oxoglutarate produced from the 
glutamate enters the citrate cycle as malate and 
pyruvate, and is released as water and CO2• The 
2-oxoglutarate produced from carbohydrate in 
the fat body of Popilla is aminated by GDH to 
glutamate, which is then used in the de novo syn
thesis of proline. The muscle GDH, with a rela
tively low substrate affinity and marked nucleo
tide regulation, is specifically adapted to glutam
ate oxidation, and is strictly regulated by the 
energy status of the flight muscle. In contrast, the 
fat-body GDH is almost independent of the nuc
leotide status of the cell and is specialized for glu
tamate synthesis by its high affinity for 2-
oxoglutarate in the presence of NADPH [144]. 

Some animals have GDH enzymes which devi
ate from the normal pattern in their location or in 
being specific for only one coenzyme. The GDHs 
from the hepatopancreas of the mussels Mytilus 
edulis and Modiolus demissus and from the 
mantle muscle of the cephalopod Loligo pealeii 
are absolutely specific for NADHlNAD+ [212]. 
The Loligo enzyme, in contrast to all other 
GDHs, shows the same activity in both reaction 
directions. The Cnidaria and Ctenophora have 
GDHs that are only NADPHlNADP+ active and 
show no nucleotide regulation but are strongly 
influenced by the salt concentration [70]. 1\vo 
very different GDHs are found in the coral Acro
pora latistella: an NADPH-specific enzyme local
ized in the cytoplasm, and a mitochondrial 
enzyme that differs from the GDH of higher ani
mals by its high specificity for NADHlNAD+ and 
the absence of allosteric effects with ADP and 
GTP [70]. Trypanosoma cruzi contains two com
pletely different GDHs. One is absolutely spe
cific for NADPHlNADP+ and is not affected by 
adenine nucleotide; it is similar in all characters 
to the enzyme from Plasmodium chabaudi and 
corresponds to the NADP-specific GDH of bac
teria, fungi and higher plants. The second Trypa-



nosoma GDH, which is very unstable and was 
at first overlooked, is NAD-specific and is inhi
bited by ATP and GTP as well as by ADP and 
AMP. 

12.4.4 Glutamine Synthetases 
and Glutaminases 

Glutamine is an important product of ammonia 
detoxification; it is the storage and transport form 
of ammonia, as well as an amino-N donor for 
many biosynthetic processes. Glutamine synthe
tase catalyses the formation of glutamine from 
glutamic acid and ammonia with the consumption 
of ATP. The cytoplasmic enzyme from the liver, 
kidney and brain of mammals and birds consists 
of eight identical subunits of about 360-370 
amino acids. The isoenzymes from rat liver and 
kidney are very different in sequence [193, 229]. 
Mammalian liver contains a further ammonia
detoxifying enzyme in addition to glutamine syn
thetase, namely, carbamylphosphate syntheta
se I. However, the two enzymes are not found in 
the same liver cells; glutamine synthetase is 
restricted to the hepatocytes in a small region 
around the terminal venules, and these contain 
no carbamylphosphate synthetase. This alternat
ive expression of two enzymes is apparently 
something unique to the mammals; glutamine 
synthetase is not restricted to specific liver cells in 
other vertebrates [228, 256]. The glutamine syn
thetase in the liver of uricotelic reptiles and birds 
is found in the mitochondria, but releases its 
products into the cytoplasm where uric acid syn
thesis occurs [8, 38]. Mitochondrial glutamine 
synthetase are also found in the tortoise, the liver 
of which produces both urea and uric acid [37]. 
The glutamine synthetase in the liver and kidney 
of purely ureotelic elasmobranchs is also mito
chondrial. In contrast to the situation in reptiles 
and birds, the glutamine formed in the liver mito
chondria is not released into the cytoplasm but is 
further metabolized in situ by the available mito
chondrial glutamine-dependent carbamylphos
phate synthetase (CPS III). The other organs of 
the elasmobranchs contain a cytoplasmic gluta
mine synthetase which is encoded by the same 
gene as that for the mitochondrial enzyme [8]. 
Drosophila melanogaster also possesses both a 
mitochondrial (430 amino acids) and a cyto
plasmic (355 amino acids) glutamine synthetase; 
in this case, these are encoded by different genes 
and show only about 60 % sequence agreement 
[35]. The hydrolysis of glutamine is achieved in 
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insects, as in vertebrates, not only by the hydro
lytic action of mitochondrial glutaminase I but 
also by the system known as "glutaminase II", 
which consists of glutamine aminotransferase and 
2-oxoglutarate amidase [67]. 

12.4.5 Production of Ammonia 

Various enzymes are involved in ammonia forma
tion in ammoniotelic animals: amino acid oxida
ses, glutamate dehydrogenases, serine dehydra
ses, glutaminases, asparaginases, ureases, AMP 
deaminases and adenosine deaminases. Little is 
known comparatively about the relative contribu
tions of these enzymes. In the bony fish, the gills 
are much more important than the kidneys as a 
site of ammonia release. However, only a minor 
part of the ammonia released is produced in gill 
cells, most comes from the blood. Contrary to 
early assumptions, glutamine has no role in the 
delivery of ammonia to the gills. For example, in 
the rainbow trout Salmo gairdneri, the glutamine 
concentration in the blood before and after the 
gills is about the same (59 versus 57 f,tmolll); in 
contrast, both glutamic acid and ammonia con
centrations are lowered (28 versus 17 f,tmolll and 
230 versus 100 f,tmolll, respectively). The ammo
nia in the blood comes partly from the liver and 
kidneys, which contain high activities of glutam
ate dehydrogenase and glutaminase, and partly 
from active muscles, in which, e.g. in the gold
fish, the purine nucleotide cycle and glutamate 
dehydrogenase contribute equally to ammonia 
production [47, 253]. 

In the marine crustaceans Praunus flexuosus 
and Crangon crangon, ammoniogenesis is due 
solely to the activity of glutamate dehydrogenase 
[20]. In the earthworm Lumbricus terrestris, the 
crayfish Cherax destructor and the estuarine mus
sel Corbicula japonica, L-serine is the preferred 
substrate for ammoniogenesis. In Lumbricus, 
however, AMP deaminase and L-serine dehydrase 
are involved in ammonia production [105]. In the 
corals, brachiopods, molluscs and echinoderms, 
the ammonia released in the skeleton-forming tis
sues is involved in the deposition of calcium car
bonate by helping to maintain the optimal pH of 
8.6-8.9. In many of these animals, ammonioge
nesis depends upon the activity of a very active 
urease, which simultaneously produces carbon 
dioxide; in the shell-bearing pulmonate snails, 
the adenosine deaminase of the mantle tissue is 
often more important. This enzyme is also pre
sent in non-shelled animals but does not 
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have the typical pH optimum of the shell-bearing 
forms, which are important for calcification. 
Ammonia formation in the tapeworm Gyrocotyle 
fimbriata, which infests cartilaginous fish, is due 
mainly to hydrolysis by ureases of the large 
quantity of urea in the gut cavity; worms main
tained in urea-free saline mostly excrete amino 
acids, which are thus the end product of its own 
protein metabolism. 

Ureases are widely found in the invertebrates, 
but only a few have been purified and character
ized, e.g. those from the polychaete Arenicola cris
tata, the sea urchin Lytechinus variegatus and the 
snail Otala lactea. Ureases have pH optima of 8-9 
and K.n values of 0.1-4.5 mmolll. However, the 
enzyme from the tapeworm Lacistorhynchus ten
nuis, which infests sharks, has a Km of 15 mmolll, 
corresponding to the urea concentration of its 
environment (300 mmolll). The origin of the 
urease substrate, urea, is in many cases obscure. 
For example, the coral Acropora acuminata has a 
highly active urease but neither a functioning urea 
cycle nor the enzymes of uricolysis [26, 82]. 

12.4.6 Urea Synthesis 

Urea is formed during various metabolic reac
tions: directly from preformed arginine by argi
nase action; indirectly by the conversion of argi
nine to y-guanidinobutyrate or agmatine by spe
cific ureohydrolases (Fig. 12.4); from the arginine 
synthesized de novo in the Krebs-Henseleit cycle; 
and from allantoic acid by uricolysis. Urea pro
duction is therefore widely distributed in the ani
mal kingdom, but alone is not necessarily an 
indication of the existence of a functioning urea 
cycle. Evidence for the presence of all five enzy
mes of the cycle is needed or, even better, tracer 
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Fig.12.4. Urea formation by arginase (a) and y
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experiments can be used, e.g. to provide evidence 
for the incorporation of 14C-hydrogen carbonate 
into urea. There is unambiguous evidence for the 
cycle in the liver of mammals, amphibians and 
elasmobranchs, as well as in various turtle species 
and the three genera of lungfish (Dipnoi), in 
which the activity decreases in the order Protopte
rus > Lepidosiren > Neoceratodus. The five enzy
mes have also been found in the liver of the cros
sopterygian Latimeria chalumnae and are present 
in about the same amount as in the elasmobranchs 
and Dipnoi. Equally clear is the absence of the 
cycle in the liver and other organs of the birds, 
lizards and snakes, and agnathans. It has been 
continuously claimed that a functioning urea cycle 
is present in the insects, but it has never been 
satisfactorily demonstrated. The Trypanosomati
dae have the complete cycle only when they host 
symbionts [18, 36, 51, 117, 154, 269]. 

In some animal groups, only individual species 
possess a functioning urea cycle. Amongst the 
Platyhelminthes, tracer experiments have shown 
the presence of the cycle in the terrestrial turbel
larian Bipalium kewense and the rat tapeworm 
Hymenolepsis diminuta, and its absence in Fasci
ola hepatica. In the nematodes, a low-activity 
urea cycle has only been convincingly demonst
rated by enzyme assay and tracer methods in 
Panagrellus redivivus; the results were negative 
for Ascaris, Caenorhabditis and Toxocara [18]. 
Unambiguous evidence is available only for the 
pulmonate molluscs Helix aspersa, Limax flavus, 
Otala lactea and Strophocheilus oblongus; on the 
other hand, various mussel species lack carbamyl
phosphate synthetase. The annelid Lumbricus 
terrestris was the first invertebrate in which the 
whole cycle was demonstrated in 1950 [189]. A 
functioning urea cycle is found in the teleosts 
Opsanus tau and O. beta (toadfishes). In this 
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case, urea accumulates in the blood; it is not 
excreted but is hydrolysed by a urease in the gut. 
Thus, the toadfishes are also ammoniotelic. The 
air-breathing catfish Heterpneustes tossilis also 
possesses all five enzymes of the urea cycle [154]. 
Urea synthesis in the vertebrates is confined to 
the liver; the activities of the enzymes in sheep 
lung, heart, kidney and rumen epithelium are at 
least lOOO-fold lower than in the liver. In the pul
monate snails, urea synthesis takes place mainly 
in the hepatopancreas, and in the earthworm it 
occurs in the gut tissues. 

The five enzymes of the urea cycle (Fig. 12.5) 
have mainly been isolated from mammals, and 
characterized and sequenced via the cDNAs 
[117]. Information about the enzymes of the 
lower vertebrates and invertebrates is available 
only for carbamylphosphate synthetase and argi
nase. Ornithine transcarbamylase (OCT) is a 
mitochondrial enzyme which in humans is expres
sed only in the liver and gut. The native enzyme 
of the mammals is a trimer with subunits of 
36-39 kDa; the human and rat sequences of 322 
amino acids agree by 93 % [117]. Rather unexpec
tedly, OTC activity is found in the kidney mito
chondria of certain strains of the domestic 
chicken, although these have no functioning urea 
cycle. The activity is, however, 20-fold lower than 
in bovine liver. The active chicken OTC is, like 
that in the mammals, a trimer with 36-kDa sub
units, and has similar kinetic properties. A pre
OTC has also been detected in the liver, heart, 
brain, gut and muscles of these animals, but this 
is converted into an active enzyme only in the 
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kidney. Apparently, the OTC gene in birds is not 
always completely expressed but it has been 
retained in a functional form during evolution 
[250]. Argininosllccinate synthase is present in 
the cytoplasm of all mammalian cells except the 
erythrocytes; it is a tetramer of extremely basic 
46-kDa subunits which in the human and bovine 
forms contain 21 arginine and 31-33 lysine resi
dues. Argininosllccinate lyase is expressed in all 
human cells including the erythrocytes, although 
the activity in the liver is about tenfold higher 
than that of other organs. The native enzyme is a 
homotetramer which loses activity on dissociation 
to dimers. The amino acid sequences of the 
human and rat subunits agree by 97 % [147]. 

Three types of carbamylphosphate synthetase 
(CPS) can be distinguished in the vertebrates. 
The mitochondrial CPS I requires ammonia and 
N-acetylglutamic acid as cofactors. This is the 
entry-point enzyme of the urea cycle and makes 
up about 20 % of the total protein of liver mito
chondria. The protein is a monomer of about 
160 kDa [117]. CPS II is located in the cytoplasm 
and requires glutamine as the amino-group 
donor, but no N-acetylglutamic acid. This is the 
initial enzyme of pyrimidine biosynthesis and is 
found in various tissues of ureotelic and non
ureotelic vertebrates. The CPS III of elasmo
branchs is similar to CPS I in that it is localized in 
the mitochondria and uses N-acetylglutamic acid 
as the cofactor, but it is specific for glutamine. 
This enzyme is highly active in the livers of mar
ine species, but is active at much lower concentra
tions in the freshwater ray Potamotrygon circula-
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Fig.U.S. The intracellular localization of the 
enzymes of the urea cycle and pyrimidine 
biosynthesis [117]. CPS] and CPSIl, carbamyl
phosphate synthetases I and II; NAGS, 
N-acetylglutamate synthase; OTC, ornithine 
transcarbamylase; ARG, arginase; AL, 
argininosuccinate lyase; AS, argininosuccinate 
synthetase 
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ris. In the teleosts, CPS III has been detected in 
the liver of Micropterus salmoides and at lower 
activities in several other species [8]. In parallel 
with the CPS activity, the activity of glutamine 
synthase is much higher in the liver of marine 
elasmobranchs than in the freshwater rays and the 
teleosts. Attempts have been made to classify 
invertebrate CPSs according to substrate, 
dependence upon N-acetylglutamic acid, and 
intracellular localization, but this is not always 
possible. In the absence of sufficient sequence 
data, very little can be said about the phyloge
netic relationships of the different CPSs. The 
earthworm Lumbricus terrestris and the turbellar
ian Bipalium kewense possess CPSs with the 
properties of types I and III, but part of the activ
ity in the earthworm is cytosolic. CPS III-like 
enzymes have also been detected in various terre
strial gastropods, and CPS II-like activity has 
been detected in the parasitic worms Ascaris and 
Schistosoma as well as in some insects. 

Arginases are widely distributed in the animal 
kingdom, although they may have grossly differ
ent activities in different species. As expected, 
they have the highest activity in organs that syn
thesize urea, but are also found at high activity in 
different tissues of ureotelic and non-ureotelic 
animals, e.g. in the kidneys of vertebrates of all 
classes, in the gut and epidermis of some verteb
rates, in the liver of several bird species, and in 
some invertebrates. Arginases have many other 
functions in addition to their role in the urea 
cycle: the introduction of arginine into the citric 
acid cycle via ornithine, glutamic acid and 2-
oxoglutarate; the furnishing of ornithine for the 
biosynthesis of proline and polyamines; and 
osmoregulatory urea formation [110]. Thus, the 
enzyme in the fat bodies of the Indian silk moth 
Hyalophora cecropia serves mainly in the forma
tion of proline from arginine, whilst that in the 
flight muscles is involved in energy provision. 
There is a corresponding 20- to 30-fold increase in 
arginase activity during metamorphosis of this 
species, compared with the non-flying cockroach 
Blaberus cranifera, where the activity remains 
relatively low. 

The liver arginases of ureotelic animals are 
cytosolic; in contrast, the arginases of other 
mammalian tissues and all the arginases of urico
telic and ammoniotelic animals are localized in 
the mitochondria, e.g. in the livers of birds, repti
les and teleosts [42], and in the fat body of the fly 
Aldrichina grahami. The liver arginase of the 
elasmobranchs is also mitochondrial, despite the 
fact that in these animals the synthesis of arginine 

from citrulline takes place in the cytoplasm. It 
may have something to do with the osmoregulat
ory role of urea in the elasmobranchs that the 
localization of their liver enzymes is intermedi
ate, i.e. like the ureotelic vertebrates they have 
mitochondrial carbamylphosphate synthases, but 
like the non-ureotelic vertebrates their arginases 
and glutamine synthases are also mitochondrial 
[44]. The arginases of mammalian liver have 
molecular masses of 110-115 kDa with subunits 
of 35 kDa and probably a trimeric structure. The 
sequence of the human liver arginase agrees in 
87 % of its 322 amino acids with the liver enzyme 
of the rat, and 41 % with yeast arginase. Human 
kidney, small intestine and lactating milk glands 
contain isoenzymes which differ structurally to 
those of the liver [100, 133]. Various avian and 
reptilian arginases are reported to have molecular 
masses of 280 kDa, and that of the liver enzyme 
of the clawed frog Xenopus laevis is 76 kDa with 
18-kDa subunits. The enzymes of the earthworm 
Pheretima communissima and the sea snail 
Concholepas concholepas are monomers of 
25-27.5 kDa [43, 114]. It was assumed for a long 
time that liver arginases occurred only in the 
livers of ureotelic vertebrates ("Clementis rule", 
1937). After the discovery of liver arginases in the 
birds and lizards, Mora proposed in 1965 that a 
distinction be drawn between ureotelic and urico
telic liver arginases, of which the ureotelic are 
lower in molecular weight, higher in substrate 
affinities and have higher activities against the 
arginine analogue L-canavanine (Fig. 12.2). How
ever, this concept is not completely justified. It is 
true that the liver arginases of ureotelic and uri
cotelic animals show no immunological cross
reactivity, but the enzymes isolated from the liver 
and kidney of the chicken and from the liver, 
kidney and brain of the lizard Calotes versicolor 
agree in many of their properties with the argina
ses of ureotelic animals. In particular, it is not 
true that uricotelic arginases, with Km values of 
100-200 mmol/l, always have lower substrate 
affinities than the ureotelic variety (Km 
10-20 mmol/l); in fact, there are also arginases 
with relatively low Km values in non-ureotelic ani
mals, e.g. in the lizard Calotes, the frog Xenopus, 
the teleost Genypterus, the molluscs Chiton and 
Concholepas, and the beetle Tribolium [42, 43]. 
Most arginases are activated by Mn2+, Ni2+ or 
C02+ and inhibited by Mg2+, Cd2+ or Zn2+ 
[43, 114]. The pH optimum in the presence of 
Mn2+ ions is always about 9-10, but is only pH 7 
in the presence of C02+ or Ni2+ . Almost all argina
ses are inhibited by their substrates as well as by 



ornithine, lysine, proline and branched-chain 
amino acids (valine, isoleucine, leucine); the type 
of inhibition (competitive or non-competitive) 
varies with the species [42]. 

In animals, there is a second ureohydrolase 
which hydrolyses y-guanidinobutyric acid to y
aminobutyric acid and urea, but is inactive 
against arginine. The y-guanidinobutyric acid 
arises by the decarboxylation of a-keto-~
guanidinovaleric acid, which itself is produced by 
the transamination (mammalian liver) or oxidat
ive deamination (avian liver, hepatopancreas of 
marine molluscs and crustaceans) of arginine 
(Fig. 12.4). The y-guanidinobutyrate hydrolase 
has been isolated from the liver and kidney of the 
ray Raja clavata, and has been separated from the 
arginases. Like arginase, it is activated by Mn2+ 
and has a pH optimum of 9.5. The enzyme is 
widely distributed, having been reported in many 
gastropods, bivalves and crayfish. It is apparently 
absent from cephalopods, marine crustaceans 
and the scorpion Andraetonus. Out of ten inves
tigated mammalian species, only the pig and rab
bit had activity in the liver; all the bird species 
examined, except the pigeon, had the enzyme in 
the liver and some species also possessed it in the 
kidney. In reptiles and amphibians, as well as in 
bony and cartilaginous fish, the enzyme is detect
able in both liver and kidney. 
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12.5 Metabolism of Individual Amino 
Acids 

12.5.1 Proline 

The most interesting comparative biochemical 
aspect of proline metabolism lies in its impor
tance for energy metabolism in the insects. 
According to the species, insect flight muscles 
receive their energy supplies from carbohydrates, 
triacylglycerol or proline (p.581). The haemo
lymph of most insects has a high proline content 
(Table 12.1), the highest known being that of the 
tsetse fly Glossina morsitans, which at rest has as 
much as 170 mmolll. High proline concentrations 
in the flight muscles, its reduction during flight, 
and the preferred oxidation of proline in the sar
co somes is found in particular in the blood
sucking dipterans Glossina morsitans and Sto
moxys ealcitrans, as well as in the beetles Leptino
tarsa deeemlineata and Popillia japoniea 
[46, 260]. The pathway of proline degradation 
was first determined in the flight muscles of 
Glossina using specifically labelled substrates, 
but applies to all proline-oxidizing muscles 
(Fig. 12.6). Proline is converted to glutamic acid 
via ~1-pyrroline-5-carboxylate and glutamic acid 
semialdehyde; this is then de aminated to 2-
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Fig.12.6. Energy-yielding proline catabolism in the flight 
muscles, and proline synthesis in the fat body of the potato 
beetle Leptinotarsa decemlineata [261]. 1, Alanine trans-

aminase; 2, NAD-specific malic enzyme; 3, NADP
specific malic enzyme 
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oxoglutarate and introduced into the citric acid 
cycle. The amino group of glutamic acid is mostly 
transferred by an alanine transaminase to give 
pyruvate. As alanine formation can also take 
place in isolated mitochondria, pyruvate cannot 
arise from the cytosolic glycolysis system; it is 
mainly produced from malate by the NAD
dependent malic enzyme which is particularly act
ive in the mitochondria (see Table 15.7a (4), 
p.582). The regulation of malate metabolism is 
not yet clear; malate dehydrogenase, e.g. in the 
mitochondria of Leptinotarsa, has a tenfold 
higher activity than malic enzyme, which in addi
tion is inhibited by ATP and pyruvate during pro
line oxidation [260]. There are species-specific 
differences in the fate of the amino nitrogen 
released from glutamic acid: in the flight muscles 
of Leptinotarsa just as much alanine is produced 
as proline is degraded; in Glossina about 20 % is 
released as ammonia by the action of glutamate 
dehydrogenase, and in Popillia it is 50 % [260]. 

The proline content of the haemolymph is kept 
constant through the synthesis of proline in fat 
bodies. In Glossina and Leptinotarsa, proline 
synthesis in the fat bodies makes use in particular 
of triacylglycerol and the alanine released by 
muscle; less so of glutamic acid, aspartic acid or 
leucine; and hardly at all of glucose. Thus, the 
system muscle-haemolymph-fat body allows the 
use of the fatty acids of the fat bodies for the 
energy metabolism of the flight muscles. A com
parison of the enzyme constitution of Glossina fat 
bodies with that of the fat bodies of other flies 
clearly illustrates the specific adaptation towards 
proline as a substrate for energy metabolism 
[126, 261]. In a similar fashion, proline is oxidized 
in preference to other substrates in isolated sarco
somes from the leg muscle of the dung beetle 
Heliocopris dilloni. The enzyme constitution here 
and in other Scarabaeidae also shows that proline 
is the preferred energy source for the leg muscles. 
Tracer experiments with the fly Aldrichina have 
shown that only arginine is used for proline bio
synthesis by the larvae, whilst glutamic acid is 
used more than arginine in the adults. The rate
limiting enzyme of proline synthesis from argi
nine is ornithine-~-transaminase, which converts 
ornithine to glutamic acid semialdehyde and is 
much more active in the larvae than in the adults. 
As in the rat, this enzyme is mitochondrial, and 
its activity decreases in the order fat body > gut 
> Malpighian tubules> muscles. 

The enzymes of proline metabolism have not 
been completely described, even for the mam
mals. However, it is known that the insects have a 

mitochondrial proline oxidase, which uses atmos
pheric oxygen to oxidizes proline to L\ I-pyrroline-
5-carboxylate; they also have a particle-bound 
L\1-pyrroline-5-carboxylate reductase, which re
duces L\1-5-carboxylate to proline. The only 
enzyme of proline metabolism to have been isol
ated from invertebrates is the L\1-pyrroline-5-
carboxylate reductase from Drosophila melano
gaster; the main difference between this and the 
rat enzyme is a higher activity with NADPH than 
with NADH [88]. 

12.5.2 Sulphur-Containing Amino Acids 

Of the two sulphur-containing standard amino 
acids, methionine is always essential, whereas 
cysteine can be synthesized by most animals via 
the cystathionine pathway (Fig. 12.7) [57]. In this 
case, the sulphur is obtained from methionine 
and the C skeleton from serine (trans
sulphation). 14C-serine, or its precursor 14C_ 
formiate, is incorporated into cysteine in the saw
fly Acantholyda nemoralis but only into cystathio
nine in the stick insect Carausius morosus. This 
suggests that the sawfly has a functioning cystat
hionine pathway, whereas in the stick insect the 
pathway is blocked at the cystathionine step. A 
fully functional cystathionine pathway is also pre
sent in several dipterans and lepidopterans, but is 
missing in other lepidopterans and some aphids 
[224]. During human embryo development, there 
is no active cystathionase and cysteine is there
fore required [57]. Mammals can resynthesize 
methionine from homocysteine; the required 
methyl-group donor varies with the species: in 
the rat it is mainly betaine (trimethylglycine), and 
in sheep 5-methyltetrahydrofolate [275]. 

Cysteine is the starting point for the synthesis 
of glutathione, coenzyme A and taurine. The syn
thesis of taurine from cysteine in animals can fol
low one of several routes, e.g. via cysteamine, 
cysteine sulphinic acid or cysteinic acid 
(Fig. 12.8). Cysteamine does not apparently arise 
simply by the decarboxylation of cysteine but, in 
mammals, is formed mainly indirectly via coenzy
me A [57]. The formation of cysteamine from lan
thionine is possible in mammals but, in view of 
the low concentration of the latter amino acid, is 
of little importance. Some insects have large 
amounts of lanthionine but the synthesis of cys
teamine in these cases has not been investigated 
[57]. Hypotaurine, the intermediate of taurine 
synthesis via cysteamine and cysteine sulphinic 
acid, has been detected in Porifera, Cnidaria, 
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Fig.12.7. Biosynthesis of cysteine from methionine 
and serine by trans-sulphation in the cystathionine 
pathway. The sulphur of the cysteine comes from 
methionine and the carbon skeleton comes from 
serine u-Ketobutyrate Cysteine 

molluscs, annelids and arthropods; its concentra
tion is always lower than that of taurine itself. 
Many insect larvae contain large amounts of tau
rine. In insects with carnivorous larvae, e.g. the 
blow-flies Phormia or Calliphora, the taurine 
comes from the nutrients. In caterpillars of the 
butterfly Mamestra configurata, whose vegetable 
diet contains no taurine, the taurine is synthe
sized via the cysteamine pathway; up to 90 % is 
stored in the newly formed flight muscles during 
metamorphosis. The cysteamine pathway also 
predominates in the mammals and in the edible 
mussel Mytilus. The cysteine sulphinic acid path-

Cysteine Cysteine 
sulphinic acid 

way is a subsidiary pathway in some mammalian 
species but forms the main route in several insect 
species, e.g. Musca domestica and Blattella ger
manica. It is not clear, however, whether the dif
ferences observed among insects are species- or 
stage-specific. The synthesis of taurine from cys
teine sulphinic acid has also been observed, by 
use of tracer experiments, in isolated abdominal 
fat and the tail muscle of the lobster Homarus 
american us . Isethionic acid, which is present at 
high concentrations particularly in nerve cells, 
may also be synthesized from taurine, but this has 
not yet been clearly demonstrated in either mam-
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Fig.12.S. Biosynthesis of taurine and isethionic acid. Tau
rine can be produced via cysteamine, cysteine sulphinic 

acid or cysteinic acid; the conversion of taurine to ise
thionic acid has not been definitively shown 
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mals or invertebrates. In the cephalopod Loligo 
pealei, the sulphur from labelled cysteine is incor
porated into isethionic acid but the carbon atoms 
are not [112]. 

12.5.3 Serine 

The degradation of L-serine can occur by two rou
tes. L-serine is either converted directly to pyruv
ate by the action of L-serine dehydratase (SOH), 
or hydroxypyruvate is produced by L-serine: 
pyruvate aminotransferase (SPAT) and then 
introduced into glycolysis via D-glycerate and 2-
phosphoglycerate [231]. The relative activities of 
these two pathways in vertebrates vary with the 
species and the organ involved. SOH activity in 
mammals is confined to the liver; it is present at a 
low level in the liver of the turtle Testudo graeca 
but is lacking in Emys europaea, various amphibi
ans and the goldfish. The sequence of mammalian 
SOH has some similarities to microbial threonine 
dehydratase, and this suggests a common origin. 
Compared with human SOH (328 amino acids), 
the homologous rat enzyme is extended by an 
insertion of 36 amino acids between positions 64 
and 65 [170]. SPAT is found in mammalian kid
ney and in the liver. The liver of carnivorous 
mammals has a consistently higher activity 
(1600-4200 mU/g) than that of omnivorous or 
herbivorous animals (always less than 390 mU/g). 
The activity in the carnivorous turtle Emys is 
180 mU/g, in the herbivorous Testudo only 
50 mU/g, and in various amphibians and the 
goldfish about 800 mU/g. The SPAT activity of 
the kidneys is also correlated to the feeding habit. 
The mitochondria and the peroxisomes of rat 
liver contain different SPATh, the mRNAs of 
which arise from the same gene by alternative 
splicing [169]. 

12.5.4 'ftyptophan 

This amino acid has the most complicated spect
rum of metabolism (Fig. 12.9). In mammals, the 
main pathway concerns the oxidative opening of 
the ring of 3-hydroxyanthranilic acid to give the 
unstable 2-amino-3-carboxy-muconic acid semial
dehyde, and from this compound, on the one 
hand, to yield acetoacetyl-CoA and CO2 and, on 
the other hand, to give nicotinamide. Other 
metabolites, e.g. 5-hydroxyindole acetic acid, are 
found only in trace amounts, and part of this 
represents metabolism by gut bacteria. Insects 

are not able to cleave the benzene ring of 3-
hydroxyanthranilic acid and completely degrade 
tryptophan to CO2, This is shown by the accu
mulation of intermediates that occur before the 
cleavage reaction, the fact that radioactive CO2 is 
not produced from 14C-tryptophan labelled in the 
benzene ring and, in contrast to mammals, the 
absence of any sparing effect on nicotinic acid by 
tryptophan in the diet. In the insects, tryptophan 
metabolism from 3-hydroxykynurenine leads 
mainly to ommochromes, a group of brown, red 
or violet pigments which occur in the eye and epi
dermis, and also are found in the excrement 
(p.748). We can only speculate about the evolu
tionary significance of this fundamental differ
ence in tryptophan metabolism between insects 
and mammals. nyptophan is in fact one of the 
rarer of the 20 protein amino acids, making up 
less than 1 mol %; an excess disturbs develop
ment and can be carcinogenic. It is feasible that 
ommochrome synthesis is primarily a mechanism 
for detoxifying tryptophan, and has evolved in 
those animals that have lost the ability to com
pletely degrade tryptophan [137]. 

Over and above comparative biochemistry, 
great interest in the biosynthesis of ommochrome 
has developed owing to the existence of enzyme
deficient mutants with which the mechanisms of 
gene action can be studied. The investigations of 
KUhn on the flour moth Ephestia and those of 
Beadle and Ephrussi on Drosophila are among 
the fundamental studies which, at the beginning 
of the 1930s, led to the formulation of the "one 
gene - one enzyme" hypothesis. Thus, the trypto
phan metabolism of the insects has been rela
tively thoroughly studied, but otherwise there is 
very little in the way of comparative biochemistry. 
The formation of 3-hydroxyanthranilic acid has 
been observed in tracer studies with all animals 
examined, but oxidative degradation of the ben
zene ring is found only in vertebrates of all 
classes, the snail OtaZa sp., and the oligochaete 
Eudrilus engineae; it does not occur in the cray
fish Cambarus virilis and the insects. However, 
the first three enzymes of oxidative degradation 
(3-hydroxyanthranilic acid-3,4-dioxygenase, 2-
amino-3-carboxymuconic acid semialdehyde de
carboxylase and 2-aminomuconic acid semialde
hyde dehydrogenase) have been detected in the 
liver and kidneys only of vertebrates and not in 
the invertebrates, although one must presume 
their existence in OtaZa and Eudrilus. As well as 
in various arthropods, ommochrome is found in 
cnidarians, polychaetes, echiurida and cephalo
pods. 
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Fig.12.9. Tryptophan metabolism. 1, Tryptophan-2,2-
dioxygenase; 2, kynurenine fonnamidase; 3, kynurenine-3-

Tryptophan degradation in some Trypanosoma 
species is completely different from that of the 
multicellular animals. The end product in T. lewisi 
and T. musculi is exclusively indole lactic acid, 
whilst T. brucei gambiense and T. equiperdum, 
which belong to another subgenus, also produce 
indole propionic acid, indole acetic acid and 
indole ethanol. Here, tryptophan metabolism is 
apparently involved in regulating the redox state; 
the appearance of oxidized end products may be 
related to the fact that T. brucei gambiense and 
T. equiperdum, in contrast to the other species, 

monooxygenase (kynurenine-3-hydroxylase); 4, kynureni
nase; 5, kynurenine transaminase. See text for further details 

have no cytochrome-dependent electron trans
port system but reoxidize NADH by means of an 
a-glycerophosphate oxidase. 

A large number of tryptophan metabolites are 
known from mammals and insects, and only the 
most important will be dealt with here. Eye
colour mutants of insects often accumulate inter
mediary products of tryptophan metabolism; in 
the wild type these are absent or present only in 
trace amounts [79]. The number of end products 
can be increased still further by secondary meta
bolism, in the case of mammals by the production 
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of ~-glucuronides and methylated and acetylated 
derivatives, and in insects by the formation of ~
glucosides, sulphate esters and amino acid conju
gates [137]. 3-Hydroxykynurenine is stored by 
some insects: for example, in Drosophila in the 
Malpighian tubules of the larva, which are not 
destroyed during metamorphosis; in Bombyx 
mori in the oocytes; and in Drosophila in the yolk 
spheres of the eggs. In all cases, these probably 
represent reserves for the later synthesis of 
ommochromes. This substance has an interesting 
fate in the parasitic wasp Habrobracon juglandis: 
the 3-hydroxykynurenine taken from the host is 
metabolized in the larvae to xanthurenic acid and 
is excreted; only the 3-hydroxykynurenine syn
thesized by the pupa is used for ommochrome 
synthesis. Mutants without kynurenine-3-
monooxygenase activity therefore produce no 
ommochrome, even when they are rich in 3-
hydroxykynurenine during the larval period 
[137]. 3-Hydroxykynurenine has also been 
detected in gorgonian corals of the genus Euni
cella as well as in the urine of the cephalopod 
Octopus. 

From kynurenine and 3-hydroxykynurenine, 
ring closure produces kynurenic acid and xanthu
renic acid, which are found in trace amounts in 
many insects [137]. The stick insect Carausius 
morosus produces only kynurenine, which makes 
up about 0.1 % of the faecal dry weight 
[137, 202]. In the presence of the relatively 
unspecific kynureninase, e.g. in Bombyx mori, 
anthranilic acid and 3-hydroxyanthranilic acid 
may be produced, and in some cases their glycine 
conjugates and ~-glucosides may also be pro
duced. Neither the enzyme nor its products were 
found in the dipterans examined [137]. 

In the vertebrates, tryptophan metabolism 
occurs primarily in the liver, whereas insects have 
relatively high activities of the relevant enzymes 
in the eyes, the epidermis and other organs. In 
the honey bee Apis, tryptophan metabolism takes 
place only in the eye; eyeless mutants accumulate 
tryptophan. A change in the concentrations of 
metabolites and in the activities of the enzymes of 
tryptophan metabolism in the course of develop
ment is often correlated to the programme of 
ommochrome synthesis. During metamorphosis, 
the body of a holometabolic insect is a closed sys
tem, for which a complete metabolite balance 
sheet can be drawn up. Thus, in the case of Bom
byx mori, about 20 % of the tryptophan con
sumed is converted to kynurenine, more than 
50 % to free and conjugated 3-hydroxy
kynurenine, about 20 % to ommochromes, and 

traces to xanthurenic acid; in contrast, in Phor
mia 27 % goes to kynurenine, 13 % to 3-
hydroxykynurenine and 60 % to xanthommatin 
[137]. 

The first enzyme of the kynurenine pathway is 
tryptophan-2,3-dioxygenase, known previously as 
tryptophan pyrrolase (Fig. 12.9). In the mam
mals, this is a copper-containing haem protein; 
the prosthetic haem can be removed by dialysis 
and the apoenzyme reactivated with haematin. In 
the fly Protophormia terrae-novae, the coenzyme 
cannot be cleaved by dialysis, and in Drosophila 
the dialysed enzyme cannot be reactivated with 
haematin; this raises the question whether the 
insect enzyme is a haem protein. However, the 
partially purified enzyme from Protophormia 
shows the light-reversible CO inhibition typical of 
haem enzymes. The enzymes of insects, bacteria 
and mammals all appear to be homotetrameric 
with allosteric properties. Tryptophan can bind 
both to the catalytic centre and to the allosteric 
binding site; this increases the oxygen affinity of 
the enzyme. The enzyme activity at constant oxy
gen partial pressure depends upon the tryptophan 
concentration and shows marked sigmoid kinet
ics; in this way, tryptophan as an essential amino 
acid is metabolized only when in excess. 

The next enzyme of the kynurenine pathway, 
kynurenioe formamidase, has its highest activities 
in insects in the fat bodies, Malpighian tubules 
and gonads. The pH optima and the Micha
elis constants vary greatly with the species 
[137]. Kynurenine-3-monooxygenase (kynurenine-
3-hydrolase) is inactivated by light and was for a 
long time difficult to detect. As in the case of 
tryptophan-2,3-dioxygenase, this enzyme is also 
concentrated in different organs in different spe
cies: in Bombyx mori and Calliphora it occurs 
especially in the Malpighian tubules, in Schisto
cera in the eyes and integument, in Apis only in 
the eyes, and in Ephestia in the ovaries and the 
eggs. In insects, bacteria and mammals, the 
enzyme is localized in the outer mitochondrial 
membrane [137]. The enzyme from the eggs of 
Ephestia kahniella, which has been examined in 
detail, is active only with NADPH and not with 
NADH; this is in contrast to the mammalian 
enzyme. The affinities for substrate and cosubst
rate of the enzyme from the eggs of the flour 
moth are about ten fold lower than those of the 
liver enzyme; in the stick insect, the affinities of 
the egg and liver enzymes are approximately the 
same. Kynurenioase and kynurenine transami
nase can also metabolize 3-hydroxykynurenine. 
In mammals, kynureninase catalyses the conver-



sion of 3-hydroxykynurenine to 3-hydroxy
anthranilic acid in the main pathway of trypto
phan catabolism, and in Bombyx this enzyme 
brings about the formation of anthranilic acid and 
its conjugates from kynurenine [137]. Kynurenic 
acid and xanthurenic acid are produced by amino 
transfer from kynurenine or 3-hydroxy
kynurenine to 2-oxoglutarate, in proportions that 
depend upon the species. The relevant enzymes 
of Schistocerca gregaria and Musca domestica 
have been examined in some detail. 

12.5.5 Iodamino Acids 

The synthesis of the thyroid hormone involves the 
iodination of the tyrosine residues of a specific 
protein, thyroglobulin, through the activity of a 
peroxidase system. The initial products are mono
and diiodotyrosine residues (MIT and DIT) , 
which give rise to a tetraiodothyronine (thyroxin, 
T4) by the combination of two DITs, and to a tri
iodothyronine residue (T3) from the combination 
of a DIT and an MIT (Fig. 12.10). The pre
thyroglobulin of about 2750 amino acids, synthe
sized in the thyroid gland cells, is greatly modified 
in the Golgi apparatus and released into the gland 
lumen as a homodimeric glycoprotein of 
660 kDa. Only then is a fraction of the tyrosine 
residues iodinated by the action of a membrane
bound peroxidase and linked to give iodothyro
nine [125]. The iodinated thyroglobulin is 
returned to the gland cells by endocytosis and is 
cleaved at specific peptide bonds in the lysoso
meso Although it behaves initially like a typical 
secretory protein, the dimeric molecule carries 
two mannose-6-phosphates; this is the usual sig
nal for transport into the lysosomes [108]. The 
iodinated amino acids are released and the rest of 
the thyroglobulin is degraded. Free MIT and DIT 
are mainly converted back to tyrosine in the gland 

Fig.12.10. Iodamino acids. 
MIT, monoiodotyrosine; DIT, 
diiodotyrosine; T3 , 3' ,3,5,
triiodothyronine; T4, thyroxin 
(3',5' ,3,5-tetraiodothyronine) 

MIT 

OIT 
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cells by a microsomal iodotyrosine deiodase; T 4 

and T3 are released into the blood. 
In the process of hormone synthesis from thy

roglobulin, an iodophenoxyl group is transferred 
from a donor to an acceptor iodotyrosine residue; 
the acceptor becomes a hormone molecule and 
the donor is converted to a dehydroalanine resi
due. Only 25-30 of the approximately 140 tyro
sine residues of the thyroglobulin dimer are iodin
ated, and only a few of them take part in hormo
nogenesis, which is highly efficient even at very 
low iodine concentrations. The human, rat and 
bovine acceptors have been identified as resi
dues 5,2555,2569 and 2748, which lie at the ends 
of the chain; in the rabbit, residue 1291 is also 
involved. Residues 5,926,986 (or 1008) and 1375 
can function as donors. Tyrosine 5 has the highest 
iodine affinity of all these residues and is iodin
ated first [172, 177]. The thyroglobulin gene of 
the rat has a length of 170 kb; the 9-kb coding 
sequence is distributed over 42 exons, of which 40 
have very similar sizes of 150-200 bp [160]. 
About 70 % of the sequence is made up of three 
different types of repeats. The non-repetitive part 
of the polypeptide chain shows significant agree
ment with the sequence of acetylcholine esterase 
from the ray Torpedo californica; this amounts to 
up to 64 % in some regions [145, 242]. Many of 
the introns lie on the borders of repeats, as would 
be expected if the repeats arose by segment 
duplication. Other introns lie in the middle of 
repeat sequences at positions which in other 
repeats are interrupted by insertions. This may 
have arisen by "exonization" of parts of the 
introns. The thyroglobulin gene thus offers an 
interesting case study of intron evolution [178]. 

Thyroglobulins are found in all vertebrates 
down to the agnathans. In most cases they have 
sedimentation constants of 19S, corresponding to 
a size of 660 kDa, as for the dimeric mammalian 
protein. However, the ammocoetic larvae of the 
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agnathans have a 3-8S form of about 160 kDa 
which is replaced during metamorphosis by a 12S 
form (in Petromyzon fluviatilis and Entosphenus 
tridentatus) or a 19S form (in Lampetra reissneri). 
Iodoproteins isolated from the thyroid of the 
hagfish Eptatretus burgeri differ from thyroglobu
lin in many properties but can also form hor
mone, albeit at a lower efficiency. They contain 
36-54 % carbohydrate (thyroglobulin <10 %) 
and up to 5.9 % iodine (thyroglobulin <1 %), of 
which, however, only 8-17% (thyroglobulin 
20-40 %) is associated with hormone residues 
[171]. 

The iodination of thyroglobulin-like proteins 
has also been observed in the endostyle tissue of 
the tunicates and acranians; this tissue is homo
logous to the thyroid. The production ofT4 and T3 
has been confirmed in the acranians but is still 
controversial in the tunicates. MIT and DIT are 
also produced in the tunica of ascidians. How
ever, it should be borne in mind that MIT and 
DIT can arise in vitro in an oxidizing medium 
through non-specific reactions with iodide ions; 
this occurs especially in tyrosine-rich scleroprote
ins. Such processes have been observed in vivo in 
representatives of practically all animal phyla. 
The system of quinones and oxidases, as found in 
sclerotizing structures, are particularly active in 
this respect. However, T4 and T3 are produced 
only in trace amounts, and these processes are 
fundamentally different from those which occur 
in the thyroid. Iodinated, but also brominated 
and chlorinated, tyrosine derivatives are espe
cially common in marine organisms. 

More than 99 % of the thyroxin (T4) in the 
blood is bound to plasma proteins. The most 
important human T4-binding protein is the 
thyroxin-binding globulin (TBG), a glycoprotein 
of 54 kDa with 20 % carbohydrate. The T4-
binding pre-albumin (transthyretin) is also 
important. Human TBG shows significant similar
ity in its sequence of 395 amino acids to the pro
tease inhibitors al-antichymotrypsin and ar 
antitrypsin but not to transthyretin [81]. TBG 
appears to be the most important T4-binding pro
tein of the mammals, but it is apparently absent 
from some mammals and from birds and reptiles. 
In the latter cases, the iodamino acids are bound 
to albumin and pre-albumin. The blood plasma 
iodamino acids are deiodinated in different tis
sues. The 3,5,3'-T3 produced by cleavage of the 
iodine of T4 appears to be the actual hormonally 
active substance, as the hormone receptors in the 
cell nucleus have significantly higher affinities for 
T3 than for T4. The T4 deiodination takes place 

mainly in the liver, but also occurs in the kidneys 
and other tissues. The mammals also produce the 
isomer 3,3',5'-T3 (reverse T3)' which has no hor
mone activity, as well as several diiodothyronines. 
In fish, on the other hand, only 3,5,3' -T3 has been 
observed as the product of deiodination of T4 in 
different tissues. In the anurans, the deiodination 
of T4 greatly increases in intensity during meta
morphosis. Deiodination of DIT and MIT takes 
place in the liver of all classes of vertebrates, and 
in urodelans and teleosts it also occurs in the kid
neys [72]. The snakes lack the required enzymes 
and their blood plasma contains correspondingly 
higher concentrations of MIT and DIT [268]. The 
elimination of the iodamino acids is mainly bili
ary, in the form of ~-glucuronides or sulphate 
esters, and occurs in part after deiodination to 
diiodothyronine. 

U.6 Aromatic Amino Acids and the 
Sclerotization of Insect Cuticulae 

The diphenols (catechols) produced during the 
metabolism of the aromatic amino acids phenyl
alanine and tyrosine have important functions as 
neurotransmitters and neuromodulators, as pre
cursors of the widely found pigment class of the 
melanins, and as cross-linking structures for the 
sclerotization of insect cuticulae and the tanning 
of various proteins. The insects have received par
ticular attention in this respect. The phenylala
nine ingested by insects is rapidly hydroxylated to 
tyrosine. The phenylalanine hydroxylase respon
sible for this process in insects, as well as in mam
mals, is an iron-containing, multifunctional oxy
genase which requires a reduced pterin cofactor 
and atmospheric oxygen. As shown by the cDNA 
and gene sequences, phenylalanine hydroxylase 
belongs to the same protein family as the corre
sponding enzymes that act on tyrosine and typto
phan [32, 135]. In mammals, excess tyrosine is 
deaminated by tyrosine transaminase to give 
p-hydroxyphenylpyruvate; this is completely 
catabolized by the opening of the benzene ring 
with homogentisinic acid as an intermediate. This 
transaminase is also present in insects. The 
enzyme isolated from Drosophila hydei is very 
similar to the mammalian enzyme. The tyrosine 
metabolism of the blowfly Calliphora switches 
over shortly before pupation. Instead of the pre
dominant transamination to p-hydroxyphenyl
pyruvate, hydroxylation and decarboxylation 
results in dihydroxyphenylalanine ( dopa) as the 



precursor of sclerotizing substances. This switch 
in tyrosine metabolism is controlled by the hor
mone ecdysone. The peptide hormone bursicon is 
also involved in the triggering of the sclerotiza
tion process in the adult animal [128]. 

12.6.1 ScIerotizing Substances 

The sclerotization of the cuticula after each moult 
requires large reserves of aromatic amino acids in 
the larva. There are, however, limits to the solu
bility of these amino acids, and thus phenylala
nine and tyrosine are converted to more soluble 
compounds for storage in the haemolymph or in 
the tissues. At the same time, they are protected 
from attack by oxidases and other enzymes, and 
cause less disturbance to osmoregulation and the 
transport of amino acids through the plasma 
membrane. The Lepidoptera and the Mediterra
nean fruit fly Ceratitis capitata produce tyrosine
O-~-glucoside which is tenfold more soluble in 
water than the free amino acid. Most Drosophila 
species store tyrosine-O-phosphate but D. busckii 
accumulates tyrosine-~-glucoside [128, 192]. 

The aromatic amino acids can also be stored in 
the form of dipeptides or polypeptides. In the lar
vae of the blowfly Sarcophage bullata, 70-90 % 
of the non-protein-bound tyrosine is in the form 
of the dipeptide ~-a1anylthyrosine ("sarcopha
gine") (Fig. 12.11), which is more soluble than 
either free tyrosine or a-alanyltyrosine. The ~
alanine required for the synthesis of this dipep
tide comes partly from the catabolism of pyrimi
dines and partly from the decarboxylation of 
aspartic acid. ~-Alanyltyrosine reaches its maxi
mum concentration of 21 f,lmol/g fresh weight in 
Sarcophaga shortly before formation of the pupal 
case (puparium). Its synthesis in the fat body 
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involves a special synthetase which requires ATP 
and Mg2+. The fat body also contains a special 
peptidase, which is induced by 20-hydro
xyecdysone and reaches its maximum activity at 
the start of sclerotization in the newly formed 
puparium. The peptidase present in the integu
ment reaches its maximum 1 day later and is 
probably a different enzyme. Both components of 
the dipeptide are incorporated into the cuticula. 
~-Alanyltyrosine is found in all species of the 
genus Sarcophaga and in only one of the tachinid 
species examined, Voria ruralis. It is not present 
in other dipterans [27]. The dipeptide y
glutamylphenylalanine, found in the housefly 
Musca domestica, has similar functions; it reaches 
a maximum concentration of 14 f,lmol/g fresh 
weight and makes up about 80 % of the non
protein-bound phenylalanine (Fig. 12.11). It is 
synthesized by y-glutamyl transpeptidase, and 
only the phenylalanine portion is incorporated 
into the cuticula. This dipeptide is found in all 
species of the genus Musca and in Stomoxys cal
citrans but does not occur in other dipterans [27]. 
In connection with sclerotization, it should be 
recalled that the larval haemolymph proteins, dis
cussed in Chapter 5, are particularly rich in aro
matic amino acids, hence the name arylphorins. 
However, they are apparently not simply a source 
of free phenylalanine or tyrosine; immunological 
investigations of the lepidopteran Manduca and 
the fly Calliphora suggest that arylphorins are 
directly incorporated unmodified into cuticula 
structures [128]. 

In insects, tyrosine is the starting point for 
numerous metabolic reactions which involve, for 
example, hydroxylation of the ring or side-chain, 
transamination, and decarboxylation or desatura
tion of the side-chain. The first step in the forma
tion of sclerotizing substances is the hydroxyla-

OH 

HOOC~OH Protocatechuic acid 

Fig.12.n. In the quinone tanning of 
cuticular and non-cuticular proteins of insects 
the following substances are involved in 
addition to N-acetyldopamine (Fig. 12.12): 
3,4-dihydroxybenzoic acid (protocatechuic 
acid) in cockroaches, ~-alanyltyrosine in 
dipterans of the genus Sarcophage, and 
y-glutamylphenylalanine in dipterans of the 
genus Musca 

H2N-CH2CH2CO-NH-yH-CH2-@-OH ~-Alanyltyrosine 
COOH 
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tion of tyrosine to dihydroxyphenylalanine 
(dopa). This reaction in insects, unlike the situa
tion in mammals and molluscs [113], does not 
involve a tyrosine hydroxylase, but is catalysed by 
tyrosinase or phenoloxidase; it is not clear in that 
case why dopa is not further oxidized to 0-

quinone by the same enzyme [4, 128]. Dopa does 
not accumulate in the tissues but is converted 
immediately to dopamine or N-acetyldopamine. 
The metabolism of dopa to dopamine is brought 
about by dopa decarboxylase, which is present 
not only in the haemolymph cells but also espe
cially in the epidermis. It is induced by the moult
ing enzyme 20-hydroxyecdysone. Dopa decarbox
ylase of various dipteran larvae, like that of the 
mammals, is a dimer of about 100 kDa. The 
insect enzyme is more specific than that of the 
mammals and is inactive against tyrosine and 
phenylalanine; it is competitively inhibited by N
acetyldopamine [146]. The enzyme responsible 
for the acetylation of dopamine has been isolated 
from Drosophila and Aedes [230]. In addition to 
N-acetyldopamine (NADA) , the cuticula of many 
insects contains N-~-alanyldopamine (NBAD) , 
which is synthesized from ~-alanine and dopa
mine by the action of NBAD synthase [130]. 
Hydroxylation at position 2 (~) of the side-chain 
gives rise to N-acetylnorepinephrine (NANE) 
from NADA, and to N-~-alanylnorepinephrine 
(NBANE) from NBAD [157]. The corresponding 
o-quinone is then produced by phenoloxidase; 
this is converted to the unstable o-quinone 
methide, which reacts spontaneously with water 
to give ~-hydroxylated products, or becomes 
involved in ~-sclerotization [5, 6, 238]. The cuti
cula of the Coleoptera is unusual in that it con
tains 3,4-dihydroxyphenylacetic acid (DOPAC) in 
large amounts. According to the results of tracer 
experiments, this arises from tyrosine via p
hydroxyphenylpyruvate and 3,4-dihydroxyphe
nylpyruvate as intermediates [19]. The spectrum 
of catecholamine derivatives varies with the spe
cies, the developmental stage, and the exact func
tion of the cuticula [60]. 

The tanning of non-cuticular protein structures 
involves other phenolic substances, e.g. 3,4-
dihydroxybenzoic acid (protocatechuic acid; 
Fig. 12.11) and the corresponding alcohol in the 
egg capsule of the cockroaches, NADA, N
malonyldopamine (NMAD) and other N
acyldopamines in the egg capsule of the praying 
mantids (Mantodea) [128, 239], 3,6-dihydro
xybenzoic acid (gentisinic acid) in the silk of 
Antheraea pernyi, and 2-amino-3-hydroxyben
zoic acid (3-hydroxaanthranilic acid) in the silk of 

Hyalophora cecropia [4]. The synthesis of these 
compounds is still somewhat obscure. There are 
most likely several pathways, which probably 
begin with the transamination of tyrosine to p

hydroxyphenylpyruvate, decarboxylation to tyra
mine, or hydroxylation to dopa. 

Whilst the cuticula contains predominantly 
catechols, the haemolymph has mainly conjuga
tes such as ~-glucosides, sulphates, or phospha
tes; these are less subject to oxidation. For exam
ple, NBAD, NADA and dopamine are present in 
the haemolymph of newly hatched individuals of 
Manduca sexta almost exclusively as glucosides; 
dopamine and NADA are found as sulphates in 
the haemolymph of Periplaneta americana [128]. 
Sulphatases with the appropriate specificity are 
synthesized in the skin glands of cockroaches. ~
Glucosides of protocatechuic acid, the corre
sponding aldehydes and alcohols, and various N
acyldopamines are found in the left colleterial 
gland of the cockroaches and the praying mantids 
(Mantodea); this gland is involved in the produc
tion of the egg capsule [276]. 

12.6.2 The Process of Sclerotization 

The newly formed insect cuticula is plastic and 
flexible; its tensile strength is mainly due to chitin 
fibrils which can slide within the protein matrix. 
Greater mechanical strength of the cuticula is 
achieved by the process of sclerotization, which is 
initiated immediately following moulting. This 
involves cross-linking of cuticular proteins to each 
other and to chitin fibrils, reorientation of the 
chitin fibrils, reduction of protein solubility, 
reduction in water content, and often the appear
ance of brown pigmentation. The extent of scle
rotization and the resulting reinforcement varies 
in different regions of the cuticula. For example, 
the mandibles of the locust Schistocera gregaria 
have 20-fold higher cross-linking than the cuticula 
of the abdominal terga. In insect larvae, only the 
outer layer of the cuticula (exocuticu1a) is usually 
sclerotized, but in adults the endocuticula is also 
included. Those parts of the cuticula which also 
contain resilin (an ideal rubbery material; see 
p.388) have special mechanical properties. 

Two types of model have been designed to 
describe the phenomenon of sclerotization. 
According to one model, sclerotization involves 
the covalent linking of single amino acid residues 
on different polypeptide chains by aromatic or 
quinoid bridges. The aryl-substituted amino acids 
in cuticular hydrolysates predicted by this bridge 



model do, in fact, exist, and the model is 
accepted by a majority of researchers [4, 128, 
138]. The alternative model explains sclerotiza
tion by non-polar interactions between protein 
chains and an intervening melanin- or lignin-like 
polymer. According to this model, the dehydra
tion associated with sclerotization is the cause of 
increased hydrophobic interactions between the 
components and the higher mechanical strength 
of the cuticula [4, 138]. The following arguments 
are offered in favour of the second model: nuc
lear magnetic resonance (NMR) spectra of the 
pupal cuticula of Manduca sexta have so far not 
revealed any quinone bridges [182]. The number 
of amino acids available for bridge building, i.e. 
lysine residues and N-termini, amounts to only 
one in 20-36 amino acids, and is insufficient to 
account for the observed increase in mechanical 
strength. Finally, it has been found that dehydra
tion of isolated larval cuticulae from Calliphora 
vomitoria always produces the same values for 
tensile strength, irrespective of whether the cuti
cula is treated before or after sclerotization. 

The continuing uncertainty about the basic 
principles of sclerotization can be explained by 
the extraordinary chemical and structural com
plexity of the insect cuticula and the multiplicity 
of processes that occur. The individual processes 
of sclerotization take place within nanoseconds to 
several hours or days. Only part of the compon
ents involved are present before the process 
begins; some appear only during sclerotization 
and are very short-lived. Little is known about 
the cuticular proteins involved in sclerotization 
(p. 391), and it is also not at all clear how far qui
nones serve as bridges in the binding of protein 
and chitin [128, 138]. 

Protein tanning by quinone was discovered in 
1940 by Pryor in the egg cocoon of the cockroach 
Blatta orientalis. In the cockroaches, the oviduct 
ends in a genital cavity to which the paired colle
terial glands are connected. The secretion of the 
left gland contains dissolved proteins, diphenol
oxidase and various catechol-j3-glucosides, and 
that of the right gland contains a j3-glucosidase. 
Depending upon the species, the catechol portion 
of the glucosides consists of differing proportions 
of 3,4-dihydroxybenzoic acid (protocatechuic 
acid) and the corresponding aldehyde or alcohol 
(Fig. 12.11). After cleavage of the glucoside bond, 
the diphenol is oxidized to o-quinone, which cau
ses the white solution of dissolved proteins to 
solidify into the brown egg cocoon (ootheca). As 
this contains no chitin, its mechanical strength 
depends entirely upon the tanning of proteins. 
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The egg cocoon of the praying mantids is formed 
in a similar manner. In this case, the left collete
rial gland contains a j3-glucosidase, and the right 
gland contains acyldopamine-j3-glucoside, with 
species-specific differences in the acyl residues: 
acetyl- in Statilia maculata, malonyl- and acetyl
in Tenodera aridifolia and T. angustipennis, and N
acetyl-l3-alanyl- in Mantis religiosa; Hierodula 
petelliphera has these three plus N-I3-alanyl- and 
N-malonyl-l3-alanyl- [276]. 

Considering the functional adaptations re
quired, it is to be expected that sclerotization of 
insect cuticulae is associated with great hetero
geneity in the bridge structures between the poly
peptides and between proteins and chitin fibrils 
[138). The hydrolysis products of sclerotized cuti
culae and in vitro experiments with catechols or 
quinones, proteins and phenoloxidases give the 
following picture of the process of bridge forma
tion (Fig. 12.12a): N-acetyldopamine (NADA) is 
oxidized to the corresponding quinone by phenol
oxidase, and binds to the free amino group of a 
protein to give a catechol-protein combination. 
This is further oxidized to quinone and binds to a 
second polypeptide to form a bridge, the struc
ture of which is uncertain [4, 138]. Dopa- and 
dopamine-quinone tend to form precursors of 
melanin by intramolecular condensation; this 
reaction is prevented in the sclerotizing cuticula 
of insects by blocking of the amino group (N
acyldopamine) or its absence (protocatechic 
acid). Quinone bridges can also be formed from 
protein-bound dopa-quinone, which arises from a 
tyrosine residue of the polypeptide chain by the 
action of phenoloxidase (self-tanning). Finally, 
cuticular proteins can also be linked by bistyro
sine residues (see Fig. 11.4, p. 380) [138]. 

The formation of a completely different type of 
bridge structure was described by Andersen in 
1970, and this was termed p-sclerotization 
because the protein in this case is bound to the 13 
carbon atom of the catechol side-chain and not to 
the ring. In the meantime, it has been found that 
protein bonding can also occur via the a carbon 
atom of the side-chain (Fig. 12.12b ), but the 
name l3-sclerotization has been retained. Ander
sen assumed that the l3-sclerotizing agent was a,l3-
dehydro-NADA (Fig. 12.12b) , which was suppo
sedly formed by a desaturase. On the other hand, 
Sugumaran's research group favoured quinone 
methide as the l3-sclerotizing agent and they 
rechristened the process "quinone methide scle
rotization". In fact, cuticular preparations from 
various insects contain not only the quinone 
methides of NADA and NBDA but also dehydro-
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Fig. 12.12a, b. Sclerotization of insect cuticulae [4, 138]. a 
Quinone tanning. N-acetyldopamine (NADA) is oxidized 
to the corresponding quinone by phenoloxidase and binds 
to protein; the protein-catechol complex is further oxidized 
to quinone and is linked to a further polypeptide by 
a bridge of incompletely defined structure. b ~-sclero
tization. Protein chains are bound to the ~ and a carbon 
atoms of the NADA side-chain; various ~-keto compounds 
are produced from these bridge structures by hydrolysis. 
The ~-sclerotization probably involves an intermediate 
with an unsaturated side-chain. 1, Phenoloxidase; 2, N
acetyldopamine desaturase 

NADA; however, this is probably not the result 
of direct de saturation of NADA but is due to the 
tautomerization of NADA-o-quinone methide. 
Dehydro-NADA-quinone can form benzodioxin 
dimers [6, 215,238]. It is completely feasible that 
ring and side-chain bonds arise on the same cate
chol molecule so that the bridge structure has a 
protein: catechol ratio of 4: 1 or 3: 1 instead of 2: 1 
[138]. 

The ratio of quinone tanning to ~-sclero
tization differs markedly with the species and 
developmental stage, e.g. in the pupa of the lepi
dopteran Manduca sexta it is 75:25, in the pupa
rium of the fly Sarcophaga bullata it is 85: 15 and 

in the adults it is 97:3, in the ootheca of the cock
roach Periplaneta americana it is 91: 9, whilst in 
the cuticula of the adults it is 17:83, and in the 
femur of the migratory locust Locusta migratoria 
it is 10:90 [4]. There is some correlation between 
the type of bridge and the colour of the cuticula; 
in weakly pigmented skeletal structures one finds 
mainly ~-sclerotization of the side-chains of cate
cholamine, and in darkly coloured structures 
there exists mainly quinone bridges, but the ratio 
of the two bridge types can vary widely even in 
dark regions of the cuticula [4, 157]. The degree 
of pigmentation of the cuticula is probably greatly 
dependent upon the spectrum of the acy1catecho
lamines, which serve as substrates for the oxidat
ive enzymes. Thus, for example, the sclerotized, 
transparent cuticula of Manduca sexta and other 
insects contains mainly N-acetyldopamine but the 
hard, dark brown regions have mainly N-~
alanyldopamine [128]. 

Many insect cuticulae contain fIrmly bound IJ
alanine. The incorporation of this amino acid into 
the cuticula has been examined in detail for the 
puparium of flies in which the haemolymph of lar
vae just prior to pupation contains large quant
ities of free ~-alanine or ~-alanyl dipeptides [138]. 
During sclerotization, the ~-alanine is incorpo
rated into the cuticula. This process is disturbed 
in some mutants of the fly Drosophila melanogas
ter and the beetle Tribolium castaneum [210]. The 
Drosophila mutant "black" is unable to produce 
~-alanine, and the mutant "ebony" cannot incor
porate it into the epidermis; in both cases, the 
cuticula of the adult animal is black instead of 
brown. In isolated cuticulae, dopamine alone 
produces a black colour, whereas N-~
alanyldopamine gives the normal brown colour. 
Thus, ~-alanine apparently blocks the amino 
group of dopamine, inhibits melanin production, 
and promotes the formation of sclerotizing struc
tures from catecholamine [4, 118]. The localiza
tion and the chemical structure of ~-alanine 
bonds in sclerotized cuticulae are not known 
[4, 138]. It is also not clear whether, and in what 
way, the differences in catechol spectra between 
different insect species and between different 
regions of the cuticula influence the process of 
sclerotization and the properties of the sclerot
ized cuticula [157]. 

Compared with sclerotization of the insect cuti
cula, the hardening of the crustacean shell has 
been relatively little investigated [23]. In the fid
dler crab Uca pugilator, dopamine is converted to 
N -acetyldopamine and incorporated into cuticu
lar proteins of the post-moulting animal. In con-



trast, the cuticula of Cancer pagarus contains bis
and tertyrosine as well as its bromo-derivative. 
The coupling of protein-bound tyrosine residues 
brings about the rapid (within a few minutes) har
dening of the fertilization membrane of sea
urchin eggs. In addition to bis- and tertyrosine, 
the isomer of isotertyrosine, pulcherosine (see 
Fig. 11.4, p. 380), is also formed [167]. Represent
atives of almost all animal phyla contain dopa
rich proteins which either form networks by qui
none tanning or adsorb on mineral or metallic 
substrata via dopa side-chains and thereby func
tion as adhesives [254]. 

12.6.3 Phenoloxidases 

Apart from the pterin-dependent phenylalanine 
and tyrosine hydroxylases and the haem
containing peroxidases that have already been 
mentioned, the biocatalysts of the oxidation of 
aromatic compounds include in particular the 
copper-containing phenoloxidases, of which two 
types can be distinguished. One type, such as the 
tyrosinase of fungi, is active against monophe
nols and o-diphenols, is inhibited by thiourea and 
phenylthiourea, and has a neutral pH optimum. 
The second type, such as the laccase of the fungi 
and higher plants, attacks p- and o-diphenols, 
but is inactive against monophenols. This type 
mostly has a pH optimum in the weak acid region 
and is insensitive to the inhibitors mentioned 
above [4]. Many phenoloxidases occur as inactive 
pro-enzymes which may be activated by proteoly
sis. 

The sclerotizing cuticula of insects contains 
non-extractable phenoloxidases which may be 
brought into solution by trypsin. Little is known 
about their structure. They oxidize 0- and p
diphenols but not monophenols, and thus belong 
to the laccase group. Their pH optima usually lie 
between 4.5 and 5.5 but are sometimes closer to 
neutrality [4, 246]. 

The haemolymph of many insects contains 
numerous pro-phenoloxidases which, after acti
vation by cuticular enzymes, are active against 
monophenols and o-diphenols, have neutral pH 
optima, and are inhibited by thiourea, i.e. they 
are tyrosinase-like. The cuticula also includes oxi
dases with a similar specificity which are not 
identical to the haemolymph enzymes. Sclerotiz
ing cuticular regions always contain laccases and 
most also possess tyrosinases; in contrast, non
sclerotizing regions contain only the tyrosinases 
[4, 12]. 
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The haemolymph of many insects and crusta
ceans contains multifactorial defence systems 
which recognize foreign particles and encapsulate 
them in melanin; at the same time, they function 
opsonically and activate the synthesis of immune 
proteins in the fat body. Amongst these systems 
are the zymogens of tyrosinase-like phenoloxida
ses and both their activators and inhibitors. Some 
of these components are synthesized and stored 
in blood cells. The in vitro activation of pro
phenoloxidases can be brought about simply by 
mild detergent treatment [232]. The natural acti
vators are calcium-dependent serine proteases, 
which also occur as zymogens. Corresponding 
protease inhibitors have been detected in the lepi
dopteran Manduca sexta and the crayfish [9, 11, 
13]. The phenoloxidase system of the arthropods 
is activated by bacterial substances such as pepti
doglucans and ~(1,3)-glucans. Corresponding 
~(1,3)-glucan recognition proteins have been isol
ated from the haemolymph of the silkworm Bom
byx mori and the cockroach Blaberus cranifer 
[168, 233]. 

U.7 D-Amino Acids 
and Their Metabolism 

For methodological reasons, there are very few 
data on the occurrence in animals of amino acids 
with the D-configuration. Until recently, the only 
stereospecific evidence was that obtained by 
enzymic cleavage with D-amino acid oxidases; 
because of the specificity of this enzyme, this 
method only provided information about particu
lar amino acids. Nowadays, there are chromato
graphic methods of broad application, but these 
have not yet been used for the systematic inves
tigation of D-amino acids in animals. Using the 
purchasable amino acid oxidase from mammals, 
18 out of 43 examined marine animals from eight 
phyla were found to contain D-amino acids at con
centrations of 1-2 flmoVg, and in some cases up to 
44 flmoVg (coelomocytes of Glycera dibranchi
ata) [190]. Up to now, D-amino acids in animals 
have been found only in the free form or as con
stituents of low molecular weight compounds, 
and never as components of proteins. 

n-Serine is found in the earthworm Lumbricus 
in the free form as well as in the phosphagen 
lombricin and its precursor serine-ethanolamine
phosphoric acid diester; it also occurs as the free 
amino acid in the larvae and pupae of the silk-
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worm Bombyx mori and almost all species of 
Lepidoptera. Some moth larvae also contain D

alanine, as do the nymphs and adults of the bug 
Oncopeltus fasciatus. In contrast, neither D-serine 
nor D-alanine were detected in the honey bee or 
several species of beetle [36]. D-alanine is found 
in the muscles of all crustaceans examined, and in 
some species it also occurs in the hepatopancreas 
or the heart, but not in the haemolymph or the 
nervous system. D-Alanine has also been found in 
sea-urchin eggs and embryos [61]. The cysteine 
residue in the luciferin of all fireflies examined 
has the D-configuration but free n-cysteine was 
not found [36]. D-2,3-diaminopropionic acid 
occurs in the haemolymph and in the gut of the 
larvae of Bombyx mori and in several other cater
pillars before pupation [36]. 

L-Aspartic acid converts spontaneously to the 
D-isomer at a temperature-dependent rate of 
about 0.1-0.25 % per year. Long-lived proteins, 
e.g. in human teeth or eye lenses, therefore con
tain increasing proportions of D-aspartate with 
age. However, spontaneous racemization does 
not explain, for example, why the cerebrum of 
young rats has 8.4 % of total free aspartate as the 
D-isomer, or why there is 4.9 % D-aspartate in 
human foetal blood and the value decreases with 
age. It is not clear whether the D-aspartate in 
these cases originates in the diet or from bacterial 
symbionts, or whether it is synthesized de novo 
during cell metabolism. Perhaps D-aspartate 
really has a transmitter function, as was claimed 
several years ago, although the idea was largely 
rejected [71]. In agreement with this concept is 
the fact that D-asparaginase is found only in the 
nervous system of the octopus and other cephalo
pods and not in other organs. The presence of 
considerable quantities of D-aspartate in the gills 
and foot of the mussel Solenomya reidi [78] is 
probably the result of uptake of the D-amino acid 
from seawater, which contains D-aspartate and 
other D-amino acids. 

So far, there is little evidence for the produc
tion of D-amino acids in metabolism. In the silk
worm, D-serine is produced from 14C-Iabelled glu
cose or from L-serine. This reaction also takes 
place in homogenates and has a pH optimum of 
9. The production ofD-2,3-diaminopropionic acid 
from glucose has been demonstrated using the 
same technique [36]. The peptides dermorphin, 
dermencephalin and deltorphin, which are highly 
potent opioids in the skin of frogs from the sub
family Phyllomedusinae, contain a D-alanine resi
due which is formed from an L-alanine by post
translational modification (p. 297). The D-amino 

acids detected in the blood and various organs of 
man and other mammals have been thought to 
have a microbial origin; however, they also are 
found in axenic ally reared mice [161]. 

More is known about the catabolism of the D
amino acids than about their synthesis. As 
already mentioned, the D-isomers can be used to 
satisfy the requirements for several essential 
amino acids. There are two types of D-amino acid 
oxidases in animals, both of which contain FAD 
as the coenzyme but otherwise differ in their spe
cificities. The first type oxidizes a series of amino
monocarbonic acids, the exact spectrum of which 
varies with the species. Enzymes of this type have 
been found in the kidney and liver of almost all 
vertebrates examined, although with widely dif
ferent activities; they are localized in the peroxi
somes. They have also been found in certain regi
ons of the brain and in neutral leucocytes. The 
345-347-amino-acid sequence of the kidney 
enzyme agrees between different mammals at 
about 77 % of positions and shows no relationship 
to other proteins [241, 252]. Enzymes with similar 
properties have also been found in the Malpi
ghian tubules and fat bodies of insects and in the 
hepatopancreas of molluscs; they are probably 
widely distributed. Their biological significance is 
unclear; the main function of the enzymes from 
mammalian liver and kidney is that of a glycine 
oxidase, although this would account for less than 
1 % of the total glycine turnover [36]. The second 
type of D-amino acid oxidase, which is highly spe
cific for D-aspartic acid and D-glutamic acid, has 
so far been found only in the kidney of some 
mammals, the hepatopancreas of the cephalopod 
Octopus vulgaris and the antennal gland of the 
crayfish Orconectes limos us [164]. This enzyme 
also has FAD as the coenzyme but, in contrast to 
the enzymes of the first type, is not inhibited by 
benzoates. Comparative investigations have 
shown that D-aspartate oxidase is present in all 
eight-armed cephalopods (order Octopoda), but 
is consistently absent from the ten-armed species 
(order Decapoda). 

12.8 Amines 

Many amines have specific biological functions as 
neurotransmitters, neuromodulators or neurohor
mones. Biogenic amines are therefore found 
especially in the nervous system, although in very 
different, species-specific concentrations and 
combinations. As components of toxins, they are 



found in widely varying concentrations in the 
toxin-producing posterior salivary glands of 
cephalopods and in the skin of amphibians. The 
formation of amines from amino acids requires a 
decarboxylation step (Fig. 12.13), but very little is 
known from a comparative biochemistry point of 
view about the corresponding enzyme. Porcine 
kidney contains a non-specific decarboxylase 
which can convert histidine, phenylalanine, tyro
sine, tryptophan and 5-hydroxytryptophan; an 
enzyme with similar properties is also present in 
the insect brain. Two enzymes have been charac
terized in some detail from the fly Sarcophaga 
barbata; these decarboxylate glutamic acid to y
aminobutyric acid (GABA). The mitochondrial 
enzyme in the flight muscle is similar to the glu
tamate decarboxylase II in mammalian kidney, 
whereas the enzyme in the fly brain is very differ
ent from enzyme I in the synaptosomes of mam
malian brain. The GABA concentration in the 
brain of the migratory locust Locusta migratoria, 
as in mammalian brain, is regulated by the oppos
ing actions of glutamate decarboxylase and 
GABA:2-oxoglutarate aminotransferase [14,36, 
46]. 

Part of the neurotransmitter released into the 
extracellular space in vertebrates, molluscs and 
arthropods is reabsorbed by the nerve endings. 
Excess amines in vertebrate brain are oxidized to 
the corresponding aldehydes by a mitochondrial 
monoaminoxidase (MAO). Biogenic amines can 
also be oxidized by other enzymes. The MADs 
are FAD enzymes which are localized in the outer 
mitochondrial membrane and produce hydrogen 
peroxide. They are particularly active in liver, 
kidney and the gut wall, where they function in a 
detoxifying capacity, and in the brain, where they 
are involved in regulation of the neurotransmitter 
concentration. There are two MAO types in 
mammals, birds, reptiles and adult anurans: 
type A oxidizes serotonin and is inhibited by clor
gylin, whereas type B prefers benzylamine and is 
insensitive to the inhibitor. The two types are 
mostly found together in proportions that depend 
upon the tissue; however, rat spleen and testis 
contain only type A, and murine liver, porcine 
brain and human blood platelets have only 
type B. The type B appears to be the evolution-
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ally derived form: it is absent in the teleosts, 
makes up less than 10 % of the total MAO activ
ity in the urodelans, appears in the anurans only 
after metamorphosis, and arises later than type A 
in the mammalian foetus [188]. MADs are widely 
distributed in the animal kingdom down to the 
unicellular organisms [155]. The edible snail Helix 
pomatia contains several such enzymes which are 
localized above all in the hepatopancreas, ganglia 
and nephridia. In insects, they are found with sig
nificant activity only in the Malpighian tubules 
and not at all in the brain or other tissues 
[98, 155]. As MADs are absent from insect brain 
or, if present, have very low activities, amines in 
this case are inactivated by N-acetylation or con
jugation with sugars, sulphate or phosphate 
[36,46]. Similar metabolites are formed in the 
crustaceans, e.g. sulphate esters have been 
identified. 

12.S.1 N.Methylated Bases 

Choline (Fig. 12.14) is a component of the neuro
transmitter acetylcholine and, at the same time, is 
an important synthetic element of lipids. The syn
thesis and catabolism via glycinebetaine as the 
intermediate has been investigated in detail only 
in the mammals. The enzyme betaine:homocys
teine methyltransferase involved in choline cata
bolism is also found in fish and other lower ver
tebrates. As homocysteine is lacking in fish nutri
ents, glycinebetaine often accumulates. Choline 
is usually an essential nutrient of insects, 
although it is synthesized by some species. How
ever, the corresponding tracer experiments with 
insects did not exclude the possibility of participa
tion by symbionts. An exception is the unambigu
ous investigation of choline synthesis in the cab
bage white Pieris brassicae. Caterpillars reared on 
an aseptic, partly synthetic diet incorporated 
labelled ethanolamine and the methyl group of 
methionine into choline, but they required the 
supply of some choline for optimal growth. The 
capacity for synthesis is hardly exploited when 
the diet contains sufficient choline and is, in any 
case, unable to provide all the choline required. 
As in other insects, cabbage white caterpillars are 
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able to substitute various analogues for choline 
during lipid synthesis [30]. Acetylation of choline 
uses acetyl-CoA as the donor; the corresponding 
acetyltransferases have been isolated from fish, 
insects, the xiphosuran Limulus, molluscs and 
mammals [10]. These enzymes are all very similar 
in their physical and catalytic properties; for 
example, both the enzyme from the brain of 
Loligo pealei and that of bovine brain show a ten
dency to aggregate. A cDNA for choline acetylt
ransferase has been cloned from Drosophila 
melanogaster. The sequence of 728 amino acids is 
about 50-100 amino acids longer than that pre
dicted by the 67-kDa mass of the active enzyme; 
it would appear that a larger, enzymatically inact
ive pro-enzyme is formed [116]. 

'fiimethylamine oxide (TMAO) (Fig. 12.14) is 
widely found in marine animals and is one of the 
most important osmotically active substances. 
The highest concentrations are found in the musc
les of marine elasmobranchs, although there are 
significant differences between the species; 
e.g., 150-200 ILmollg fresh weight (4-7% of 
dry weight) in Mustelus manazo, and only 
20-30 ILmollg fresh weight in Squalus acanthias. 
The concentrations are much lower in the marine 
and freshwater teleosts where, in some cases, the 
excretion of TMAO is accelerated by active tubu
lar secretion in the kidney. High concentrations of 
more than 100 ILmollg fresh weight are also found 
in some cephalopods and crustaceans. The con
centration of trimethylamine (TMA) is always 
very much lower than that ofTMAO [10]. What is 
the origin of these large quantities of TMAO? 
The zooplankton all have a lot of TMAO. The 
copepod Calanus finmarchicus, which is widely 
found in the plankton, is able to synthesize 
TMAO but hardly excretes it, and the compound 
thus accumulates in the body to a concentration 
of 140 ILmollg fresh weight. Because TMAO 
excretion by many fish is very slow, it accumulates 
in the food chain. The biosynthesis of TMAO 

(+) 

HO-CH2CH2-N(CH3)3 

Choline Trimethylamine oxide 

from choline has been demonstrated by tracer 
experiments in mammals, cartilaginous fish and 
crustaceans. Biosynthesis involves an NADPH
dependent TMA monooxygenase, which has been 
isolated from the liver of Ginglymostoma cirra
tum and other sharks and from cod liver. They are 
all microsomal FAD enzymes similar to that 
found in porcine liver. In contrast, Calanus fin
marchicus has a cytoplasmic enzyme, which fur
ther differs from the vertebrate enzyme in having 
a much higher substrate affinity. Various teleosts 
and some marine invertebrates possess a 
glutathione-dependent TMAO reductase [82]. 

Camitine (Fig.12.14) is important for the 
transport of fatty acids across the mitochondrial 
membrane, and can probably be synthesized by 
most animals [10]. Biosynthesis in the fly Musca 
domestica, as in the mammals, begins with the N
methylation of protein-bound lysine. Carnitine 
supplied to Musca, which like all dipterans is 
unable to synthesize choline, is decarboxylated to 
~-methylcholine and incorporated into lipids; the 
decarboxylase, however, is active only in the 
larvae and pupae. The flour beetles (Tenebrioni
dae) cannot make carnitine and it is therefore an 
essential nutrient for them. Tenebrio molitor is 
also not able to decarboxylate carnitine to ~
methylcholine, but it can incorporate exogenous 
~-methylcholine into lipids [30]. 

Homarine (N-methylpicolinic acid) (Fig. 12.14) 
is widely found in the marine arthropods and 
molluscs but is lacking in the freshwater inverteb
rates and the vertebrates. In the abdominal tis
sues of Limulus it makes up 17 % ofthe osmotic
ally active substances, but plays no part in osmo
regulation. De novo synthesis begins with the 
condensation of glycine with succinyl-CoA, but 
picolinic acid does not appear as an intermediate; 
the methyl donor is S-adenosylmethionine. The 
methyl group of homarine can be used in the syn
thesis of TMAO, choline and other methylami
nes; the resulting picolinic acid can be remethyl-
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ated to homarine by reversal of the transfer reac
tion. Some marine crustaceans contain the isomer 
trigonelline (Fig.12.14), and further N-methyl
ated bases are known in the molluscs [10]. 

12.8.2 Amines Derived from lYrosine, 
Tryptophan and Histidine 

Tyrosine is the starting point of a metabolic path
way via dopamine to noradrenalin and adrenalin 
(norepinephrine and epinephrine), and a further 
pathway via tyramine to octopamine (Fig. 12.15). 
Vertebrates mostly have noradrenalin and adre
nalin, whereas invertebrate animals have dopa
mine and variable quantities of noradrenalin and 
octopamine; adrenalin has not been unambigu
ously detected in the invertebrates. Octopamine 
was discovered in 1951 in the toxin-producing 
posterior salivary glands of the cephalopod Octo
pus vulgaris, where it reaches concentrations of 
more than 1 mglg fresh weight; shortly thereafter, 
it was recognized as a neurotransmitter. The use 
of sensitive detection methods has revealed con
centrations of 10-100 nglg fresh weight in the 
mammalian brain and in sympathetic innervated 
organs such as the heart, spleen and salivary 
glands; the concentrations in invertebrates are 
consistently much higher (Table 12.3). The natu
ral form is the D- isomer [14]. With the exception 
of their involvement in sclerotization of insect 
cuticulae, there have been very few comparative 
biochemical investigations of the amines derived 

NH2 
I 
CH-COOH 
I 

from tyrosine. Experiments with radioactive tyro
sine on the nerve tissues of various insects, crus
taceans and molluscs have regularly yielded label
led tyramine and octopamine, but at the most 
only traces of dopamine and noradrenalin. The 
tyramine concentration in the brain of the cepha
lopod Octopus is almost 100-fold that in the rat 
brain. It would appear, therefore, that the most 
important initial step in tyrosine metabolism in 
invertebrates is decarboxylation, in contrast to 
the hydroxylation in vertebrate brain [14]. A 
tyramine-~-hydroxylase has been isolated from 
the lobster, which, in fact, also metabolizes dopa
mine. In all vertebrates including the fish, 
catechol-O-methyltransferase is involved in the 
inactivation of adrenalin and noradrenalin, but 
this enzyme appears to play no role in the inver
tebrates. 

The richest source of indolamines, derived 
from tryptophan, is the mammalian pineal organ 
(the epiphysis), which contains a dozen or so of 
such compounds. 5-Hydroxytryptamine (seroto
nin) (Fig. 12.16) is apparently widely distributed 
in both vertebrates and invertebrates. The gills of 
the edible mussel Mytilus edulis, the ciliary action 
of which is regulated by serotonin, contain a spe
cific oxidase that oxidizes serotonin and a series 
of other amines. The enzyme is inhibited by cya
nide and azide but not by the typical inhibitors of 
the monoaminoxidases; thus, it is apparently an 
oxidase which does not require NADPH but 
which forms hydrogen peroxide. Melatonin, 
which is produced in the epiphysis from seroto-
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Table 12.3. The concentration (l-tg/g fresh weight) of octo
pamine (0) and noradrenalin (N) in various animal species 

Species and tissue 0 N Reference 

Molluscs 
Helix aspersa CNS 0.13 0.07 [121] 
Peristernia nassatula 125 [271] 
hypobranchial gland 
Octopus vulgaris CNS 1.2 4.4 [121] 
Posterior salivary gland 1300 [14] 

Annelids and arthropods 
Lumbricus terrestris CNS 5.3 1.4 [121] 
Homarus sp. CNS 0.23 0 [121] 
Periplaneta americanus CNS 3.9 0.37 [121] 

Echinoderms 
Pycnopodia helianthoides 0.26 2.13 [121] 
arm nerve 

Vertebrates 
Rat brain 0.005 0.43 [121] 

CNS, central nervous system 

nin, is apparently found only in the vertebrates, 
whereas the histamine derived by decarboxyla
tion of histidine (Fig. 12.16) is also found in many 
invertebrates. 

12.8.3 Polyamines 

The polyamines spermidine and spermine, toge
ther with their precursors diaminobutane and 
putrescine (Fig.12.16), are involved in various 
fundamentally important cell functions and are 

universally distributed in prokaryotes and euka
ryotes. As polyvalent cations they can interact 
with, and change the conformation of, nucleic 
acids. Hence, they are important for DNA 
replication and transcription and for mRNA 
translation. They apparently also have the func
tion of secondary messengers and regulate both 
Ca2+ flux and transmitter release in synaptoso
meso Through interactions with the endoplasmic 
reticulum (ER) membrane, they influence steroid 
metabolism, lipid peroxidation and prostaglandin 
synthesis [180, 240]. In the invertebrates, they 
have been detected in, for example, embryos of 
sea urchins and in polychaetes, in the tissues of 
adult echinoderms and in Drosophila melanogas
ter [258]. Particular polyamines, including the 
lysine derivative cadaverine (Fig. 12.16), are 
found in relatively high concentrations in the 
venom of spiders and scorpions. In the amoeba 
Acanthamoeba castellanii, 1,3-diaminopropane 
reaches the relatively high concentration of 
15-25 mmol/l, whereas it is normally found in 
only trace amounts as a byproduct of polyamine 
metabolism [187]. 

In the mammals, as in the bacteria, the biosyn
thesis of polyamines begins with the decarboxyla
tion of ornithine to putrescine, which is then suc
cessively converted to spermidine and spermine 
by the transfer of propylamine residues from 
decarboxylated S-adenosylmethionine (Fig. 12.17). 
This biosynthetic pathway is presumably present 
in all invertebrates but there have been very few 
comparative studies. Ornithine and S-ade-
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Fig.l2.17. The biosynthesis of polyamines. For 
clarity, the carbon skeletons are shown without 
hydrogen atoms. 1, Ornithine decarboxylase; 2, 
spermidine synthase; 3, spermine synthase; 4, 
S-adenosylmethionine decarboxylase 
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nosylmethionine decarboxylases have been found 
in the larvae of Drosophila melanogaster, with the 
highest activities occurring in the youngest indivi
duals. The unexpectedly high putrescine con
centrations of up to 375 !-tg/ml measured in the 
haemolymph of Heliothis zea caterpillars have 
been shown by tracer studies with 14C-arginine to 
originate in the gut microflora. Ornithine decar
boxylases are ubiquitously distributed from the 
bacteria to the mammals. In the flagellate Trypa
nosoma, as in the mouse, they are cytoplasmic 
dimeric proteins of 2 x 45 kDa. In contrast, in the 
nematodes Caenorhabditis elegans and Haemon
chus contortus they are membrane bound. The 
enzyme from the ciliate Tetrahymena pyriformis is 
activated by phosphorylation [129, 140, 183, 216]. 
The S-adenosylmethionine decarboxylase isolated 
from the mantle, hepatopancreas and foot of the 
edible mussel Mytilus edulis has a mass of 65 kDa 
and a pH optimum of 7-8; it is therefore very 
similar to the mammalian enzyme in its physical 
and catalytic properties [17]. The spermidine and 
spermine synthases which function as aminopro
pyltransferases have not yet been investigated in 
the invertebrates. The catabolism of spermidine 
and spermine in the mammals begins with an N
acetylation. By the action of polyaminoxidase, 3-
acetamidopropanol is then cleaved from the 
Nl-acetylspermine to give spermidine; N1_ 
acetylspermidine is similarly metabolized to put
rescine. Polyaminoxidase was previously reported 
from only the rat and man, but has more recently 
been found in the gut wall, liver, kidney and brain 
of the teleost Parasilurus asotus; it differs from the 
mammalian enzyme mainly by its lower substrate 
affinity [132]. An enzyme isolated from Ascaris 
suum can acetylate putrescine and cadaverine but 
not spermidine or spermine [266]. 

U.9 Phosphagens 
and Other Guanidine Compounds 

Creatine phosphate and other guanidine phos
phates are referred to as phosphagens because 
they yield orthophosphate on mild hydrolysis. 
Their bound, energy-rich phosphate groups ori
ginate from ATP and can be retransferred to 
ADP. Thus, in muscle they constitute an energy 
store which is many times greater than that of 
ATP. Phosphagens are also involved in the regula
tion of glycogenesis in resting muscle, in that they 
bind inorganic phosphate and thus reduce its con
centration to rate-limiting levels. The important 
role of creatine phosphate in the intracellular 
transport of energy-rich, bound phosphate, the 
creatine-creatine phosphate shuttle, was first dis
covered in 1978 [24]. Mammals have both mito
~hondrial and cytoplasmic forms of creatine 
kinase and these are found, for example, in all 
muscle types, brain cells and fat cells. The mito
chondrial creatine kinase (mCK) is located on the 
outer surface of the inner mitochondrial mem
brane, produces creatine phosphate with mito
chondrial ATP, and provides ADP for oxidative 
phosphorylation. The mCK interacts with the 
adenine nucleotide translocase of the inner mito
chondrial membrane and is practically inaccess
ible for cytoplasmic ATP. Cytoplasmic creatine 
kinase is bound to the myofibrils of muscle, par
ticularly in the region of the M lines. Isolated 
muscle fibres contract more rapidly when treated 
with 10 mmolll creatine phosphate and 4 !-tmolll 
ADP than with 100 !-tM ATP. This is not just due 
to the somewhat faster diffusion of creatine 
phosphate, but rather that creatine kinase and 
myosine ATPase are apparently functionally con
nected. Creatine kinase associated with the mic
rosomes and polysomes is involved in lipid and 
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protein biosynthesis, whereas that associated with 
the ER and the plasma membrane has a function 
in ion pumping [24,211]. Creatine phosphate
dependent energy transport has also been 
detected in sea-urchin spermatozoa [270]. It can 
be assumed that the other phosphagens of the 
invertebrates also take part in shuttle systems, 
although there is at present no direct evidence for 
this. 

12.9.1 Biosynthesis and Occurrence 

A classical thesis of comparative biochemistry 
states that creatine phosphate occurs only in ver
tebrates, and that all other animals ("invertebra
tes") have arginine phosphate. This simple con
cept was destroyed in the 1950s by the discovery 
in some sea urchins of creatine phosphate toge-

o 

ther with arginine phosphate, and the identifica
tion of a series of other phosphagens in annelids. 
Today, nine different phosphagens are recognized 
(Fig. 12.18), the distribution of which does not 
coincide entirely with the systematic divisions of 
the animal kingdom (Table 12.4). Even species of 
the same family may have different phosphagens. 
A correlation with the ecological conditions is 
also not apparent: at the same site on the seabed 
one finds the polychaetes Travisia forbesi with 
arginine phosphate, Ophelia bicornis with D

lombricine phosphate, and O. neglecta with ophe
line phosphate; all these species belong to the 
same family (Ophelidae) [82]. 

In the biosynthesis of guanidine compounds, 
the decisive step is the transfer of the amidine 
group from arginine to an amine as the acceptor 
(Fig. 12.19). Exactly which guanidine compound 
is produced depends only upon the nature of the 
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Table 12.4. Phosphagens or the corresponding phospha
gen kinases in muscles or whole animals 

Protozoa: A [82] 
Porifera: A or K [36, 82, 185] 
Plathelminthes: n.d. [18]; Fasciola gigantica and 

Paramphistomum explanatum: A + G + 
K [91] 

Nemertini: A [82] 
Nemathelminthes: n.d. or A [18] 
Mollusca: A [82] 
Annelida [82] 
Polychaeta: Nereidae: G and/or K 

Aphroditidae: G and/or K 
Glyceridae: K 
Eunicidae: K 
Terebellidae: mostly A 
Sabellidae: A or K or T 
Ophelidae: D-L or 0 

Oligochaeta: D-L; Tubi/ex sp. D-L + A 
Hirudinea: n.d. 
Sipunculida: Sipunculus nudus: A, various species: 

H + T[82, 95] 
Echiurida: Bonellia viridis: n.d., Urechis caupo: L-L 

[82], Thalassema neptuni: Th [245] 
Arthropoda: A [82] 
Echinodermata [82, 207, 257] 
Crinoidea: A 
Echinoidea: A or A + K 
Ophiuroidea: K 
Asteroidea: A or K 
Holothurioidea: A or A + K 
Hemichordata: Saccoglossus kowalevskii: A + K [185] 
Chordata 
Tunicata: 
Acrania: 
Vertebrata: 

A [82] 
K [185] 
K 

A, Arginine; G, glycocyamine; H, hypotaurocyamine; K, 
creatine; L-L, L-Iombricine; D-L, D-Iombricine; 0, ophe
line; T, taurocyamine; Th, thalassamine; n.d., no phospha
gen detectable 

acceptor, as the amidine transferase is more-or
less unspecific. Which of the guanidine com
pounds is phosphorylated to a phosphagen is 
decided by the specificity of the available kinase. 
An extreme example of this is provided by the 
eggs of the polychaete Audouinia tentaculata; 
these contain arginine, glycocyamine, creatine, D
lombricine and taurocyamine, but only lombricine 
is phosphorylated [82]. The biosynthesis of crea
tine commences with the production by amidine 
transfer of guanidinoacetate (glycocyamine), 
which is then methylated. The enzymes involved, 
arginine: glycine ami dine transferase and guanidi
noacetate methyltransferase, have so far not been 
detected in any of the creatine-containing inver
tebrates; tracer experiments with 14C-arginine and 
14C-glycine all produced negative results. One or 
both of these enzymes is missing in certain agna
thans, cartilaginous and bony fish, amphibians 
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Fig.12.19. Guanidine compounds are formed by transfer 
of the guanidino group of arginine to an amine 

and reptiles. Most likely, the creatine requirement 
of these animals is satisfied by their diets [185]. 
Spontaneous ring closure converts creatine or 
creatine phosphate to creatinine, which is found in 
the urine of all vertebrates [24]. Hypotaurocya
mine is produced by ami dine transfer to hypotau
rin, and can be oxidized to taurocyamine. Lombri
cine arises from serine-ethanolamine-phosphoric 
acid diester. In the annelids, the serine portion is 
in the D-configuration and D-Iombricine is pro
duced. Echiurids, on the other hand, make L
lombricine, which may be methylated to thalasse
mine [82, 245]. L-Serine-ethanolamine-phos
phoric acid diester is also widely found in vertebr
ate muscle, although lombricine is never present. 

Like creatine phosphate, the other phospha
gens are not restricted to muscle. Arginine 
phosphate is found, for example, in the eyes of 
various arthropods. The spermatozoa of the 
annelids always contain creatine phosphate, but 
the eggs generally have the same phosphagen as 
the muscles. In the polychaete Arenicola marina, 
the muscles contain taurocyamine phosphate and 
the eggs contain this phosphagen in addition to 
creatine phosphate [123]. Echinoderm spermato
zoa always contain creatine phosphate and the 
eggs usually have arginine phosphate, regardless 
of the phosphagen present in the muscles [123]. 
Several animal species possess further guanidine 
compounds, which are also formed by amidine 
transfer but are not phosphorylated. These 
include, for example, phascoline, phascoloso
mine and bonellidine of the echiurids Phaseolion 
strombi, Phaseolosoma sp. and Bonellia viridis 
(Fig. 12.20) [82, 95]. The diguanidine base, 
arcaine, of the mussel Area novae arises from put
rescine; audouine from the polychaete Audouinia 
tentaeulata is formed from cadaverine; and hiru
donine from the leech Hirudo medicinalis is 
formed from spermidine by a double amidine 
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transfer. The biological importance of all these 
substances is unclear. Hirudo and Bonellia appear 
to completely lack phosphorylated guanidine 
compounds [82]. The turbellarian Polycelis nigra 
also lacks both phosphagens and phosphagen 
kinases. 

12.9.2 Phosphagen Kinases 

The various phosphagen kinases have numerous 
catalytic properties in common. They all require 
Mi+, which can be replaced by Mn2+ but not 
by Ca2+, and have pH optima for the reactions 
with ATP and ADP of 8 and 7, respectively. The 
Michaelis constants lie generally around 1 mmolll. 
The creatine kinases of the vertebrates and the 
glycocyamine kinases of the polychaete Nephthys 
coeca are strictly substrate specific. The arginine 
kinases of all arthropods, the mussel Solen ensis 
and the sipunculid Sipunculus nudus are highly 

Bonellidine 

Arcaine 

Audouine 

Hirudonine Fig.12.20. Various guanidine derivatives 

specific for L-arginine. On the other hand, the 
arginine kinases of certain platyhelminths, mol
luscs and annelids can also convert, for example, 
D-arginine and glycocyamine [82,221,257]. Much 
less specific are the hypotaurocyamine kinase 
from Phascolosoma vulgare, the lombricine 
kinase from Lumbricus terrestris, the opheline 
kinase from Ophelia neglecta and the taurocya
mine kinase from Arenicola marina; each shows 
some activity with the substrates of the others but 
not with arginine or creatine. All known lombri
cine kinases convert both L- and D-Iombricine 
[82, 111]. The phosphagen kinases have no mar
ked allosteric characters. Cooperativity between 
nucleotide- and guanidine-binding at the same 
active centre is seen in mammalian creatine 
kinase as well as in the arginine kinase of Holo
thuria forskali and the honey bee, but not in that 
of the crustaceans or the polychaete Sabella. In 
addition to direct phosphate transfer from one 
substrate to another, a second mechanism exists 
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Creatine kinase: ... NHLGYVLTCP-SNLGTGLR .. . 
Fig. 12.21. The amino acid sequences of various 
phosphagen kinases close to the essential cyste
ine [29] 

Arginine kinase: ... QTCPTSNLGT-VR .. . 
Lombricine kinase: ... LGTI-TCPGSNLGT-LR .. . 
Taurocyamine kinase: ... LGTLGTCP-TNIGTGLR .. . 

for several enzymes in which a phosphorylated 
enzyme intermediate is formed. This mechanism 
is shown by the arginine kinases of Homarus, sev
eral other crustaceans and Holothuria, but not by 
those of Sabella, Limulus or Apis; it is also not 
observed with the vertebrate creatine kinases. 

All phosphagen kinases are homologous. This 
is already clear from their structural and func
tional properties, but is seen in particular from 
the agreement of their amino acid sequences in 
the region of the active cysteine (Fig. 12.21). 
Complete sequences are available for the creatine 
kinases of various mammals, the chicken and the 
rays Torpedo marmorata and T. californica. The 
arginine kinase of the lobster Homarus america
nus and the lombricine kinase of the earthworm 
Lumbricus terrestris have been partially se
quenced [3S]. The close relationship of the differ
ent phosphagen kinases is particularly clearly 
demonstrated by the creation in vitro of a dimeric 
hybrid enzyme from a mammalian creatine kinase 
and the arginine kinase of a holothurian [221]. 

The arginine kinases of all arthropods and 
many molluscs are monomers of about 40 kDa; 
the echinoderms, sipunculids and several marine 
molluscs have dimeric enzymes of SO kDa. The 
body wall of the sedentary polychaetes Spirogra
phis spallanzani and Sabella pavonina (Sabelli
dae) contains an arginine kinase of 160 kDa; in 
addition, the spermatozoa have a dimeric enzyme 
which differs electrophoretically and immunolo
gically from that of the body wall. A tetrameric 
arginine kinase is also reported for the sea ane
mone Condylactis auriantiaca [201, 203]. Whereas 
the mitochondrial creatine kinases are well 
known, there are few reports on other phospha
gen kinases associated with the mitochondria. 
Mitochondrial arginine kinases are apparently 
not present in the molluscs but have been 
described in various arthropods. Mitochondria 
from the heart of the horseshoe crab Limulus 
polyphemus contain two arginine kinases, one of 
which (AKmf) appears to be identical to the cyto
plasmic form (AKc) , whilst the other (AKms) is 
mitochondria specific. In contrast to the electros
tatically bound mitochondrial creatine kinase of 
the vertebrates, the AKms carries a hydrophobic 
targeting sequence for the mitochondrion and is 
not functionally linked to the adenine nucleotide 
translocase [66]. The lombricine kinases are 

dimers of 69 kDa but, in contrast to other dimeric 
and tetrameric phosphagen kinases, they have 
only one active centre [111]. The taurocyamine 
kinases isolated from Arenicola marina have been 
estimated to have molecular masses of about 
60 kDa. The creatine kinases are superior to all 
other phosphagen kinases in that they can buffer 
the ATP concentration in the cell at a high 
ATP:ADP concentration ratio [75]. They are usu
ally dimers of about SO kDa. As in the case of the 
dimeric arginine kinases, the subunits of the crea
tine kinases also appear to be arranged asymmetr
ically. Hence, hybridization of creatine and argi
nine kinases results in two electrophoretically dis
tinct types of hybrid molecules with different sub
strate specificities. Two creatine kinases can be 
isolated from the sperm of the sea urchin Strongy
locentrotus purpuratus; the F-type, located in the 
tail, is a monomer of 145 kDa and the K-type, of 
the sperm-head mitochondria, is a multimer of 
240 kDa made up of 47-kDa subunits. Both form 
a shuttle system. The polypeptide chain of 1174 
amino acids of the 145-kDa enzyme is divided 
into three regions, each of which bears an active 
centre and is highly homologous to the vertebrate 
creatine kinase (CK). It appears, therefore, that 
this structure arose by triplication of a CK gene 
[270]. In the sea urchin, which has two different 
phosphagen kinases, CK predominates in musc
les with a tonic function and arginine kinase (AK) 
predominates in those with a phasic function. For 
example, in the tonic spine muscles of Echinus 
esculentus the CK: AK ratio is 20: 1, but in the fast 
muscles of the tridactylous pedicellarians it is 
1:2.6 [1S0]. A gene ofthe trematode Schistosoma 
mansoni encodes a CK of 675 amino acids with 
two domains which agree 49 % with each other 
and 33 % with the CK-M of the rabbit [236]. 

In the mammals, there are four CKs encoded 
by different genes, two mitochondrial and two 
cytosolic. The mitochondrial subunits consist of 
416 amino acids, including a 3S-residue transit 
peptide for mitochondrial import. They form 
octamers in equilibrium with dimers. Of the two 
types of mitochondrial CK, one is specific for the 
cross-striped heart and skeletal muscle, and the 
other is ubiquitous. In their sequences they agree 
SO % with each other but only 66 % with the cyto
solic isoenzymes [97]. The two cytosolic CKs are 
designated muscle type, M (or A), and brain 
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type, B. Types Band M can form heterodimers 
but cannot associate with the mitochondrial sub
unit. In addition to its occurrence in the brain, the 
homodimer BB is found in kidney, lung and 
smooth muscle; MM is present in fully differenti
ated skeletal muscle and, together with MB, in 
the heart. Embryonal skeletal muscle has exclus
ively type B, which is later exchanged for type M 
during differentiation. Chicken heart and brain 
also contain different types of mitochondrial sub
units; these differ in 10 of their 30 N-terminal 
amino acids but can form heterodimers and -octo
mers. As in all higher vertebrates, the chicken 
also has cytosolic creatine kinases of type M and 
B. However, in this case, the two isoenzymes with 
differing N-terminal sequences arise by alternat
ive splicing of the B-CK gene [265, 274]. Poly
ploid vertebrate species, e.g. Xenopus laevis and 
some teleosts, have even more complicated pat
terns of creatine kinases [206]. The gene duplica
tion leading to the separation of the Band M 
types took place quite early in vertebrate evolu
tion. This is seen from the fact that the sequence 
agreement between enzymes of the same type in 
different vertebrate classes is higher than that 
between isoenzymes from the same individual. 
For example, human creatine kinase M agrees 
89-91 % with the M chain of other mammals, 
81 % with that of the chicken and 80 % with that 
of the rays Torpedo marmorata and T. cali/ornica, 
but only 76-79 % with the B chain of various 
mammals. Canine B agrees 96 % with rat Band 
90 % with chicken B, but only 81 % with canine 
M [25, 181]. From these sequence comparisons, a 
"unitary evolutionary period" (UEP) can be cal
culated as 30 million years for the formation of a 
1 % sequence difference, i.e. a relatively slow 
rate of evolution. It may be assumed that a stabi
lizing selection pressure arose both from the pre
requisites of the enzyme activity and from struc
tural relationships, e.g. to the M lines of skeletal 
muscle and to membrane-bound ATPases. 
According to the UEP value, the Band M subun
its separated about 600 million years ago [33]. 

The gene duplication of the cytoplasmic crea
tine kinases took place relatively early in the 
evolution of the chordates. While the tunicates 
have only one locus, the lamprey Petromyzon 
marin us already has two. More than two loci for 
cytoplasmic creatine kinase are found only in the 
teleosts and some anurans [92, 267). All teleosts 
possess four loci, which show increasing tissue 
specificity during evolution. Isoenzyme A is pre
dominantly or exclusively expressed in skeletal 
muscle, B in the brain and eye, C in the stomach 

musculature, and D only in the mature testis. 
Quite complicated electrophoretic patterns of 
creatine kinases show up to six bands in the skele
tal muscle of various salmonids; these variants 
arise by post-translational modifications of the 
enzyme. There are also four isoenzyme loci in 
Xenopus laevis. All four are expressed in the eye, 
and several in the stomach (I, II, IV) and heart 
muscle (II, III, IV), whilst the skeletal muscle 
switches from III in the tadpole to II in the adult; 
the testis and kidney express only IV. All Xenopus 
species, including the diploid X. tropicalis, 
express the same four loci but with species
specific tissue distributions; thus, in the tetra
ploid species diploidization appears to be com
plete. Hymenochirus boettgeri and Pipa cavalhoi, 
which also belong to the family Pipidae, express 
only three loci and type III is absent [267]. 

12.10 Oligopeptides 
and Their Metabolism 

Oligopeptides, i.e. peptides with at most a dozen 
amino acids, can arise by the hydrolytic cleavage 
of proteins: However, such peptides can also arise 
by de novo synthesis, in which case they often 
show structural characteristics that are not usually 
encountered in proteins, e.g. peptide bonds with 
the y-carboxyl group of glutamic acid, or ~-amino 
acid residues. Some insects have been found to 
contain large amounts of short-chain peptides 
which apparently function as a store of amino 
acids. The respective roles of the dipeptides ~
alanyltyrosine and y-glutamylphenylalanine in 
the sclerotization of insect cuticulae have already 
been discussed. A general storage function, espe
cially of essential amino acids, can also be 
assumed for the numerous small peptides found 
in the tissues and haemolymph of Drosophila lar
vae and adult Calliphora erythrocephala. In both 
cases these consist of several hundred chromato
graphically distinct compounds which probably 
arise by intracellular proteolysis before being 
released into the haemolymph. The haemolymph 
of Calliphora contains at least five different pepti
dases which can release amino acids from these 
peptides [27, 46, 56]. The basic di- and tripepti
des detected in the haemolymph of larvae of 
Phormia regina, Sarcophaga bullata and Musca 
domestica probably also have a storage function 
[27, 46]. Glutathione and several histidine pepti
des, on the other hand, have other specific func
tions. 



12.10.1 Glutathione 

The tripeptide glutathione (Fig. 12.22) is almost 
ubiquitous in animals, although its concentration 
varies over a wide range. In view of its numerous 
important functions, it is surprising to come 
across organisms which apparently manage with
out glutathione, e.g. the amoeba Entamoeba his
tolytica [76]. The glutathione molecule has an 
SH group and a y-glutamyl residue and because 
of these special features it takes part in many 
reactions as substrate or cofactor; in particular, 
it participates in the metabolism of alien sub
stances. Reduced glutathione (GSH) is an effec
tive reducing agent and is able, for example, to 
protect the labile SH groups of enzymes. GSH is 
a coenzyme of glyoxylase, DDT-dechlorinase 
and thyroxin deiodase. The reduction of organic 
peroxide, e.g. from fatty acids, is catalysed by 
glutathione peroxidase, the only known seleno
protein of the animals. It is found in all vertebr
ate classes, the crayfish Orconectus limosus and 
a non-identified pulmonate snail, but not in the 
insects Antherea pernyi, Sarcophaga sp. or the 
earthworm Lumbricus terrestris. In fish and 
mammals, the muscles, liver and blood have the 
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highest activities. The reduction of the oxidized 
form, glutathione disulphide (GSSG), is brought 
about by the NADPH-specific GSSG reductase, 
which is present in all prokaryotes and eukaryo
tes examined. This is a homodimeric FAD 
enzyme of 2x52 kDa which has significant 
sequence agreement with the lipoamide dehyd
rogenase involved in the oxidative decarboxyla
tion of pyruvate and 2-oxoglutarate [249, 251]. 
Instead of glutathione, the trypanosomatids 
have the 24-membered, macrocylic disulphide 
trypanothione (N\ N8-bis[glutathionyl]-spermi
dine). The corresponding reductase from Trypa
nosoma congolense has been sequenced via the 
gene and shows more than 50 % sequence agree
ment with the glutathione reductase of human 
erythrocytes [222]. 

Glutathione-S-transferases are a widely dis
tributed family of multifunctional enzymes which 
can form S-conjugates of glutathione with many 
different electrophilic substances. Some of the 
mammalian enzymes of this type also have gluta
thione peroxidase or steroid isomerase activity; 
others bind organic anions like sulphobromphtha
lein, bilirubin or bile acids but do not conjugate 
them with glutathione. This latter type are some
times referred to as "T proteins" or "ligandins" 
[184]. Mammals possess multiple isoenzymes of 
glutathione-S-transferase; these are encoded by a 
multi-gene family and, because of their differing 
specificities, interact with a wide range of substra
tes. The human and rat enzymes have been 
divided, according to functional and structural 
characters, into three classes: the basic U-, the 
neutral fl- and the acidic Jt- class. A fourth class 
(it) has recently been added [152]. Because 
of their great importance in the metabolism of 
alien substances and environmental chemicals, 
glutathione-S-transferases have been investigated 
in the chicken [45], fish [165, 199] and many 
invertebrates [49], e.g. insects [16, 52,54, 127], a 
mite [53], Daphnia magna [134], molluscs 
[15, 102], annelids [134], platyhelminths [31, 
173], rotifers [28] ans the ciliate Tetrahymena 
[175]. Almost all the species examined in detail 
possess several isoenzymes, although in Tetrahy
mena only one enzyme was found. Most 
glutathione-S-transferases are homo- or heterodi
mers with subunits of 22-28 kDa; in Schistosoma 
(a trematode), Brachionus (a rotifer) and Tetrahy
mena (a ciliate) the enzyme is monomeric 
[28, 173, 175]. The complete amino acid sequen
ces are known for several human and rodent 
isoenzymes and for one glutathione-S-transferase 
from Drosophila [34]. 
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y-Glutamyl-transferases transfer the y-glut
amyl residue from glutathione or its conjugate to 
an amino acid or a peptide; however, the enzyme 
also catalyses the hydrolytic cleavage of the y
glutamyl bond. y-Glutamyl-transpeptides are 
apparently widely distributed and are found in 
protozoans, echinoderms, molluscs and insects as 
well as in the vertebrates [46, 119, 204]. 
They are membrane-bound glycoproteins which 
occur, e.g. in the rat, as several tissue- and 
development-specific isoenzymes [93]. Glutathi
one-S-transferase and y-glutamyl-transpeptidase 
catalyse the first two steps in a detoxification 
pathway which leads to the production of S-aryl
cysteine in insects and mercapto acids in vertebra
tes. The transpeptidase, which is located in the 
plasma membrane, was thought for a time to have 
an important role in the uptake of amino acids 
into cells (the y-glutamyl cycle). However, there 
is also experimental evidence against such a role 
[214]. Human transpeptidase is a heterodimer 
with a heavy subunit of 42 kDa, which is 
anchored in the membrane, and a light subunit of 
19 kDa, which carries the y-glutamyl binding site. 
The two subunits arise from a common precursor 
of 569 amino acids [198]. In larvae of the housefly 
Musca domestica, y-glutamyl-transpeptidase is 
responsible for the synthesis of the dipeptide y
glutamylphenylalanine, whose role in sclerotiza
tion has already been described. The enzyme, 
which has its highest activities in the Malpighian 
tubules and the midgut, can utilize various amino 
acids in vitro, despite the fact that in vivo only 
the y-glutamylphenylalanine is found. y
Glutamylcyclotransferase, which can cleave the 
y-glutamyl peptide into 5 oxoproline and free 
amino acids, has only low activity in larvae; thus, 
y-glutamylphenylalanine is not cleaved but is 
released into the haemolymph. The activity of the 
enzyme increases considerably in the pupa; it 
accumulates and, in contrast to the mammalian 
enzyme, is highly specific for y-glutamyl
phenylalanine. The release of phenylalanine from 
the dipeptide prior to sclerotization also involves 
y-glutamyl-transpeptidase of the epidermal cells; 
this increases markedly in activity at this time and 
functions hydrolytically [27, 46]. 

12.10.2 Histidine Peptides 

Three compounds have been described, espe
cially from the skeletal muscles of the vertebra
tes, whose distribution makes them particularly 
interesting from a comparative biochemistry 

point of view: carnosine, anserine and ophidine 
(Fig. 12.23). Carnosine and anserine are found in 
almost all vertebrate muscles, although often in 
very different relative proportions. Birds, marsu
pials and rodents have more anserine than carno
sine. Of the ape species examined, Aeotes trivir
gatus has only anserine, and Erythrocebus patas 
only carnosine. Until recently, ophidine (bale
nine) was reported to occur only in snakes and 
whales from the families Balenopteridae and 
Delphinidae, which have no anserine. However, 
it is now clear that ophidine is present in trace 
quantities in humans and all other mammals 
investigated, and also in the chicken [101]. Histi
dine and histidine peptides apparently have 
mainly a buffering function. High-performance 
swimmers, like the tuna fish which produce up to 
100 f,lmollactate/g muscle during short periods of 
swimming at maximum speed, require an appro
priate buffering capacity. In the species Katsuwo
nus pelamis, the white muscles contain free histi
dine at 94 f,lmollg, anserine at 51 f,lmollg and car
nosine at 3 f,lmollg, but the red muscles have alto
gether only 21 f,lmollg [1]. Traces of carnosine are 
also found in vertebrates in the gut mucosa and 
eye lens, and somewhat higher amounts are pre
sent in the skin of various frogs of the family Lep
todactylidae. Anserine is also found in the 
chicken brain and eye, and ophidine occurs in 
whale pancreas. Carnosine has been detected in 
the larvae of Phormia regina and several crusta
ceans, and probably is also present in molluscs. A 
related compound, homocarnosine (Fig. 12.23), 

H2 N-CH2 CH 2-CO-NH-?H-CH2-(j 
COOH ~ 

Carnosine 

H2N-CH2 CH2-CO-NH-?H-CH2--(j] 
COOH ~ 

Anserine 

CH3 

H N- (CH ) -CO-NH-CH-CH /l'jJN 
2 2 3 I 24.\ •• I 

COOH ~ 
Homocarnosine 

~N-CH 
H N-CH CH - CO-NH-CH-CH / I 3 

2 2 2 I 2 :;:::.J 
COOH N 

Ophidine 

Fig.12.23. Histidine dipeptides. Carnosine is ~-ala
nylhistidine, anserine is ~-alanyl-N"-methylhistidine, 
homo carnosine is 4-aminobutyrylhistidine, and ophidine 
(balenine) is ~-alanyl-N'-methylhistidine (not, as assumed 
previously, ~-alanyl-2-methylhistidine) 



is present in vertebrate brain with the highest 
concentrations occurring in the amphibians. 

Carnosine is synthesized by carnosine synthe
tase; this forms an enzymes-l3-alanyladenyl com
plex with the consumption of ATP, and this then 
reacts with histidine. The highest enzyme activ
ities are found in the rat, mouse and chicken in 
the skeletal muscle and heart, and in the leopard 
frog Rana pipiens in the liver. Carnosine can be 
methylated to anserine by an S-adenosyl
methionine: carnosine methyltransferase which, 
however, is not found in all vertebrates. The histi
dine dipeptides are cleaved by dipeptidases in the 
kidney, liver, muscle, brain and other organs. Por
cine kidney contains a homocarnosinase with a 
broad specificity and a carnosinase with a narro
wer specificity. The so-called anserinase and N
acetylhistidinase from fish muscle and brain 
resemble porcine homocarnosinase in their broad 
specificity [1]. 

12.11 Purine and Pyrimidine Compounds 

Every cell contains a complex spectrum of low 
molecular weight purine and pyrimidine com
pounds, which are components or degradation 
products of nucleic acids; they function variously 
as coenzymes or cosubstrates, secondary messen
gers, and nitrogenous waste products. Little 
variation is encountered and there is usually no 
explanation of its biological significance. The 
nucleosides with unusual structures, found in sev
eral sponges and sea snails, are dealt with as 
products of secondary metabolism in Chapter 19. 
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U.ll.1 Biosynthesis of Purine Nucleotides 

Purine nucleotides are synthesized either de novo 
or from preformed purine bases or nucleosides. 
De novo synthesis is not possible in many ani
mals, in which case purine compounds are essen
tial nutrients. In other cases, both synthetic path
ways are made use of and their relative impor
tance is usually difficult to estimate. The primary 
product of de novo purine synthesis is IMP. The 
origins of the individual atoms of the purine ring 
were determined in 1956, mainly by investiga
tions on the pigeon liver (Fig. 12.24). In the 
meantime, this scheme has been shown to be uni
versal by tracer experiments, and by the identi
fication of intermediates and enzymes in lower 
and higher plants, insects, crustaceans and ver
tebrates [156]. The same is true for the conversion 
of nucleotide diphosphates into the correspond
ing deoxyribonucleotides by the iron-containing 
ribonucleotide reductase. It first became clear 
through molecular genetic studies with Droso
phila melanogaster that multifunctional enzymes 
play an important role in both purine and pyrimi
dine biosynthesis. The activities of phosphoribo
sylamineglycine ligase (GARS), phosphoribo
sylglycine amide formyltransferase (GART) and 
phosphoribosylaminoimidazol synthase (AIRS) 
are located in a large polypeptide; in addition, 
there is a smaller protein with only GARS activity 
and this arises by alternative splicing. The GART 
gene is unusual in that the first intron contains a 
functional gene that is read in the opposite direc
tion and codes for a cuticular protein (p. 15). 
There is also a human gene which codes for these 
three enzyme activities; in the avian liver, two 
enzyme activities of tetrahydrofolate metabolism 
are apparently also present on the equivalent pro
tein complex [107]. The dual function of purine as 
a nucleic acid component and excretion product is 
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reflected in organ specialization in the snail Helix 
aspersa; in the nephridium, it is mainly uric acid 
which is produced from 14C-glycine, whereas in 
the hepatopancreas it is guanine. The appearance 
in terrestrial snails of guanine and xanthine, in 
addition to uric acid, as excretion products is 
probably due to reduced specificity of the excre
tion process. 

Many of the parasitic protozoans belong to the 
class of animals which are unable to synthesize 
purine de novo. Of the Kinetoplastida, Crithidia 
oncopelti and Trypanosoma equiperdum can pro
duce purine de novo, whereas the bloodstream 
form of T. cruzi, which in fact carries out no cell 
division, T. lewisi and various Leishmania species 
cannot. This synthesis capacity is also absent from 
Giardia lamblia, Toxoplasma gondii and various 
Trichomonas and Plasmodium species [21, 131, 
194, 243]. Amongst the Platyhelminthes, larvae 
of the tapeworm Mesocestoides corti can carry out 
purine synthesis but the schistosome Schistosoma 
mansoni cannot; positive results are reported for 
the nematode genera Angiostronglyus and 
Metastronglyus [18]. Among the arthropods, de 
novo purine synthesis is not found in the brine 
shrimp Artemia salina or in certain aphids and 
dipterans [40]. The ascidian Molgula manhatten
sis, which like related species deposits uric acid in 
special storage organs, cannot make purines de 
novo but apparently obtains them preformed 
from its diet. 

All cells can apparently make use of preformed 
purine bases and nucleosides (the salvage path
way). The most important of all the synthetic 
pathways for producing purine nucleotides is 
phosphoribosyl transfer (Fig. 12.25). The cells of 
higher animals contain two phosphoribosyltrans
ferases, one of which is specific for adenine and 
the other for hypoxanthine, xanthine and gua
nine. These enzymes have been particularly thor
oughly investigated in the erythrocytes of all ver
tebrate classes, where de novo purine synthesis is 
blocked. In contrast to the situation in the 
mammals, hypoxanthine/guanine-phosphoribo
syltransferase activities are much lower in avian 
liver than in avian kidney; the enzyme would 
otherwise compete with xanthine dehydrogenase 
for the substrate hypoxanthine and would inter
fere with uric acid synthesis. The human erythro
cyte enzyme has the relatively rare structure of a 
trimer with subunits of 30 kDa. Phosphoribosyl
transferase from humans, the trematode Schisto
soma mansoni and the malarial agent Plasmo
dium falciparum show up to 48 % agreement in 
their sequences of 218-231 amino acids [58]. 
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There are four purine phosphoribosyltransferases 
in various Leishmania species; these are specific 
for adenine, hypoxanthine, guanine and xanthine 
[103]. In Crithidiafasciculata there is one each for 
hypoxanthine, xanthine and adenine; one 
enzyme is found in Eimeria tene/la and this con
verts xanthine as well as hypoxanthine and gua
nine. 

The enzymes responsible for the production of 
nucleotides from nucleosides and the reciprocal 
conversion of the purine nucleotides (Fig. 12.25) 
have rarely been examined comparatively. Ad
enylosuccinate synthase, which catalyses the first 
step of AMP synthesis from IMP, is part of the 
purine nucleotide cycle together with adenylosuc
cinate lysase and AMP deaminase (p. 413). Com
parative investigations of the adenylosuccinate 
synthase from various tissues of mammals and 



birds have revealed considerable differences in 
the kinetic properties, apparently as the result of 
adaption to specific functional requirements. For 
example, the Michaelis constants vary between 
20 and 440 Ilmol/l for aspartic acid, and 12 to 
171 Ilmol/l for IMP. Metabolic balance sheets 
have been constructed for the various purine 
bases and nucleosides of Drosophila melanogas
ter larvae. Adenosine is converted to inosine 
(57%) and AMP (43%), and guanosine to GMP 
(92 %); the free base guanine, on the other hand, 
is converted to xanthine (84 %) and GMP (only 
16 % ); IMP is converted to AMP (65 % ), XMP 
and further products (26 % ), and inosine (only 
10%). 

The production of the nucleoside diphosphates 
and triphosphates with their energy-rich bonds 
comes about by interaction of the processes of 
substrate chain phosphorylation and oxidative 
phosphorylation with numerous enzymatic trans
phosphorylations. Adenylate and guanylate kina
ses are apparently present in all mammals as 
isoenzymes that are encoded at different loci. The 
adenylate kinase of muscle (myokinase) catalyses 
the reaction 2ADP :=; ATP + AMP. In this way, it 
not only provides additional ATP but, in particu
lar, increases the AMP concentration in working 
muscle, thereby activating phosphofructokinase 
and eventually glycolysis. The myokinase of the 
cephalopod Loligo pealeii is inhibited by NADH; 
thus, reduction of NADH in working muscle 
results in the activation of the enzyme. 

Some unusual features of purine metabolism 
are found in the brine shrimp Artemia salina, 
which is unable to synthesize purines de novo. In 
unfavourable conditions, shrimp embryos in the 
gastrula stage can withdraw from development by 
forming dehydrated cysts. These contain only 
2-5 % cell fluid and can survive for several years 
without significant metabolism; upon rehydra
tion, they can continue their development to 
form nauplius larvae. Protein synthesis resumes 
after 10 min, and is quickly followed by RNA syn
thesis. The purine reserves of the cysts exist 
mainly in the form of diguanosine tetraphosphate 
(Gp4G); in addition, compounds such as Gp3G, 
GpzG, Gp4A and Ap~ are found. The Gp4G 
is produced from GTP by a GTP:GTP
guanyltransferase, and the Ap~ is formed from 
aminoacyl-AMP and ATP by aminoacyl-tRNA
synthetase [39]. The formation of AMP from 
Gp4G involves the enzymes dinucleoside tetra
phosphatase, GMP reductase, adenylosuccinate 
synthase and adenylosuccinate lyase. The enzy
mes IMP dehydrogenase and GMP synthase are 
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needed for the conversion of the IMP to GMP. 
Some of these enzymes have been isolated and 
characterized in detail [39]. The Ap4A produced 
in the oocytes of Xenopus laevis by the action of 
various aminoacyl-tRNA-synthetases is bound to 
a specific protein and has signal functions in DNA 
synthesis and cell division [281]. Production of 
Ap4A is also catalysed by the luciferase of the 
firefly Photinus pyralis [96]. 

12.11.2 Adenylate and Guanylate Cyclases 

These two cyclases catalyse the conversion of 
ATP or GTP to the cyclic 3' , 5'-nucleoside mono
phosphates cAMP and cGMP, which play an 
important role as secondary messengers in the 
transduction of extracellular signals into the cell. 
Adenylate cyclases stimulated by biogenic ami
nes, peptide hormones, protein hormones or 
prostaglandins are present in probably all animal 
cells. Signal transduction between the corre
sponding specific receptor and the adenylate cyc
lase is achieved by the G-proteins (p.309). Sev
eral receptor complexes may compete in the cell 
membrane for the same adenylate cyclase (float
ing receptor model). The substrate of the cyclase 
is a complex of ATP and a divalent metal ion, 
with Mnz+ being more effective than Mg2+. Most 
animal adenylate cyclases are activated by fluo
ride ions. 

As well as in the mammals, adenylate cyclases 
have been found in insects, crustaceans, xiphosu
rans, platyhelminths, ciliates and Kinetoplastida, 
and are apparently universally distributed. Sev
eral hormone-dependent adenylate cyclases from 
insects have been functionally characterized but 
rarely investigated biochemically. The central
nervous system of various insect species contains 
octopamine-dependent adenylate cyclase, which 
probably corresponds to the catecholamine
dependent enzyme of mammalian brain, but has 
a tenfold higher affinity for octopamine than for 
noradrenalin or tyramine. However, insect nerv
ous systems additionally contain specific 
dopamine- and serotonin-dependent adenylate 
cyclases. Octopamine-dependent adenylate cyc
lases are also present in insect fat bodies, where 
they probably play the same role in glycogen 
metabolism as does the adrenalin-dependent 
enzyme of the mammalian liver [87, 272]. 

The genetic analysis of Drosophila melanogas
ter showed that in addition to enzymes linked to 
G-proteins or monoamine-receptor-G-protein 
complexes, there are also Ca2+ -calmodulin-
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dependent adenylate cyclases [139]. There are 
only isolated results on hormone-dependent 
adenylate cyclases of other invertebrate groups: 
an octopamine-dependent adenylate cyclase was 
found in the central nervous system of Limulus, 
and serotonin-dependent enzymes have been 
found in various platyhelminths. The hypergly
caemic hormone of the crustaceans also affects an 
adenylate cyclase [64]. Like the adenylate cycla
ses of yeast and Neurospora, the enzyme of Try
panosoma is only loosely associated with the cell 
membrane and requires Mn2+. However, it can 
interact in vitro with G-proteins from the mem
brane of avian erythrocytes and it is then acti
vated by GTP and Mg2+; activation by Ca2+
calmodulin can also be shown in vitro. Thus, the 
flagellate enzyme differs from those of the higher 
vertebrates more in the type of binding to regulat
ory components than in catalytic properties [248]. 
The adenylate cyclase of the ciliate Paramecium 
tetraurelia is also not regulated by one specific 
hormone and is not linked to a GTP-binding pro
tein; it therefore resembles an enzyme found in 
mammalian spermatozoa [219]. 

Guanylate cyclases appear to be just as ubi
quitous in the animal kingdom. These enzymes 
resemble the adenylate cyclases in that they 
require a divalent metal ion, but they differ in 
that Mn2+ can be replaced and fluoride is not sti
mulatory. Membrane-bound guanylate cyclases in 
mammals serve as receptors for the atrial natri
uretic peptide, and in sea-urchin sperm they serve 
as receptors for the chemotactic peptides resact 
and speract (p. 305). Mammals also possess 
soluble enzymes of this type; they are heterodi
mers of homologous subunits of 70 and 82 kDa. 
The membrane-bound guanylate cyclases from 
the sperm of the sea urchin Strongylocentrotus, 
on the other hand, is a single polypeptide chain of 
1104 amino acids and is subdivided into an N
terminal, extracellular domain (485 amino acids), 
a transmembrane segment (25 amino acids) and a 
C-terminal domain (594 amino acids). The C
terminal section of 202 amino acids agrees by up 
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to 42 % with the soluble guanylate cyclase of 
bovine lung. In contrast, the membrane-bound 
enzyme from the sperm of the sea urchin Arbacia 
punctulata has a C-terminal sequence which is 
very different from that of the soluble mamma
lian enzyme [162, 247]. The concentration of 
cGMP is usually 10- to 100-fold lower than that of 
cAMP; however, higher cGMP concentrations, 
and high activities of cGMP-dependent protein 
kinases, are found in the insects. In the fat body 
of the silkworm Bombyx mori, the ratio of gua
nylate cyclase to adenylate cyclase increases dur
ing pupation from 0.5: 1 to about 15: 1. Extremely 
high cGMP concentrations of up to 50 flmol/l are 
found in the spermatophores of crickets of the 
genera Gryllus and Acheta, although the guanyl
ate cyclase activity of the accessory sex glands is 
not unusually high. It is remarkable that such 
high cGMP values are found only in representat
ives of a single subfamily of the orthopterans, the 
Gryllinae. The activities of adenylate cyclases in 
the sperm of vertebrates and invertebrates are 
more or less the same, whereas guanylate cyclase 
activities may be 100- to lOOO-fold higher in many 
invertebrates than in the vertebrates. 

12.11.3 Catabolism of Purine Nucleotides 
and Uric Acid Synthesis 

The IMP produced during nitrogen metabolism in 
uricotelic animals is immediately metabolized fur
ther to uric acid. This takes place in the liver and 
kidneys of birds and reptiles, in the fat body of 
insects, and in the hepatopancreas of the terre
strial gastropods. Uric acid is also the primary 
end product of purine metabolism in all other ani
mals, but it is often degraded further (uricolysis). 
The formation of uric acid from IMP or other 
purine nucleotides requires the cleavage of the 
phosphate and glycosidic bonds as well as dea
minations and oxidations on the purine ring 
(Fig. 12.26). The phosphate residues are separ
ated by specific 5' -nucleotidases or non-specific 
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Fig.12.26. The catabolism of purine nucleoti
des. 1, Acidic and alkaline phosphatases or 5'
nucleotidases; 2, purine nucleoside phospho
rylases; 3, AMP deaminase; 4, adenosine de
aminase; 5, GMP reductase; 6, IMP dehydro
genase; 7, adenine deaminase; 8, guanine 
deaminase (guanase); 9, xanthine oxidase or 
xanthine dehydrogenase 
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phosphatases. The phosphorolytic cleavage of the 
glycosidic bond usually occurs at the level of the 
nucleoside. Purine nucleoside phosphorylases are 
undoubtedly widely distributed but their compar
ative biochemistry is largely unknown [217]. In all 
vertebrates down to the agnathan Lampetra pla
neri, these enzymes have the seldom found pro
tein structure of a trimer. The deamination and 
oxidation steps can occur at the levels of the nuc
leotide, nucleoside or free base (Fig. 12.26). For 
guanine compounds, deamination occurs either 
with the nucleotide, by the action of GMP reduc
tase, or with the free base, catalysed by guanine 
deaminase (guanase), which is apparently widely 
found but comparatively little investigated [36]. 
In contrast, for adenine compounds all three pos
sibilities are encountered in the animal kingdom. 
Whilst adenine deaminase is restricted to the Kine
toplastida, AMP deaminase and adenosine deami
nase are widely found. The oxidation of hypo
xanthine to xanthine and further to uric acid is 
brought by xanthine dehydrogenases or oxidases. 

AMP deaminase serves, on the one hand, to 
release ammonia from amino acids in the purine 
nucleotide cycle (p.413) and, on the other hand, 
it plays an important role in the regulation of the 
adenylate pool. The AMP produced in white ver
tebrate muscle by the combined action of ATPase 
and adenylate kinase is immediately metabolized 
further to IMP by AMP deaminase. Due to the 
relatively low activity of the 5'-nucleotidase, the 
IMP is only slowly cleaved to give inosine. AMP 
deaminase is not present in the adductor muscles 
of the scallop Pecten and other bivalves; hence, 
the adenylate pool in these organisms remains 
unchanged even after their death. The mantle 
muscle of the cephalopods is also rather low in 
AMP deaminase activity, but has high activities of 
adenosine deaminase and an AMP-specific 5'
nucleotidase. In this case, AMP is metabolized to 
inosine via adenosine, a pathway that predomina
tes in other aerobic muscles like red skeletal 
muscles and heart muscles of the vertebrates [80]. 

Isoenzymes of AMP deaminase have been 
reported from all classes of vertebrates; in 
humans and the rat they are encoded by at least 
two different genes [158]. The muscle enzymes of 
the rat, rabbit, chicken, frog Rana esculenta and 
fish Lucioperca lucioperca are all tetramers of 
280 kDa and contain two zinc atoms per mol
ecule. They require K+, are activated by ATP and 
inhibited by Pi and GTP. In the goldfish, the white 
muscles used only for short periods contain a dif
ferent enzyme to that found in the continuously 
active red muscle; the enzyme from the white 

muscles is allosterically regulated within broad 
limits. The muscles of all vertebrates have high 
activities of AMP deaminase; however, in fish the 
activities in the gills may be much higher than 
those in the muscles [196]. In the dogfish Scylior
rhinus canicula, the erythrocytes contain high 
activities of an AMP deaminase that is labile but 
otherwise similar to the muscle enzyme; in other 
vertebrates the red blood cells contain relatively 
low activities of this enzyme [195]. The activity in 
the liver of frogs of the genus Rana is tenfold 
higher than in the liver of other vertebrates. In 
the chicken and the lizard Lacerta agilis, the liver 
contains two types of AMP deaminase, one of 
which is activated not only by ATP and ADP but 
also by GTP; in contrast, GTP is inhibitory to the 
liver enzymes of the rat and the frog. It may be 
that the existence of an additional, GTP
activated liver enzyme in the birds and reptiles is 
associated with their urotelic metabolism [234]. 

AMP deaminase appears to be completely 
absent from many mussels and arthropods; it is 
present at relatively low activities in the muscles 
of the lobster, in the hepatopancreas of the snail 
Helix aspersa and the mussel Meretrix meretrix, 
and in the body wall of the polychaete Arenicola 
cristata. In contrast, its activity is 18-fold higher in 
the gut of the earthworm Lumbricus terrestris 
than in the body wall, and in the muscular foot of 
the edible snail it is 5- to to-fold higher than in 
vertebrate muscle. The Helix enzyme has a very 
unusual substrate specificity, in that it is able to 
act upon ADP, ATP and NADH as well as AMP 
[235]. The AMP deaminases of the crustaceans 
Orconectes limosus and Palaemon serratus also 
appear to be very different to the vertebrate enzy
mes in their structural and functional properties 
[197]. 

Adenosine deaminases have been demonst
rated in vertebrates of all classes, molluscs, anne
lids and arthropods, and are probably ubiquitous. 
They deaminate deoxyadenosine as well as aden
osine. In the muscles of the vertebrates the activ
ity of adenosine « U/g fresh weight) is always 
lower than that of the AMP deaminase (10-50 
U/g fresh weight); in the crustaceans, gastropods 
and bivalves, the two enzymes both have rela
tively low activities «1 U/g fresh weight). High 
activities of adenosine deaminase (12-27 U/g 
fresh weight) are found only in the muscles of 
various cephalopods which, in contrast, have low 
AMP deaminase activities «1 U/g fresh weight) 
[80]. Human adenosine deaminase, which is a 
polypeptide of 41 kDa with 363 amino acids, has 
been sequenced via the cDNA [263]. The only 
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invertebrate adenosine deaminase to have been 
characterized in any detail is that from the hepa
topancreas of the edible mussel Mytilus edulis; it 
has a mass of 140 kDa but is otherwise similar in 
its catalytic properties and inhibitory reactions to 
the enzymes of the vertebrates and other inver
tebrates [2]. 

The oxidation of hypoxanthine to xanthine and 
of xanthine to uric acid is brought about by enzy
mes which are named, according to their electron 
acceptors, as xanthine:02 oxidoreductases (xan
thine oxidases, XO) or xanthine :NAD+ oxidore
ductases (xanthine dehydrogenases, XDH), 
although these are apparently just different forms 
of the same enzyme. The form that is active in the 
cell is possibly XDH, which can be converted to 
the XO form. Which of the two enzyme activities 
is detected depends upon the animal species exa
mined. In mammals, XO is consistently found, 
whereas in birds XDH is found in addition to XO; 
XO activity is lacking in the columbiformes. Fish, 
amphibians and reptiles, and also the insects have 
XDH. Many other invertebrates appear to possess 
neither of the two activities [41, 279]. The much 
investigated XO of cow milk is immunologically 
closely related to the enzyme from bovine liver. 
The XDH enzymes of many insects are, with the 
exception of minor differences in specificity, very 
similar to the XDH from avian liver. In the 
insects, as in the vertebrates, these enzymes are 
dimers of 280 kDa with two electron-transport 
subunits, each with one molybdenum, four iron 
ions and an FAD [106]. Because of their broad 
specificities, these enzymes are difficult to distin
guish from aldehyde oxidases (AO). The substrate 
affinities of XDH in the ureotelic mammals and 
the ammoniotelic fish are much higher than those 
in the uricotelic birds and reptiles [122, 142]. In 
mammals, XDH is found mainly in the liver, but 
in the clawed frog Xenopus laevis it occurs only in 
the kidney [142]. The liver of the camel has an 
unusually low XDH activity and contains no gua
nase. Hence, purine catabolism stops at the level 
of hypoxanthine, which is very suitable for recycl~ 
ing in purine metabolism (salvage pathway). In 
this way, the camel is adapted to long periods of 
minimal nutrition [159]. 

12.11.4 Uricolysis 

Uric acid can be catabolized to the level of free 
ammonia by the sequential reactions of uratoxi
dase (uricase), allantoinase, allantoicase and 
urease. In the textbooks, information about the 

distribution of the individual enzymes and prod
ucts in the animal kingdom (Fig. 12.27) mainly 
concerns investigations that were carried out 
before 1950 on individual species. Systematic 
studies with modern detection methods are urg
ently needed and would probably alter and enrich 
our view. Thus, for example, allontoin has been 
detected in the sponge Tethya aurantia, although 
it is otherwise hardly known among marine inver
tebrates. Whilst the oxidative degradation of 
purine to the level of uric acid takes place in the 
cytoplasm of liver cells, the enzymes of uricolysis 
are located partially or entirely in the peroxiso
meso Uratoxidase in the fish and amphibians is in 
a soluble form in the peroxisomal matrix, whereas 
in mammals it is securely bound to the peroxisome 
core. In some fish, allantoinase is present in the 
peroxisomal matrix and in the cytosol, and in 
others it occurs only in the cytosol. Allantoicase 
is, for example, bound to the outer membrane of 
the peroxisome in the mackerel but dissolved in 
the peroxisomal matrix in the sardine [85, 104]. 
The uratoxidase of mammals is a homotetramer 
with subunits of 303-304 amino acids and these 

Uric acid: 
Man and anthropoids 
Birds, terrestrial reptiles 
Agnatha 
Most insects 

Allantoin: 
Most animals 
Diptera 
Gastropoda 

Allantoic acid: 
Some teleosts (Solmonidae, 
Pleuronectidae, Anguillidae) 
Carnivorous Coleoptera 
Orthoptera 

Urea: 
Terrestrial amphibians 
Some teleosts (Cyprinidae, 
Esocidae, Scombridae) 
Dipnoi, Crossopterygii 
Selachei 
Freshwater bivalves 

Ammonia: 
Crustacea decapoda 
Marine bivalves 
Sipunculida 

Fig.12.27. Uricolysis. 1, Uricase; 2, allantoinase; 3, allan
toicase; 4, urease 



are significantly homologous to the enzyme from 
soybean. This enzyme is not found in human liver 
or, in fact, in any anthropoid, but is present in both 
the Old World and New World apes. Loss of the 
enzyme in humans is due to mutation of codons 
33-Arg and 187-Arg (CGA or AGA) to a stop 
codon (TGA) [273]. The selective advantage of the 
loss of uratoxidase in the evolution of the homi
noids may be that uric acid is an effective antioxid
ant which can absorb singlet oxygen and oxygen 
radicals, and thereby lower the increased risks of 
carcinogenesis that accompany the elevated lon
gevity of hominoids [84, 273]. Just why the activity 
of uratoxidase in the liver of teleosts varies by a 
factor of 40 without any apparent correlation to 
systematic position or habitat is not known. 

The allantoinase in the liver of the mackerel 
Pneumatophorus japonicus is a monomeric pro
tein of 54 kDa, and the allantoicase of the sardine 
Sardinops melanosticta is a dimer with subunits of 
48 kDa. Both activities are localized in the same 
protein molecule in the liver of the frog Rana 
catesbeiana, but can be separated by SDS electro
phoresis into two different subunits, one of which 
has a mass of 54 kDa and functions as an allantoi
nase, and the other has a mass of 48 kDa and 
shows allantoicase activity. Thus, the separate 
enzyme proteins of the fish have become associ
ated in the evolution of the amphibians. In the 
only study of an invertebrate, the two proteins 
were found to be separate in the mussel Anadara 
broughtoni [166]. 

12.11.5 Metabolism of Pyrimidine 
Nucleotides 

As in the case ofthe purines, in the production of 
pyrimidine nucleotides a distinction can be drawn 
between de novo synthesis and the use of pre
formed pyrimidine bases or nucleosides (salvage 
pathway); the relative importance of the two 
pathways differs greatly with the species or 
group. For example, protozoans of the genera 
Trypanosoma, Leishmania, Toxoplasma and Plas
modium can synthesize the pyrimidine ring de 
novo from aspartate, glutamine and hydrogen 
carbonate, but the Trichomonas species and 
Lamblia vaginalis cannot [99, 109]. In Drosophila 
melanogaster, the pyrimidines taken up during 
the larval stage suffice for practically the whole 
live cycle; de novo synthesis is required only dur
ing egg production [77]. Some species of the 
platyhelminths, nemathelminths and dipterans 
appear to lack the capacity for de novo synthesis; 
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however, in many cases this conclusion is based 
on the failure to detect the often very unstable 
carbamylphosphate synthetase, or on the 
observation that pyrimidine supplementation of 
the diet promotes growth. 

De novo synthesis, when it occurs, is always via 
the same pathway with orotate as the intermedi
ate (Fig. 12.28); this has been shown in proto
zoans, platyhelminths, nemathelminths, mol
luscs, insects, echinoderms and vertebrates of all 
classes [36, 99]. In all animals, the first three of 
the six enzymes of UMP synthesis (carbamyl
phosphate synthetase, CPS; aspartate transcarb
amylase, ATC; synthetase dihydroorotase, 
DHO) and the last two (orotate phosphoribosylt
ransferase, OPRT; OMP decarboxylase, ODe) 
are all bound to multifunctional cytoplasmic pro
teins known as pyr 1-3 and pyr 5,6; the fourth en
zyme (dihydroorotate dehydrogenase DHO-DH) 
is localized on the outer face of the inner mito
chondrial membrane. In lower eukaryotes, like 
yeast and Neurospora, only CPS and ATC are 
associated in a protein (pyr 1, 2); in the prokaryo
tes, there are six separate enzyme proteins. 
Thus, it appears that several fusions between 
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Fig.12.28. Biosynthesis of the pyrimidine ring, Carbamyl
phosphate is combined with aspartate to give carbamylas
partate; closing of the ring leads to dihydroorotate, which 
is oxidized to orotate. Combination with phosphoribosyl
diphosphate and cleavage of pyrophosphate gives OMP, 
which is decarboxylated to UMP. 1, Carbamylphosphate 
synthetase II (glutamine dependent); 2, aspartate 
transcarbamylase; 3, dihydroorotase; 4, dihydroorotate 
dehydrogenase; 5, orotate phosphoribosyl-transferase; 6 
OMP decarboxylase; 7, CTP synthetase 
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genes of the orotate pathway have occurred dur
ing evolution. In the "rudimentary" gene of Dro
sophila melanogaster, the three enzyme activities 
of pyr 1-2 are arranged in the coding sequence of 
7168 bp in the order CPS-DHO-ATC. The gene 
"rudimentary-like" encodes the activities of 
OPRT and ODC [73,83]. The golden hamster 
also has the activities of CPS, DHO and ATC 
together in one polypeptide of 230 kDa [226]. 

Very little is known comparatively about the 
catalytic and regulatory properties of the various 
enzymes of the orotate pathway. The elasmo
branchs possess two types of CPS, of which the 
mitochondrial type in the liver is active in urea 
synthesis, and only the cytosolic type, e.g. from 
the spleen, is involved in pyrimidine synthesis [7]. 
The ATC sequence contained in the complex pyr 
1-3 of the hamster agrees by up to 44 % with the 
isolated enzyme from E. coli. A bacterial strain 
which, after gene fusion, produced a hybrid 
enzyme from the N-terminal half of mammalian 
ATC and the C-terminal half of the bacterial 
enzyme, showed normal growth [143]. In the 
Kinetoplastida Trypanosoma brucei and Leish
mania mexicana, the step from dihydroorotate 
to orotate is catalysed not by a mitochondrial 
dehydrogenase but by a cytoplasmic, tetrahy
drobiopterine-dependent dihydroorotatoxidase; 
OPRT and ODC, which are usually cytoplasmic, 
are in this case bound to the glycosomes [99]. 

The reduction of ribose to deoxyribose takes 
place on the ribonucleotides. Deoxyribonucleosi
des, however, can be phosphorylated; thymidine 
kinase is especially well known in this respect, 
and is found already in Tetrahymena, together 
with a non-specific nucleoside phosphotransfe
rase. The methylation of dUMP to dTMP is cata-

Cytosine Uracil 

~-Alanine 

Thymine 

~-Amino
isobutyric acid 

Fig.12.29. Pyrimidine catabolism. 1, Cytosine deaminase 

lysed by thymidylate synthase (TS). Drosophila 
TS is very similar to the mammalian enzyme. In 
contrast, the TS of Leishmania tropica, which is 
present at a particularly high activity, is linked to 
tetrahydrofolate reductase (THFR) in a bifunc
tional polypeptide of 520 amino acids. The N
terminal THFR domains agree in 37 % of their 
220 amino acids with the corresponding human 
enzyme, and show 33 % agreement with that 
from E. coli. The 275-amino-acid C-terminal TS 
domain is 59 % identical to its human counter
part, and 49 % identical to the E. coli enzyme. 
The two domains are linked by a stretch of 37 
amino acids [94]. The 132-kDa TS of the malarial 
agent Plasmodium berghei is much larger than 
the mammalian enzyme of 68 kDa [179]. 

As in the case of the purines, the degradation of 
pyrimidine nucleotides and deoxyribonucleotides 
occurs by the cleavage of phosphate and glycosidic 
bonds. The bases that are released are not oxidized 
like the purine bases, but are reductively catabol
ized to ~-alanine and ~-aminoisobutyric acid 
(Fig. 12.29). However, it should be borne in mind 
that ~-alanine can also arise from the decarboxyla
tion of aspartic acid, and its presence is not neces
sarily an indication of pyrimidine catabolism. 
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13.1 Sugars and Sugar Derivatives 

Compared with the variety of carbohydrates in 
plants, relatively few sugars or sugar derivatives 
are regularly found in animals either free or as 
components of more complex compounds. How
ever, it is possible that sugars originating from 
plants in the diet are transiently retained in ani
mals and distort the normal sugar spectrum. 
Approximately a dozen sugars and sugar derivat
ives are regularly found in animals: the pentoses 
D-ribose and 2-deoxY-D-ribose; the hexoses D
glucose, D-galactose, D-mannose, D-fructose and 
L-fucose; the uronic acids D-glucuronic acid and 
L-iduronic acid; and the hexosamines D
glucosamine and D-galactosamine. In addition, 
D-erythrose, D-ribulose, D-xylulose and D
sedoheptulose in the form of their phosphoric 
acid esters are intermediates of the pentose 
phosphate pathway. 

Other sugars are found occasionally. In con
trast to the occurrence in plants, D-galacturonic 
acid is very rare in animals; it has been detected, 
for example, in mammalian brain and in secre
tions of the elasmobranchs and gastropods. The 
pentoses L-arabinose and D-xylose and the deoxy
hexose L-rhamnose are found in several inverte-
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brate polysaccharides; D-xylose binds the poly
saccharide chain to the protein component in 
various mucopolysaccharides. D-arabinose has 
been found in unusual nucleosides of the sponge 
Thetya (Cryptothetya) crypta (p. 741). Whereas D
galactose is ubiquitously distributed, e.g. as part 
of lactose and many glycoproteins, L-galactose 
has so far been found only in the galactans of sev
eral snails. 6-Desoxyglucose is present in the 
toxin of the holothurian Actinopyga agassizi, and 
free D-glucuronic acid or its lactone is found in 
the defence secretions of the cockroach Eurycotis 
decipiens. The distribution of ascarylose (3,6-
dideoxY-L-mannose) (Fig. 13.1) is quite unique; 
apart from in the bacteria, it is found only in 
Ascaris and its relatives, and occurs in particular 
in a lipid material that was previously known as 
ascaryl alcohol. This material is in fact a mixture 
of so-called ascarosides in which the ascarylose is 
bound glycosidically to a mono- or divalent fatty 
alcohol with a chain length of 22-37 carbon 
atoms; the divalent alcohols may also be ester
ified with a short-chain fatty acid. Such ascarosi
des are found in all organs, but especially in the 
uterus and the ovary. The presence of ascarosides 
in the egg membrane is responsible for the 
unusual resistance of Ascaris eggs to aggressive 
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media. Of the sugar alcohols resulting from the 
reduction of sugars, D-ribitol is ubiquitously 
found as a component of flavin nudeotides; D
sorbitol is present at high concentrations in the 
seminal fluid of many mammals and, in addition 
to glycerol, it acts as an antifreeze agent in over
wintering insect eggs and larvae. It could be 
shown in the cotton beetle Anthonornus grandis 
that the supply of sugar to starving animals 
resulted in the appearance of the corresponding 
sugar alcohols in the haemolymph, in particular 
D-ribitol, D-xylitol, D-arabitol and D-rhamnitol. In 
addition to myo-inositol, erythritol, threitol, ribi
tol and xylitol, the lens of the human eye contains 
hepitol and octitol [57, 244]. 

Inositols are polyalcohols that are comparable 
to alcohols (Fig. 13.1). Myo-inositol is universally 
found as a component of lipids; the free form is 
found only at high concentrations in the seminal 
fluid of the mammals. The pentakis-, tetrakis
and hexakisphosphates of myo-inositol in the 
erythrocytes of birds and reptiles have the same 
function of modulating haemoglobin oxygen 
affinity as do the other organophosphates found 
in other vertebrates. More recently, myo-l,4,5-
trisphosphate has been recognized as a secondary 
messenger. Glycosidic bonds involving myo
inositol were originally known only in plants, but 
in fact also occur in animals, e.g. 6-0-~-D
galactosyl-myo-inositol in the milk glands of the 
rat. The isomer scyllo-inositol derives its name 
from the shark Scylliurn canicula in which it was 
found; it is widely distributed in the animal king
dom but occurs only in a covalently bound form. 
All mammalian organs contain more free myo
inositol than scyllo-inositol; in contrast, scyllo
inositol predominates in the kidney and liver of 
the elasmobranchs but not in their nervous sys-
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tern. The two isomers can be interconverted via 
the common 2-carbonyl compound (myo-scyllo
inosose), which is found together with the two 
inositols in elasmobranch organs. I-Methyl
scyllo-inositol was discovered in the edible mussel 
Mytilus edulis and is also known as "mytilitol" 
(Fig. 13.1); it is additionally found in the ascidian 
Ciona intestinalis. chiro-Inositol (Fig.13.1) has 
been found, together with myo-inositol and 
scyllo-inositol, only in the fat bodies and haemo
lymph of the cockroach Periplaneta arnericanus 
[3,57}. 

Of particular interest for comparative bioche
mistry are the sialic acids, which arise as derivat
ives of neuraminic acid by condensation of 
mannosamine-6-phosphate with phosphoenolpy
ruvate. The sialic acids are N-acetyl- or N
glycolylneuraminic acids which can be substituted 
at C-4, -7, -8 or -9 with acetyl, glycolyl, lactyl, 
methyl, sulphate or phosphate residues (Fig. 
13.2). Thus, the number of possible structural 
variants is very large, and so far there are more 
than 30 known sialic acids [198, 238]. A complet
ely new form of sialic acid, a deaminosialic acid, 
was recently found in eggs of the rainbow trout 
Salrno gairdneri [129]. The sialic acids are mainly 
found in a bound form, especially in glycolipids 
(gangliosides) and glycoproteins, but also in pro
teoglycans and oligosaccharides from mammalian 
milk and urine. They commonly form the 
non-reducing ends of oligosaccharide structures 
in which they are bound a(2-3)-, a(2-4)
or a(2-6)- glycosidically to galactose or N
acetylgalactosamine, and less often to N
acetylglucosamine or glucose. Apart from in 
the bacteria, sialic acids are found at internal 
positions of oligosaccharide chains only in 
echinoderms, for example in the structure 

OH 

~~'H HO OH 

OH 

1-Methyl-
scylio-Inositol Fig.n.l. Ascarylose and the ani-

(Mytilitol) mal inositols 
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Fig.13.2. Sialic acids 

N-Glycolyl-4-0-acetyl-Neu 
N-Glycolyl-7-0-acetyl-Neu 
N-Glycolyl-9-0-acetyl-Neu 
N-Glycolyl-7,9-0-diacetyl-Neu 
N-Glycolyl-8,9-0-diacetyl-Neu 
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all vertebrates 
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Mammals 
Mammals 
Mammals 
Only echinoderms 
Echinoderms, mammals 

Fuca(1-4)NeuGc-. Series of several a(2-8)
linked sialic acid residues are widely found in gly
coproteins and gangliosides. In correspondence 
with their presence in a wide variety of substances 
in the body, the sialic acids have a wide range of 
functions. They are responsible for the negative 
charges of cells and molecules in solution and 
thereby prevent their agglutination, aggregation 
and precipitation; they regulate the degradation 
of blood cells and serum proteins; they mask anti
gen sites and themselves form recognition sites 
[238]. 

The distribution of the sialic acids amongst dif
ferent organisms is rather strange. They are 
undoubtedly present in bacteria but appear to be 
absent from fungi, algae and higher plants. They 
are found in Trypanosoma cruzi but not in amoe
bae or malarial agents. Only a few metazoans 
possess sialic acids. They have been detected in 
all the tissues of all echinoderms examined and in 
the enteropneustan Dolichoglossus kowalevskii. 
In the chordates, they are found in Branchios
lorna and in all vertebrates from the agnathans to 
the mammals, but not in the tunicates. Sialic 
acids are lacking in the sponges and cnidarians, 
the annelids and arthropods, the molluscs, and 

many small phyla. Some exceptional positive 
results in crustaceans and cephalopods may be 
due to exogenous sialic acid or bacterial contami
nation [238, 239]. Little can be said for certain 
about the evolution of the sialic acids. Did they 
really appear initially with the echinoderms, as 
has been claimed [238]? There are in fact unique 
sialic acids in the echinoderms, e.g. 8-0-methyl 
derivatives (Fig. 13.2). Here, perhaps, there was 
some "experimentation" at the beginning of sialic 
acid evolution, as has been suggested for the 
evolution of other classes of substances, e.g. the 
fatty acids, sterols, bile acids and bile alcohols. 
However, the N-glycolyl derivatives are already 
present in the echinoderms; in fact, they predo
minate, despite the fact that they are synthesized 
via N-acetyl compounds. Consequently, the 
required monooxygenase must be present. The 
"invention" of sialic acids during evolution may 
be based upon the fact that these negatively 
charged molecules can be easily attached to the 
ends of carbohydrate chains by specific sialyl
transferases, and just as easily detached by neur
aminidases, and upon the advantages this brings 
to the very varied functions of the oligosacchari
des bound to glycolipids or glycoproteins. The 
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TrehaLose 
MaLtose 
MaLtotriose 
Lactose 

GLca(1-1)aGLc 
GLca(1-4)GLc 
GLca(1-4)GLca(1-4)GLc 
GaL~(1-4)GLc 

Fig.13.3. Oligosaccharides found in animals (trivial names 
and simplified formulae) 

O-substitution of the neuraminic acids modifies their 
susceptibility to attack by neuraminidases [238]. 

There are only a few oligosaccharides present at 
high concentrations in the tissues and body fluids 
of animals: trehalose, maltose and the correspond
ing tri- and tetrasaccharides, as well as the milk 
sugar lactose (Fig. 13.3). Trehalose was discovered 
in 1858 in the oriental pharmaceutical product 
"trehala", which consists of the larval cocoons of 
beetles from the genus Larinus. The animal origin 
of this sugar and its identity with the fungal sugar 
"mycose" was already clear at the time, but never
theless, trehalose was for a long time considered to 
be predominantly a plant product. It was only in 
1956-1957 that in several laboratories it was simul
taneously recognized to be the typical blood sugar 
of insects. Soon afterwards, trehalose was identi
fied in representatives of almost all phyla. As well 
as in the insects, high concentrations of trehalose 
are found in the tissues and fluids of the nemato
des and acanthocephalans [13]. 

Glycosides in a restricted sense, i.e. sugars lin
ked to non-sugar substances (aglycones), can be 
found in any number in almost all animals, where 
they occur as products of secondary metabolism. 
Unwanted substances can be converted to a 
hydrophilic, more easily excretable form by gly
cosidation. Glycosides also function as transport 
forms of somewhat insoluble precursors, e.g. in 
the sclerotization of insect cuticulae and in the 
synthesis of pigments and defence substances. 

13.2 The Carbohydrate Spectrum of Cells 
and Extracellular Fluids 

Carbohydrates are important substrates for the 
functional and structural metabolism of cells. 
Thus, in cells as well as in the extracellular fluids, 
which in fact make up the external environment 
of the majority of cells, carbohydrates constitute 
a considerable proportion of the low molecular 
weight organic compounds. Their concentrations 
are limited in particular by osmotic considera
tions. The seminal fluid (seminal plasma), as the 
nutritional medium for the spermatozoa, and 

nutritional solutions such as milk and honey are 
also especially rich in carbohydrates. 

Carbohydrates and their derivatives also play 
an important role in the cold tolerance of insects 
and some anurans, and in the ability of the nema
todes to withstand large water losses. The frost
tolerant insects accumulate various substances in 
their tissues and extracellular fluids: glycerol at 
concentrations of up to 3 molll [53, 164], sorbitol 
[71] and trehalose [13] very often predominate, 
but other sugar alcohols, such as erythritol, threi
tol or mannitol, sugars like glucose or fructose, 
and amino acids like proline and alanine contri
bute along with antifreeze proteins (p. 208) to the 
cold hardiness of the insects. It was first disco
vered in 1982 that some frog species can survive 
the freezing of 34-41 % of their total body water, 
i.e. all their extracellular fluids. The tree frog 
Byla versicolor accumulates glycerol as a protec
tive substance in the blood, up to a concentration 
of 423 mmolll, and the wood frog Rana sylvatica 
makes use of glucose, which accumulates to a 
concentration of 185 mmolll in the blood, 
388 mmolll in the liver, 121 mmolll in the kidney, 
but only 27 mmolll in the leg muscles [256]. 
Drought-resistant nematodes, such as Anguina 
tritici, Aphelenchus avenae and A. dipsaci, can 
increase their trehalose concentrations to values 
of more than 9 % of their dry weight. 

The predominant blood sugar of most verteb
rates is D-glucose. The average blood sugar level 
is correlated to the metabolic rate and is therefore 
higher in the mammals and birds than in the poi
kilothermic vertebrates (Table 13.1). The foetal 
blood of the ungulates contains free fructose at 
markedly high concentrations, whereas the glu
cose concentration is significantly reduced. The 
fructose content of foetal blood appears to be 
related more to the type of placenta than to the 
systematic position of the species. The prosimian 
Galago senegalensis, which, like the ungulates 
but in contrast to the other primates, has an 
epithelio-chorionic placenta, has more fructose 
than glucose in the foetal blood, amnion and 
allantoic fluid. In the invertebrates, the reduction 
methods used previously for the determination of 
the blood sugar level almost always gave too high 
values. Only chromatographically or enzymatic
ally obtained results are of value here. The predo
minant sugar is again glucose but its concentra
tion rarely exceeds 2 mmolll (Table 13.1). The 
haemolymph of the decapod crustaceans contains 
a complex spectrum of low molecular weight car
bohydrates. For example, in the crayfish Orco
nectes limos us glucose as well as galactose, fruc-
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tose, trehalose, maltose, maltotriose and malto
tetraose are found in proportions which vary 
greatly with the season and moulting stage [251]. 
The blood-sugar level of the insects is almost 
always higher than that of the other groups of 
invertebrates. Trehalose usually predominates 
and can reach concentrations as high as 70 gil 
(e.g. in adult females of the aphid Megoura 
viciae). Although glucose in the haemolymph of 
insects rarely exceeds 10 % of the total carbohydr-

Table 13.1. The concentrations (mmol/l) of low molecular 
weight carbohydrates in blood plasma and haemolymph. 
The disaccharide and oligosaccharide concentrations are 
given as mmol/l glucose equivalents 

Species [Ref.] Glucose Trehalose Fructose 

Oligochaeta 
Eisenia foetida [3] 1.3 

Echiurida 
Urechis caupo [3] 2.4 

MoUusca 
Helix pomatia [223] 1.2 _a 

Octopus dofleini [3] 2.3 

Cmstacea 
Porcellio scaber [20] Tr Tr 
Orconectes limosus [251] 

October 0.26 0.16 Ob 
March 0.63 0.33 0.45 

Chelicerata 
Hexathele hochstetteri [20] 0.36 0.26 
Urodacus abruptus [20] 0.22 

Tbysanura 
Lepisma saccharina [20] 0.24 0.52 

Insecta 
Uropetala carovei [20] 0.47 4.2 
Locusta migratoria [20] Tr 43 
Schistocerca gregaria [3] 1.3 39 
Periplaneta americana [20] 3.1 38 
Heimeidiens thoracica [20] 39 49 
Gasterophilus intestinalis 

larva [81] 0.56 10-16 
Phormia regina [3] 33 7-167 -

Chalcophora mariana [81] 0 260 
Galleria melonella [81] 1.2 94 
Hyalophora cecropia [81] 0 36-64 
Apis mellifica [35] 26 48 12 

[7] 34 50 36 

Vertebrates 
Mammals 3-11 
Birds 7-12 
Reptiles 2- 9 
Amphibians 0.5-1.6 
Teleosts 1- 5 

a + 0.13 galactose 
b + 0.03 galactose + 0.014 maltose + 0.027 maltose disac
charide + 0.033 maltose tetrasaccharide + 0.13 hexurinoc 

. acid + 0.017 sugar phosphates 
Tr, trace amount 

ate, it is consistently higher in concentration than 
in other invertebrates (Table 13.1). A rather 
unusual sugar spectrum for an insect is found in 
the honey bee, where the haemolymph contains 
glucose, fructose and trehalose in more-or-Iess 
equal proportions. The blood sugar of the larvae 
of the botfly Gasterophilus intestinalis, which 
parasitizes the stomach of the horse, contains pre
dominantly fructose. 

Spermatozoa have no nutritional reserves of 
their own and are dependent for their survival and 
motility on energy-yielding substrates in the sur
rounding fluid. The seminal fluid of the higher 
mammals (Placentalia) contains, above all, fruc
tose as a nutrient for spermatozoa; in addition sor
bitol and myo-inositol are present. Glucose is 
almost entirely absent from the seminal plasma of 
most mammals. The exceptions are humans, the 
rat, mouse, guinea-pig and the field vole Microtus 
agrestis, which have both fructose and glucose. 
The main nutrient for the spermatozoa of the mar
supials is N-acetylglucosamine; this sugar is also 
found in the seminal fluid of several eutherians, 
but is not used for example, by human sperm. In 
some marsupials, e.g. the Tasmanian devil Sarco
philus harisii, the dasyure Dasyurus vivarrinus, the 
wombat Phascolomys sp. and the North American 
opossum Didelphis virginiana, the main carbo
hydrate in the seminal fluid is glycogen [227]. 

The main nutritional constituents of the milk 
of the Placentalia are casein, milk fats and the 
sugar lactose; these are present in species-specific 
proportions (Table 13.2). The highest lactose 
values are found in the milk of humans and other 

Table 13.2. The sugar, fat and protein contents (%) of 
milk [81] 

Species Sugar Fat Protein 

Ape Macaca mulatta 7.0 4.0 1.1 
Human Homo sapiens 7.0 3.8 0.4 
Kangaroo Mageleia rufica 6.7 3.4 2.3 
Horse Equus caballus 6.2 1.9 1.3 
Pig Sus scrofa 5.5 6.8 2.8 
Cow Bos taurus 4.8 3.7 2.8 
Cat Felis catus 4.8 4.8 3.7 
Elephant Elephas maximus 4.7 11.6 1.9 
Opossum Didelphis marsupialis 4.1 7.0 2.8 
Dog Canis familiaris 3.1 12.9 5.8 
Guinea-pig Cavia porcellus 3.0 3.9 6.6 
Rat Rattus norwegicus 2.6 10.3 6.4 
Blue whale Balaenopetera musculus 1.3 42.3 7.2 
Saddleback Pagophilus groenlandicus 0.9 52.5 3.8 
Echidna Tachyglossus aculeatus 0.9 9.6 7.3 
Grizzly Urus arctos 0.6 22.3 6.7 
bear 
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primates, whereas the sugar contents of whale 
and seal milk are extremely low. The sea lion 
Zalophus californianus lacks a-lactalbumin and 
therefore no lactose synthesis is possible. Low 
milk-sugar concentrations are also found in bears, 
fish, the sea otter, beaver, coypu and the lesser 
white-toothed shrew Neomys fodiens [185,209]. 
In addition to lactose, more than 100 other oligo
saccharides that are derived from lactose and 
often contain sialic acids have been isolated from 
human milk [79, 101, 150] (Fig. 13.4); similar oli
gosaccharides are also found in the milk of the 
mouse and goat [48]. The carbohydrates of mar
supial milk are very different in composition to 
those in the milk of the Placentalia. Lactose 
makes up only 3-5 % of the total carbohydrate in 
the milk of the giant kangaroo Macropus gigan
teus. In this case, the carbohydrate content of the 
milk increases in the first 6 months post partum to 
13 % and then rapidly decreases to 2-3 %. Ini
tially, a mixture of tri- and disaccharides predomi
nates and later this changes to monosaccharides, 
with galactose being more abundant than glucose 
and glucosamine. Thus, the young in the pouch 
receive mainly oligosaccharides, whereas the 
mobile young animals receive monosaccharides 
[59, 61, 183]. The carbohydrate spectrum of 
monotreme milk is different again. The echidna 
Tachyglossus aculeatus has mainly sialyl- and 
fucosyllactose. In the duck-billed platypus Orni
thorhyncus anatinus about one-half of the total 
carbohydrate is difucosyllactose, and the rest is a 
mixture of penta- and nonasaccharides with the 
composition G1clGaI1_3G1cNacl_2FuCl_3; lactose is 
completely absent [184]. 

Numerous di- and oligosaccharides have been 
detected in bee honey and in the so-called honey
dew of the aphids (Fig. 13.5). The formation of 

honeydew stems from the curious mechanism of 
nutrient uptake by the phloem sap-sucking aphids. 
These tap into the phloem of the host 
plant; because of the internal pressure of the 
phloem, sap is forced through the proboscis and 
the gut of the insect and emerges as honeydew 
from the anus. Only a small fraction of the sap car
bohydrate is absorbed by the aphid and, therefore, 
the honeydew is rich in sugars; these are exploited 
together with nectar for the production of honey 
by the honey bee. Honey is composed mainly of 
glucose and fructose arising from hydrolysis of the 
sucrose in plant sap. Several of the oligosacchari
des detected in honeydew and honey arise directly 
from the sap without alteration, e.g. sucrose, raffi
nose and melezitose; others, e.g. maltose and mal
tose oligosaccharide, isomaltose and glucosucrose, 
arise by transglycosylation through the action of 
animal carbohydrases [40, 288]. 

13.3 Metabolism of Low Molecular 
Weight Carbohydrates 

Usually the requirement of an animal for various 
sugars and sugar derivatives does not correspond 
to the availability of these sugars in the diet. 
Energy-yielding carbohydrate metabolism always 
proceeds via glucose and fructose phosphates; the 
biosynthesis of the body's own carbohydrate com
pounds and derivatives requires a range of sugars 
that are present in strict proportions. In contrast, 
the nutrition of herbivorous animals in particular 
results in the uptake of a complex, changing spect
rum of sugars. Thus, many different processes 
must take place in each animal to bring about the 
interconversion of sugars and sugar derivatives. 

Lactose 
Fucosyllactose 
Lacto-N-tetraose 
Lacto-N-neotetraose 
Lacto-N-fucopentaose 
Lacto-N-difucopentaose 
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Fuca(1-2)Gal~(1-4)Glc 

Gal~(1-3)GlcNAc~(1-3)Gal~(1-4)Glc 
Gal~(1-4)GlcNAc~(1-3)Gal~(1-4)Glc 

Fuca(1-2)Gal~(1-3)GlcNAc~(1-3)Gal~(1-4)Glc 
Fuca(1-2)Gal~(1-3)GlcNAc~(1-3)Gal~(1-4)Glc 
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LS-Tetrasaccharide a 
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NeuNAca(2-3)Gal~(1-3)GlcNAc~(1-3)Gal~(1-4)Glc 
ta2-6 
NeuNAc 

Fig.13.4. Some of the oligosaccharides found in human milk [218] 
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Fig.13.S. Di- and oligosaccharides from bee 
honey (H) and aphid honey dew (Hd) 
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Glucosucrose (H Hd) 
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Melezitose (H Hd) 

Glca(1-2)Glc 
Glca(1-3)Glc 
Glca(1-4)Glc 
Glca(1-6)Glc 
Glca(1-2)~Fru 
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Glca(1-6)Glca(1-4)Glc 
Glca(1-6)Glca(1-6)Glc 
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Glca(1-4)Glca(1-2)~Fru 
Gala(1-6)Glca(1-2)~Fru 
Glca(1-2)~Fru(6-2)~Fru 
Glca(1-2)~Fru(3-1)aGlc 

These assumptions have been confirmed by exper
iments with insects on synthetic diets; different 
sugars and sugar alcohols were found to increase 
longevity or promote growth [222]. 

13.3.1 The Main Metabolic Reactions of Sugars 

Most metabolic reactions of the carbohydrates do 
not involve free sugars but "activated sugars", 
mainly sugar phosphates and nucleoside 
diphosphate-bound sugars; sugars bound to doli
chol pyrophosphate are used in glycoprotein bio
synthesis. Sugar phosphates are formed by the 
transfer of a phosphate residue from ATP to a 
free sugar, or by transfer of a sugar residue from 
glycogen to inorganic phosphate: 

Glucose + ATP ~ glucose-6-phosphate + 
ADP (13.1) 
(hexokinase) , 
(Glycogen)n + PI ~ (glycogen)n_1 + glucose-6-
phosphate (13.2) 
(glycogen phosphorylase). 

Comparative biochemical investigations of hexo
kinases and related enzymes and of phosphoryla
ses are discussed in Chapter 14 in connection with 
glycolysis. For the formation of nucleoside 
diphosphate sugars, the uridyl residue of UTP or 
another nucleoside diphosphate sugar is transfer
red to a sugar-1-phosphate: 

UTP + glucose-1-phosphate ~ UDP-glucose + 
PPj (13.3) 
(Glucose-1-phosphate uridyltransferase), 

UDP-glucose + galactose-1-phosphate 
~glucose-1-phosphate + UDP-galactose (13.4) 
(Hexose-1-phosphate uridyltransferase). 

The tissues of vertebrates of all classes contain a 
larger or smaller variety of activated sugars 

according to their metabolic activities. For exam
ple, the oviduct of laying hens contains 14 nucleo
side diphosphate sugars, 5 of which bear one or 
two sulphate groups; comparative investigations 
reveal specific patterns of such compounds in the 
oviducts of all avian species. The production 
of UDP-glucose, UDP-galactose, UDP-N-acetyl
glucosamine and UD P-N -acetylgalactosamine 
can be demonstrated in the salivary glands of 
various dipterans by use of radioactive uridine; 
apart from these results, there is little known 
from a comparative standpoint about the synthe
sis of nucleoside diphosphate sugars. 

It can probably be assumed that reactions 
involved in the conversion of carbohydrates are, 
in principle, the same in all animals, even though 
the relevant data are rather limited. Isomerases 
catalyse the interconversion of aldoses and keto
ses, and epimerases the reversal of the steric 
organization on a C-atom, e.g.: 

Glucose-6-phosphate ~ fructose-6-
phosphate 
(Glucose-6-phosphate isomerase), 
UDP-glucose ~ UDP-galactose 
(UD P-glucose-4-epimerase). 

(13.5) 

(13.6) 

Sugar alcohols are formed by reduction of the 
corresponding aldoses or ketoses (Fig. 13.11); 6-
phospho glucuronic acid arises by the oxidation of 
glucose-6-phosphate and may be decarboxylated 
to ribulose-5-phosphate (Fig. 13.9). Where the 
half-acetale-hydroxyl of the sugar is protected, 
uronic acid may be synthesized: 

UDP-glucose + 2NAD+ + H 20 ~ UDP
glucoronic acid + 2NADH + 2H+ (13.7) 
(UDP-glucose dehydrogenase). 

Transketolases transfer C2 fragments and transal
dolases transfer C3 fragments from ketoses to 
aldoses (Fig. 13.9). The formation of glycosidic 
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bonds requires the transfer of a sugar residue 
from a donor (usually DDP, other nucleoside 
diphosphates or dolichol pyrophosphate) to an 
acceptor through the action of a specific glyco
syltransferase. Thus, numerous ~-glucosides and 
~-glucuronides can be produced from UDP
glucose and UDP-glucuronic acid; the oligosac
chari des and polysaccharides arise by a similar 
process. In the biosynthesis of trehalose, 
trehalose-6-phosphate is initially formed from 
UDP-glucose and glucose-6-phosphate, and the 
free sugar is released by the action of a specific 
phosphatase (Fig. 13.6a). The two enzymes 
involved have been purified in parallel from the 
fat bodies of several insects, and have been cha
racterized. Trehalose phosphate synthase is regul
ated allosterically, with glucose-6-phosphate act
ing as the activator and trehalose as the inhibitor 
[83]. Trehalose phosphatase will be discussed 
elsewhere (p. 667). 

The biosynthesis of the milk sugar lactose 
occurs in one step (Fig. 13.6b). Lactose synthase 
consists of two different subunits: the catalytic 
galactosyltransferase and the regulatory a
lactalbumin, which decreases the Km of the trans
ferase for glucose by several orders of magnitude 
to the millimole level, and increases the V max. The 
a-lactalbumin is a calcium-binding protein, and 
its sequence of 122-123 amino acids has been 
determined partially or completely for a series of 
higher mammals (Placentalia) and several marsu
pials; there are 35 invariant positions [95, 195]. 
This protein belongs to the same super-family as 
lysozyme (p. 503), and this relationship is clearly 

a) 

b) 

U 0 P -Glucose + Glucose-6 - P 

UDP1CD 
Trehalose-6 - P 

H20 ~® 
Pi -1 

Trehalose 

UDP-Galactose + Glucose 

UDP1~ 
Lactose 

Fig.13.6a, b. The biosynthesis of a trehalose and b lac
tose. 1, Trehalose phosphate synthase; 2, trehalose phos
phatase; 3, lactose synthase 

illustrated by the close agreement in exons/intron 
structure between the human, guinea-pig, rat and 
sheep a-lactalbumin genes and the lysozyme gene 
of the chicken [213]. In contrast to the single 
human, rat or guinea-pig gene, the ruminants 
(cattle, sheep and goat) have a whole a
lactalbumin gene family [281]. Despite its clear 
homology with the other a-Iactalbumins, that of 
the rat has some special features: it is extended by 
17 amino acids (to 140) by mutation of the C
terminal stop codon and, in contrast to almost all 
other a-Iactalbumins, it contains carbohydrate; 
three isoforms are known which differ in their 
carbohydrate content. The only other known 
carbohydrate-containing a-lactalbumin is that of 
the rabbit [165]. The mouse gene lacks the C
terminal extension. The milk glands of the Tam
mar wallaby (Macropus eugenii) contain two 
different galactosyltransferases: a ~(1-4)-trans
ferase, which corresponds to the catalytic subunit of 
the lactose synthase of other mammals, and a 
~(1-3)-transferase, which converts lactose to the oli
gosaccharide type typical of marsupial milk, 
Gal~(1-3)Gal~(I-4)Glc [186]. Comparative bio
chemical investigations of galactose metabolism 
have been carried out in particular in the gastropods, 
which synthesize galactan (galactogen) in the albu
men glands and deposit it in the eggs, where it is 
used by the growing embryo (p.488). It has been 
shown for various snail species that 14C-glucose is 
incorporated into D-galactose and galactogen and 
that 14C-galactogen is catabolized to 14C02 in the 
embryo [170]. The complete enzyme system 
required for the pathway of glucose to galactogen 
and further to glycolysis has been demonstrated in 
the albumen glands of Helix pomatia and other 
snails (Fig. 13.7); the activities of these enzymes are 
very low in other tissues. The UDP-galactose-4-
epimerase of the gastropods, like the mammalian 
enzyme, is active only in the presence of NAD+, and 
is inhibited by NADH [170]. The origin of the L
galactose found in some snail galactans is unclear. 
The sulphated polysaccharides of the ascidian tunica 
also contain L-galactose. Tracer experiments have 
shown that these arise from D-glucose by inversion 
of the configuration on C atoms 2, 3 and 5 [190]. The 
three enzymes of galactose metabolism have also 
been found in the rat tapeworm Hymenolepsis dimi
nuta, albeit with low activity. In contrast, they are 
absent from axenically grown Drosophila melano
gaster at all stages of development, with the excep
tion of very low epimerase activity in the eggs. The 
ability of Drosophila to oxidize 14C-galactose to 
14C02, shown by tracer experiments, is therefore 
somewhat puzzling. 
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Fig.n.7. Galactose metabolism. 
1, Galactokinase; 2, hexose-1-
phosphate uridilyltransferase; 
3, UDP-glucose-4-epimerase; 
4, glucose-1-phosphate
uridilyltransferase 

At the time of moulting, the arthropods show 
particularly intensive glucosamine metabolism. In 
crustaceans and insects, a large part of the old chi
tin is hydrolysed by the chitinolytic system of 
the cuticula just prior to moulting. The released N
acetylglucosamine on the one hand satisfies the 
energy requirements during this period of abstin
ence, and on the other hand contributes to the 
formation of the new shell. For the production of 
the UDP-acetylglucosamine needed as a substrate 
for chitin synthase, the free N-acetylglucosamine 
must first be deacetylated, then phosphorylated 
and finally reacetylated; this is related to the fact 
that the hexokinases can only act upon glucosa
mine and not upon N-acetylglucosamine. The de 
novo synthesis of glucosamine from glucose occurs 
via fructose-6-phosphate (Fig. 13.8). 

The enzymes involved have been found in various 
insects and crustaceans but have been only partly 
characterized [83, 253]. In the crayfish of the genus 
Orconectes, 14C-glucosamine is incorporated into 
chitin prior to moulting, but labelled glucose is not. 
It would thus appear that during the time when N
acetylglucosamine derived from the old shell is avail
able, the first step in the reaction chain, conversion 
of fructose-6-phosphate to glucosamine-6-phos
phate, is inhibited [253]. There are two possible 
enzymes for the amination step; one requires gluta
mine as a cosubstrate, and the other requires ammo
nium ions (Fig. 13.8). The enzymes have been found 
together, for example, in mammalian liver, Droso
phila virilis and Orconectes limosus; Locusta migra
toria appears to have only the glutamine-specific 
enzyme, whilst Musca domestica has only the 
ammonium-specific type [83,253]. There is some 
evidence that the glutamine-dependent transferase is 
mainly involved in the formation of glucosamine 

Fructose-6-P 

~Glutamine 
® 

Glutamic acid 

Glucosamine-6-P 

Acetyl-CoA "'1® 
COA.-'+ 

N -Acetylglucosamine-6- P 

t® 
N-Acetylglucosamine-l-P 

UTP l® 
PPi -'"~ 

UDP-Acetylglucosamine 

Chitin primer ~ ® 
UDP4 

Chitin 

Fig.n.s. Chitin biosynthesis. 1, Glucosamine phosphate 
isomerase; 2, glucosamine phosphate isomerase (gluta
mine forming); 3, glucosamine phosphate acetyltransfe
rase; 4, acetylglucosamine phosphomutase; 5, UDP
acetylglucosamine pyrophosphorylase; 6, chitin synthase 

phosphate and that the ammonium-dependent iso
merase brings about its deamination. Thus, the 
Michaelis constants for fructose-6-phosphate and 
the N-donor of the Locusta and Drosophila transfe
rases are consistently less than 1 mmolll whereas for 
the isomerases of Musca and Drosophila they are 
much higher (6-36 mmolll). However, the Michaelis 
constants of the isomerases are reduced to about 
3 mmolll by physiological concentrations of glucose-
6-phosphate. Although deamination is thermody
namically preferred in the isomerase reaction, 
amination is also possible when the glucosamine-6-
phosphate produced is removed from the equilib
rium situation by acetylation to N-acetyl
glucosamine-6-phosphate [83]. The corresponding 
acetyltransferase have been described from pigeon 
liver and from Drosophila virilis; in contrast, for the 
arthropods little is known about the subsequent two 
enzymes in the pathway leading to UDP-acetyl
glucosamine [83]. 

13.3.2 Formation of Pentoses and NADPH 
in the Pentose Phosphate Pathway 

Ribose is required in large amounts for the syn
thesis of nucleic acids and free nucleotide phos
phates. Pentoses can be produced in animals 
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either oxidatively or non-oxidatively from hexo
ses (Fig. 13.9). In the oxidative pathway, the two 
products are ribulose-5-phosphate, which can be 
isomerized to ribose-5-phosphate, and NADPH, 
which is required for many biosynthetic processes 
(e.g. production of fatty acids, cholesterol): 

Hexose phosphate + 2NADP+ 
~ CO2 + pentose phosphate 
+ 2NADPH + 2H+. (13.8) 

The complicated non-oxidative reaction (Fig. 
13.9) makes possible the conversion of pentoses 
to hexoses and vice versa according to the equilib
rium equation: 

3 Pentose phosphate 
~ 2 hexose phosphate + triose 
phosphate. (13.9) 

In organs with a particularly high NADPH 
requirement, the reactions (13.8) and (13.9) are 
linked in a cycle that produces no pentoses: 

3 Hexose phosphate + 6NADP+ 
~ 3C02 + 2 hexose phosphate 
triose phosphate + 6NADPH + 6H+. (13.10) 

After one sequence of the cycle (13.10), the C1 
atoms of the three introduced hexose phosphate 
molecules should appear as CO2 , and the other C 
atoms should be found in the order 232456, 
233456 and 456. Experimentally determined 
deviations from this distribution led in 1980 to the 
hypothesis that the cycle depicted in Fig. 13.9 
occurs only in the fat tissue (F-type); in the liver 
and other tissues a different reaction (L-type) 

Fructose-6-P Fructose-6-P Glyceraldehyde-3-
phosphate 

® 

Erythrose-4-P 

Glyceraldehyde-3- Sedoheptulose-7 - P 

ph"ph,., ~ 

Ribose-5-P Xylulose-5-P + /0 CO 2 NADPH+H+ 

~" '---- '-Ribulose-5-P .. 
Fig.13.9. Pentose phosphate pathway. 1, Glucose-6-
phosphate deyhdrogenase; 2, 6-phosphogluconate dehy-

occurs, using the same enzymes in which 
sedoheptulose-1,7-bisphosphate as well as octu
lose-8-phosphate and octulose-1,8-bisphosphate 
appear. Further investigations, however, have not 
yet confirmed the existence of different types of 
the pentose phosphate pathway [166]. 

Direct oxidation, according to Eq. (13.8), and 
glycolysis compete for glucose-6-phosphate. In an 
intact animal or isolated organ, the exact propor
tion of the total glucose turnover which involves 
direct oxidation and that which results in com
plete catabolism in glycolysis and the citric acid 
cycle can be estimated by comparing 14C02, 
formation from 1-14C-glucose and from 6_14C_ 
glucose. According to the results of such exper
iments, more than 50 % of the glucose turnover in 
organs with a high NADPH requirement, such as 
the milk glands and fat tissue in mammals or the 
fat bodies in insects, is via direct oxidation [83]. 
Organs with low activities of glucose-6-phosphate 
dehydrogenase and 6-phosphogluconate dehyd
rogenase can produce pentoses by reversal of the 
non-oxidative reaction (13.9). 

Tracer experiments with variously labelled 14C_ 
glucose and direct enzyme assays show that the 
pentose phosphate pathway is almost universal 
from the protozoans onwards, although its con
tribution to the total glucose turnover can vary 
greatly with the species and cell type. It is even 
present in parasites with predominantly anae
robic respiration. The dysentery amoeba Enta
moeba histolytica lacks both enzymes of the oxid
ative pathway and transaldolase, but has a trans
ketolase. In this case, sedoheptulose-7-phosphate 

Glucose-6-P 

6-Phosphogluconate 

drogenase; 3, ribose phosphate isomerase; 4, ribulose 
phosphate-3-epimerase; 5, transketolase; 6, transaldolase 
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is phosphorylated by a pyrophosphate-specific 
phosphofructokinase to 1,7-bisphosphate, which 
is then cleaved by an aldolase into dihydroxy
acetone phosphate and erythrose-4-phosphate 
(Fig. 13.10); all these reactions are reversible 
[261]. 

Of all the enzymes of the pentose phosphate 
pathway, only the dehydrogenases have been 
investigated comparatively. Glucose-6-phosphate 
dehydrogenase (G6PDH) has been isolated from 
mammalian organs and erythrocytes, from the 
liver of the teleost Diocentrarchus labrax, from 
the fat body of the silkworm Bombyx mori, and 
from the edible mussel Mytilus edulis [83, 180]. 
Human G6PDH exists as two variants with 515 
and 531 amino acids; these differ only in the N
terminal sequence and probably arise by alternat
ive splicing of the same transcript. An enzyme 
isolated from the rat corresponds to the shorter 
human variant [132]. The G6PDH cDNA and 
gene sequences of several Drosophila species 
have been examined. As in the mammals, the 
gene lies on the X chromosome. The enzyme of 
Drosophila melanogaster agrees in 63 % of its 523 
amino acids with the human enzyme but shows no 
similarity whatsoever in N-terminal positions 
1-42. The sequence agreement between D. mela
nogaster and D. pseudoobscura is 92 % [160]. The 
polymorphism of G6PDH has been the subject of 
intensive investigation and shows medium hetero
zygosity in invertebrates and vertebrates (see 
Table 4.9, p.134). A series of investigations of 
human erythrocytes indicated G6PDH-deficiency 
mutations in about 400 million people [282]. 
NADPH from the G6PDH reaction is used in the 
formation of reduced glutathione, which protects 

the SH- groups of erythrocyte enzymes and hae
moglobin from oxidation; mutations of the G6pd 
locus therefore often result in severe pathological 
symptoms. However, people with deficiency 
mutations of the G6pd gene show enhanced 
resistance to malaria. This is true for (heterozyg
ous) females but not for males, who are always 
homozygous. Passage of the malarial agent Plas
modium falciparum through G6PDH-deficient 
erythrocytes results in the induction of an enzyme 
which compensates for the deficiency of the host 
cells. In males, in which all erythrocytes are 
defective, this induction is completely effective. 
In heterozygous females, where the defective X 
chromosome is active in only 50 % of the red 
blood cells, merozoites from normal erythrocytes 
have only a 50 % chance of reinfecting a normal 
cell; this leads to enhanced resistance [275]. Par
ticularly high levels of G6PDH are found in cold
resistant insects, where they produce the reduc
tion equivalents needed in the synthesis of the 
polyol cryoprotectants [257]. The enzyme from 
Mytilus edulis, like that of the rat, is inhibited by 
NADPH; this inhibition is relieved by oxidized 
glutathione. The G6PDH activity of the brine 
shrimp Artemia salina is the same with either 
NAD+ or NADP+ and both activities are 
increased by Mgz+. This is in marked contrast to 
the situation in the milk gland, where the ratio of 
NAD+ - to NADP+ -dependent activity is always 
less than 1 and is further reduced in the presence 
of Mgz+. 

The G6PDH specific for glucose-6-phosphate 
and NADP+ is apparently Ubiquitous. However, a 
further dehydrogenase found in some animal 
groups has a broader substrate and coenzyme 
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Dihydro><y,,",oo.- P ~ E"th,.,,.. -P Xy'o'", - 5 -P 

Fig.n.IO. The interconversion of hexoses and 
pentoses by Entamoeba histolytica [261]. 1, 
Transketolase; 2, aldolase; 3, phosphofructoki
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specificity and, in addition to glucose-6-phos
phate and galactose-6-phosphate, can oxidize 
deoxyglucose-6-phosphate and glucose with 
NAD+ or NADP+. The enzyme is designated 
hexose-6-phosphate dehydrogenase by some 
authors, but it is apparently identical to the glu
cose dehydrogenase (GDH) discovered in mam
mals in 1931. This enzyme has so far been found 
only in vertebrates (mammals and teleosts) and 
echinoderms. Of seven teleost species examined, 
six possessed several GDHs in addition to 
G6PDH; G6PDH was missing in Bathygobius 
fuscus [148]. Whereas the enzyme is present in all 
organs in the mammals, it is restricted to the liver 
of the teleosts. Its function here may be to pro
vide NADPH for the mixed-function oxidases 
[24]. A unique reaction mechanism has been 
described for the GDH from the teleost Fundulus 
heteroclitus: in contrast to all other dehydrogena
ses, the glucose-6-phosphate here is bound before 
the coenzyme [229]. 

G6PDH and GDH are in many respects very 
different. In mammals, G6PDH is encoded in a 
gene on the X chromosome, whereas the GDH 
gene is autosomal. The G6PDH enzyme is local
ized in the cytoplasm and the vertebrate GDH is 
membrane bound (microsomes). All G6PDH 
enzymes from vertebrates and invertebrates are 
activated by Mg2+ and inhibited by the SH 
reagent p-chlormercuribenzoate (PCMB); the 
GDH of the starfish Asterias amurensis, in con
trast, is inhibited by Mg2+ and not affected by 
PCMB. The liver GDHs from the rat and the 
common carp are dimers with subunits of 
96-99 kDa, whilst the G6PDHs from mammalian 
and fish liver are dimers and tetramers, respec
tively, of 55-kDa subunits. Despite these differ
ences, G6PDH and GDH appear to be homolog
ous: the two enzymes in the starfish Asterias amu
rensis and those in the sea urchin Strongylocent
rotus show clear relationships in immunoelectro
phoresis. Although there is no discernible immu
nological relationship between the enzymes in 
mammals, a relationship does emerge when the 
amino acid sequences of the G6PDHs from rat 
and carp liver and Strongylocentrotus ovary are 
compared with the two liver GDHs [178]. The 
oxidation of non-phosphorylated glucose to glu
conolactone or gluconic acid can, in principle, be 
catalysed by three different enzymes: the hydro
gen peroxide-producing glucose oxidase (EC 
1.1.3.4), glucose dehydrogenase (EC 1.1.1.47) and 
the FAD-glucose dehydrogenase (EC 1.1.99.10). 
Glucose oxidase has long been known as a com
ponent of bee honey. In Drosophila melanogaster, 

an enzyme present in pupae of both sexes and in 
the seminal vesicles of adult males is not glucose 
oxidase, as was previously assumed, but FAD
glucose dehydrogenase, which was not known 
previously from animals [45]. Two sugar dehydro
genases have been isolated from the hepatopanc
reas of the xiphosuran Limulus polyphemus; one 
reduces especially D-xylose with NADP+ and the 
other reduces L-galactose and L-fucose with 
NAD+ or NADP+; both enzymes are found at 
low activity in muscle [96]. 

6-Phosphogluconate dehydrogenases (6PGD H) 
have been isolated from various organs and the 
erythrocytes of mammals, from Drosophila mela
nogaster, and from Mytilus edulis [175]. These 
enzymes all appear to be dimers of 100-105 kDa; 
the Drosophila isoenzyme A consists of two differ
ent subunits of 53 and 55 kDa [83]. Similarly, at 
least two different isoenzymes with somewhat dif
ferent properties are found in Musca domestica. 
The many investigations of 6PGDH show a much 
lower level of polymorphism than that shown by 
G6PDH (see Table 4.9, p. 134). 

13.3.3 Biosynthesis of Fructose, Sugar 
Alcohols and Glycerol 

Fructose, which is found in mammals in the semi
nal fluid and in ungulates also in foetal blood at 
high concentrations, arises in two steps from glu
cose via sorbitol as the intermediate (Fig. 13.11). 
Glucose is reduced by the NADP-specific aldose 
reductase to sorbitol, which is reoxidized to fruc
tose by the action of NAD-specific sorbitol 
dehydrogenase. High activities of aldose reduc
tase are found in the seminal vesicles and the 
ungulate placenta, and also in the eye lens. The 
enzymes from the lens and placenta consist of 315 
amino acids and are N-terminally acetylated. 
They belong, together with the aldehyde reduc
tase of the liver and placenta, the prostaglandin 
F-synthase of the lung and the rho-crystallin of 
the frog eye lens, to a family of monomeric, 
NADPH-dependent oxidoreductases with a 

Fig.13.ll. The sorbitol pathway 
of fructose synthesis. 1, Aldose 
reductase; 2, sorbitol dehydroge
nase 

Glucose 

NAOPH+H+ l 
NAOP+--~ CD 

Sorbitol 

NAO+ 1 
NAOH+H+.® 

Fructose 



13.3.3 Biosynthesis of Fructose, Sugar Alcohols and Glycerol 475 

broad substrate specificity for carbonyl com
pounds [99, 237]. Sorbitol dehydrogenase (SDH) 
is found in the same organs as aldose reductase, 
although in fact the highest activities are found in 
the liver, in which there is no aldose reductase 
activity. Here again, the enzymes of many mam
malian species have very similar properties: they 
contain Zn2+, are strongly NAD specific, but can 
produce ketoses from a range of different sugar 
alcohols of five to seven C atoms. The native 
enzymes are homotetramers of about 140 kDa; 
the subunits from human liver and those from 
many other mammals show up to 25 % sequence 
agreement with the alcohol dehydrogenases 
(AD H) [146]. Comparison of the SDH sequence 
with the three-dimensional model of horse-liver 
ADH explains why the SDH is inactive against 
ethanol and the ADH is inactive against sorbitol: 
the zinc ligand in the SDH is a glutamate but in 
the ADH it is a cysteine [75]. Erythrocytes also 
contain SDH and human erythrocytes can there
fore convert 3 % of the glucose taken up into sor
bitol. The SDH activity of the blood cells varies in 
all vertebrate classes between 0.01 and 0.17 U/g 
haemoglobin [17]. 

NADP- and NAD-specific "sorbitol dehydro
genases" are also found in various insect but none 
has yet been isolated. Sorbitol is important 
mainly as a cryoprotectant in the insects, e.g. dur
ing diapause. From the fluctuations in activity of 
the two enzymes in Bombyx mori, it may be con
cluded that the sorbitol required at the beginning 
of diapause is synthesized from glucose or glyco
gen by the NADPH-specific aldose reductase, 
and that the NAD-specific sorbitol dehydroge
nase is responsible for the opposite reaction, the 
resynthesis of glycogen at the conclusion of dia
pause. In fact, the NADPH-dependent activity is 
more-or-less constant at 2-3 mU/mg protein, and 
the enzyme activities of the NADPH-yielding 
pentose phosphate cycle increase considerably at 
the start of diapause. The NAD-specific sorbitol 
dehydrogenase is almost undetectable in dia
pause eggs but increases at the completion of dia
pause to values of over 6 mU/mg protein [83]. 
The sugar molecule mannitol, which as a storage 
product of fungi, algae and higher plants can 
reach concentrations of up to 10 % of the dry 
weight, is exploited by herbivorous animals, as 
shown for example by nutritional experiments 
with locusts. Initially, the NAD-specific sorbitol 
dehydrogenase was thought to be responsible. 
However, an alternative route is apparently taken 
in the pulmonate snail Helix aspersa. Here, the 
hepatopancreas and the gut wall contain an 

NAD(P)-dependent, H20z-producing mannitol 
oxidase at high activities; this appears to be local
ized in the endoplasmic reticulum and not, as first 
assumed, in the mitochondria or peroxisomes 
[173]. 

The dihydroxyacetone phosphate produced 
during glycolysis can be reduced to sn-glycerol-3-
phosphate by the cytoplasmic NAD-specific 
glycerol-3-phosphate dehydrogenase (a-glycero
phosphate dehydrogenase, GPDH). Hydrolytic 
cleavage of the phosphate residue leads to glyce
rol. As a product of anaerobic energy-yielding 
metabolism, glycerol is not important for the 
Metazoa as its formation is energetically ineffi
cient. Glycerol phosphate, however, is of great 
importance to all animals as the starting point for 
the synthesis of glycerol lipids. In particular, in 
insect flight muscles it is exploited as a transport 
vehicle for reducing equivalents across the mito
chondrial membrane (glycerol phosphate shut
tle). In this process, the glycerol phosphate pro
duced in the cytoplasm is reoxidized to dihy
droxyacetone phosphate by glycerol-3-phos
phate: coenzyme Q-oxidoreductase (glycerol 
phosphate oxidase), located on the outer surface 
of the inner mitochondrial membrane, and the 
electrons are passed on to the respiratory chain. 
Free glycerol serves as a cryoprotectant in some 
insects and anurans (p. 466). Exogenous glycerol 
can be phosphorylated by the mitochondrial gly
cerol kinase in mammals, bacteria and some 
insects [220]. 

Comparative biochemical data are available 
only for the GPDH of higher vertebrates and 
insects. The rabbit enzyme agrees in more than 
90 % of its 348 amino acids with the mouse 
enzyme, and in almost 89 % of positions with that 
of the chicken. This gives a relatively low sub
stitution rate of 0.19 . 10-9 per nucleotide per 
year, similar to the rate for cytochrome c 
[14, 125]. Isoenzymes of GPDH have been found 
in all eukaryotes examined in detail. The mouse 
has two GPDH genes, of which the gdc-110cus on 
chromosome 15 is expressed only in the adult ani
mal, and locus gdc-2 on chromosome 9 only in the 
embryo. The genes consist of eight exons, whe
reby intron 2 lies on the border between the 
adenine- and nicotinamide-binding domains and 
intron 3 is on the border between the NAD
binding and catalytic domains. There would also 
appear to be two GPDH loci in man, the rat, rab
bit and chicken [125]. 

Drosophila has only one GPDH gene with 
eight exons, from which three tissue- and stage
specific isoenzymes are produced by alternative 
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splicing. GPDH-l is mainly found in adult flight 
muscle, where it is involved in the glycerol 
phosphate shuttle. GPDH-deficient mutants can
not fly. GPDH-2 and -3 are located in adults in 
the abdomen, where GPDH-3 in particular pro
duces the starting material for the synthesis of 
phospholipids. GPDH-3 is encoded by exons 1-6 
and has a length of 349 amino acids, GPDH-l has 
3 additional amino acids encoded by exon 8, and 
GPDH-2 has 10 more amino acids which are 
encoded by exon 7. The GPDH-3 of Drosophila 
melanogaster agrees with that of D. virilis at 98 % 
of positions and with the mammalian enzyme at 
65-67 % of positions [27, 141]. Duplications and 
triplications of the GPDH locus have been disco
vered in Japanese populations of D. melanogaster 
[262]. Otherwise, the GPDH of the Drosophila 
genus shows unusually little polymorphism. Alle
loenzymes of GPDH have been found in only 
three out of 175 Drosophila species examined, 
and in no case were differences in the in vitro 
catalytic properties or temperature sensitivity 
apparent [27]. 

13.3.4 Ethanol Metabolism 

Three enzymes or enzyme systems may be 
involved in the oxidation of ethanol to acetalde
hyde in animals: NAD-specific alcohol dehydro
genase, catalase, and the microsomal ethanol
oxidizing system. An NADP-dependent alcohol 
dehydrogenase like that of bacteria has been 
found in the animal kingdom only in the 
dysentery amoeba Entamoeba histolytica [171]. 
Despite the extensive similarity of their catalytic 
properties, the ADHs belong to two different 
protein families. The "short" ADHs have only 
about 250 amino acids and no zinc; these include 
the Drosophila ADH, which is significantly 
homologous to the protein P6 from the fat body, 
the 17~-hydroxysteroid dehydrogenase from 
human placenta, and the protein act III from the 
fungus Streptomyces coelicolor [12, 221]. The 
"long" ADHs have chains of about 350 amino 
acids and two zinc atoms; representatives of this 
family are known from such widely different 
organisms as mammals, maize and baker's yeast. 
Related to the long ADHs are the sorbitol dehyd
rogenases, threonine dehydrogenases and ~
crystallin [140]. 

The alcohol dehydrogenase of the vertebrates 
is a cytoplasmic enzyme with the highest activity 
always in the liver and much lower activities in 
the kidney, heart, lung and gut. ADH molecules 

are homodimers of 40-kDa subunits, each chain 
of which carries two zinc atoms bound to cyste
ine; at least one of these zincs is involved catalyt
ically in the reaction. ADH is NAD specific and 
catalyses the reversible conversion of numerous 
substances with primary or secondary hydroxyl 
groups to the corresponding aldehyde or ketone. 
The activity ratio NAD+: NADP+ of liver ADH 
in the horse has a value of 86.4, in the rat it is 
17.5, and in an unidentified trout species it is 5.4 
[271]. Isoenzymes with varying catalytic proper
ties encoded at multiple loci have been found in 
all mammals examined, including humans. The 
numerous isoenzymes of human liver can be 
divided into three classes (I-III) [76, 245]. 
Whereas ADH-I and ADH-II are restricted to 
the liver, lung, kidney and alimentary canal, 
ADH-III is found in nearly all cells. The three 
ADH classes differ considerably in the structure 
of their catalytic centre, substrate specificity, 
affinity and inhibitor reactions. In the 11 amino 
acids of the substrate-binding pocket there are 
eight differences between I and II and ten differ
ences between I and III [76]. Methanol is only 
oxidized by I, and the affinity for ethanol decrea
ses markedly in the order I > II > III. The class
II and -III enzymes are particularly active with 
long-chain substrates. ADH-I is more strongly 
inhibited than ADH-II by 4-methylpyrazole 
whereas ADH-III is almost completely insensit
ive to this inhibitor [82]. Class I, which is by far 
the best investigated, includes homo- and hetero
dimers made up of the subunits a, ~ and y; these 
are encoded by the three loci ADHb ADH2 and 
ADH3, which show about 95 % sequence agree
ment in pairwise comparisons. Adult liver con
tains all three types of subunit, whereas the lung 
contains only ~, and kidney and gut contain 
mainly y. Embryonal liver expresses only a, and 
~ appears after the 3rd month; y appears only 
after birth. 

Allelic variants exist for ADHz (~b ~z and ~
Indianapolis) and ADH3 (Yb yz). ~1 and ~z differ 
at only one position, and Y1 and Yz differ at two 
positions. The amino acid substitution 47-Arg to 
His between ~1 and ~z is especially interesting 
[177]. Caucasians have predominantly ~b whilst 
Asians have ~2' As the specific activity of the ~2 
homodimer is considerably higher than that of ~b 
the toxic acetaldehyde accumulates more easily in 
the liver of many Asians, leading to a higher sen
sitivity to alcohol [82]. Class-IIADH enzymes are 
homodimers of Jt chains encoded by the ADH4 
locus, and class III consist of X subunits encoded 
in the ADHs locus. The subunits of classes I, II 



and III differ by 35-40 % in their amino acid 
sequences. 

The structural and functional variety in the 
protein family of the alcohol dehydrogenases may 
be explained by three successive gene duplica
tions. The first duplication separated the sorbitol 
and alcohol dehydrogenases; the ADH classes 
arose in the second phase, and the third phase 
saw the appearance of the isoenzymes of class I 
[135] . 

Comparison of the human and baboon ~ 
sequences suggests that the a/~y gene duplication 
occurred about 60 million years ago, at approxim
ately the same time as the appearance of the first 
primates [270]. The rabbit ADH I also has a com
plicated pattern of homo- and heterodimers of 
three different subunits [174]. The tissues of the 
rat contain three ADH isoenzymes, ADH-l, -2 
and -3, which are comparable with the human 
ADH II, III and I in their substrate specificities 
and pyrazole sensitivities. ADH-l predominates 
in the eye, stomach and lungs; ADH-2 is present 
in all organs, and ADH-3 is found mainly in the 
liver [139]. Despite its functional similarity with 
ADH II, the ADH of rat stomach is so different in 
its sequence to all other rat ADHs (32-40 %) that 
it may be considered to represent a new class, IV, 
of mammalian ADHs. In this case, the number of 
gene duplications that occurred is larger than was 
previously assumed [204]. In the mouse, there are 
three ADH isoenzymes, A2, B2 and C2, encoded 
in the genes adh-l to -3 on chromosome 3; allelic 
variants of adh-l and -3 are found. The individual 
isoenzymes are structurally and functionally very 
different. A has a molecular mass of 43 kDa, B 
39 kDa, and C 47 kDa. A and C contain two cata
lytic zinc atoms, but B has only one non-catalytic 
zinc. A2, which is present in particular in the liver, 
kidney and gut, is the only one that can convert 
ethanol under physiological conditions; the C2 
from the stomach wall and lungs and the similarly 
distributed B2 have a very low affinity for ethanol. 
The complete gene sequence of the A subunit is 
known; the amino acid sequences of mouse A and 
horse E differ at 58 (15.5 %) out of 374 positions 
[74]. There are three dimeric ADH isoenzymes in 
the horse, and these are made up of the subunits 
E (ethanol active) and S (steroid and ethanol act
ive). The complete sequence is known for both 
isoenzymes. It may be concluded from compari
sons of the horse E/S and human ~hl sequence 
that the two duplications occurred independently 
[205]. The liver ADHs of various avian species 
and the frog Rana perezi are more similar to mam
malian ADH I than to ADH II or III [46, 140]. 
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Almost the only invertebrate ADH investig
ated in any detail is that of Drosophila; among 
the many hundreds of publications, the majority 
deal with the particularly marked enzyme poly
morphism, and leave open several important bio
chemical questions. Although there are always 
many ADH bands visible in electropherograms, 
there is only one ADH locus in Drosophila mela
nogaster, as in most Drosophila species. How
ever, at least eight allelic variants of ADH have 
been described, of which the alleloenzymes F 
(fast) and S (slow) are present in all natural 
popUlations. This polymorphism is superimposed 
upon variability arising from post-translational 
modifications, which give three to five electro
phoretic sub-bands for each of the alleloenzymes 
(p.145). 

The Drosophila ADH is very similar to the 
yeast and mammalian enzymes in functional 
properties but is structurally very different. The 
subunits have only 254 amino acids (27.4 kDa) 
compared with 347 (35.3 kDa) in yeast and 374 
(39.8 kDa) in horse liver. The fly enzyme has no 
zinc and the amino acid sequence shows no 
homology to the sequences of the yeast and horse 
enzymes. Whereas the yeast and mammalian 
enzymes are clearly related to each other and to 
mammalian sorbitol dehydrogenase, the Droso
phila enzyme belongs to a completely different 
protein super-family. The individual regions ofthe 
ADH gene show large differences in their rate of 
evolution due to varying restrictions to evolution
ary change. This is already clear from compari
sons of the allelic variants ADH-F and -S in Dro
sophila melanogaster (see Fig. 4.6b, p. 138), but is 
seen even better in comparisons of the ADH 
sequences of D. melanogaster with those of 
the closely related species D. mauritana and 
D. orena. Amino acid substitutions at only 72 out 
of 254 positions have so far been described in 
Drosophila ADH [280]. The ADH genes of 
almost all Drosophila species have two promoters 
which are active at different times in develop
ment. The gene transcripts encode the same 
amino acid sequence but differ in their 5' non
translated (NT) regions. In D. melanogaster and 
D. ajfinis, the proximal promotor is used in the 
larvae and the distal promoter is used in the adult 
animal; in D. formella, the larval situation is also 
found in the imago [231, 232]. A 34-kDa protein 
that has been isolated activates the Adh distal 
promoter of D. melanogaster; it is known as the 
Adh distal factor 1 (adf-l), and also binds to the 
promoters of other genes [78]. The ADH gene of 
D.lebanonensis contains three TATA boxes [138]. 
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As the result of a gene duplication, D. mulleri, 
D. mojavensis and other species of the D. mulleri 
subgroup have two loci, Adh-1 and -2, each with 
only one promoter. The polypeptides encoded by 
these genes form two homodimers and one hete
rodimer, which differ only slightly in their activ
ities. Adh-1 is expressed only in the larvae of 
most of these species, but in D. mojavensis and its 
sibling species D. arizonensis it is also expressed 
in the ovary of adult females; adh-2 is expressed 
from larval stage 3 onwards [18, 286]. 

The ADHs of all Drosophila species are very 
similar to the mammalian enzyme in their cata
lytic properties; they are strictly NAD specific 
and have a broad substrate specificity, which 
includes not only primary and secondary alcohols 
but also, for example, terpenes. Secondary alco
hols are metabolized faster than primary alco
hols, and amongst the primary alcohols, short
chain forms up to butanol are metabolized more 
rapidly than longer-chain forms [290, 297]. The 
ADH of D. melanogaster, in contrast to the 
enzyme of the sibling species D. simulans, is able 
to oxidize acetaldehyde [191]. The alleloenzymes 
Sand F of D. melanogaster show no significant 
differences in specific activity, substrate specific
ity or affinity; however, the SS homodimer is sig
nificantly more heat stable than the FF dimer 
(p. 145). The ADH activities in the genus Droso
phila differ widely with the species, the organ and 
the developmental stage. Drosophila species that 
seek out fermenting fruits have relatively high 
ADH levels; acetaldehyde is either used as a sub
strate in metabolism or is tolerated. In contrast, 
species from rainforests and those that prefer 
Hibiscus or feed on fungi have lower ADH activ
ities; in these cases, acetaldehyde is not further 
metabolized and is poorly tolerated. Compared 
with other Drosophila species, D. melanogaster is 
particularly ethanol tolerant and can make use of 
low concentrations of ethanol, n-propanol or n
butanol as the carbon source; ethanol is found in 
the habitats of these species and is chemoattract
ive to larvae and adults. The ADH in D. melano
gaster is inducible by ethanol; the responsible 
DNA region lies upstream of the distal promoter 
between positions +604 and +634 [143]. Adults 
of D. melanogaster that are homozygous for the S 
allele have twice as much ADH activity and 
immunologically detectable ADH protein as the 
sibling species D. simulans, although the mRNA 
concentrations are similar. Thus, the differences 
in protein concentration involve differences in the 
rate of translation or protein stability. Gene trans
fer experiments have shown that the expression 

of the genes of the two species is very much 
dependent upon the genetic background, and is 
always greater in D. melanogaster than in D. si
mulans [168]. The ADH activity in D. melanogas
ter peaks in the third larval stage, and again in 
freshly hatched adults; these maxima correspond 
to variations in two mRNAs transcribed from the 
same gene. The fat body, gut, Malpighian tubules 
and male genital tract have the highest activities 
in Drosophila, and the ADH organ distribution is 
similar in other insects, e.g. in the house cricket 
Acheta domestica. 

The acetaldehyde produced in the ADH reac
tion is much more toxic than ethanol itself and 
must be rapidly metabolized further. Four enzy
mes are involved in the metabolism of acetalde
hyde: ADH itself, which can only oxidize acetal
dehyde in some Drosophila species; the NAD
specific aldehyde dehydrogenase (EC 1.2.1.3); 
the flavin enzyme aldehyde oxidase (EC 1.2.3.1); 
and catalase. The NAD-dependent aldehyde 
dehydrogenases (ALDH) playa key role in etha
nol metabolism in the mammals. In all mammals 
they are organized into organ-specific systems of 
isoenzymes. These isoenzymes may be localized 
in the cytosol or in the mitochondria and may 
have different substrate specificities, but they are 
always homotetramers with subunits of about 500 
amino acids. Not all ALDH isoenzymes have 
been structurally or functionally characterized, 
even in the case of human ALDH. ALDHl (cyto
solic) and ALDHz (mitochondrial) of the liver 
and y-aminobutyrate dehydrogenase (y-ABDH) 
have high affinities for acetaldehyde; the ALDH3 
of the stomach and lung, which preferentially 
uses benzaldehyde as a substrate, and ALDH4, 

which is a glutamic y-semialdehyde dehydroge
nase, have a much lower affinity for acetaldehyde 
[122]. Comparisons of the sequences of ALDHs 
from the same cell compartment of different 
mammalian species in each case show about 95 % 
agreement, but exhibit only about 67 % agree
ment between cytoplasmic and mitochondrial 
enzymes of the same species [103]. After some 
initial difficulties, ALDH has also been detected 
in Drosophila melanogaster. However, 75-90 % 
of the acetaldehyde in tracer experiments is oxid
ized to acetic acid by alcohol dehydrogenase 
[108]. Nevertheless, it is clear that ALDH, like 
ADH, has a much higher activity in D. melano
gaster than in the less ethanol-resistant sibling 
species D. simulans. The aldehyde oxidase of 
D. melanogaster has such a low activity for acetal
dehyde (Km of about 10 mmol/l) that it must be 
relatively unimportant for ethanol metabolism 



[90]. Inhibition experiments with 3-amino-l,2,4-
triazol indicate that the catalase of D. melanogas
ter is only marginally involved in ethanol meta
bolism but is important for the catabolism of 
methanol [277]. 

13.3.5 Biosynthesis of Ascorbic Acid 

Ascorbic acid is a substrate involved in redox 
reactions such as the hydroxylation of proline in 
collagen synthesis or the formation of noradrena
lin from dopamine by dopamine-~-monooxy
genase. It is present in plant foodstuffs but can 
also be synthesized de novo in many vertebrates. 
Biosynthesis occurs via glucoronic acid to L

gulonolactone, which is oxidized to ascorbic acid 
by gulonolactone oxidase (Fig. 13.12). Gulonolac
tone oxidase has been isolated from rat and goat 
liver and from chicken kidney, and is a microso
mal enzyme bearing covalently bound 8a(N1-

histidyl)flavin as a prosthetic group. The rat 
enzyme has been sequenced via the cDNA; the 
polypeptide chain consists of 440 amino acids, 
corresponding to a molecular mass of 50.6 kDa, 
and shows no significant homology to other flavin 
enzymes [157]. 

Two methods may be used to determine 
the capacity for ascorbic acid synthesis. The 
demonstration of the production of ascorbic acid 
from glucuronic acid includes all three enzymes of 
the biosynthetic pathway, but is relatively insen
sitive when non-radioactive substrates are used. 
The much more sensitive direct determination of 
gulonolactone oxidase is a reliable indication of 
the functioning of the whole pathway. The kidney 
and liver of the carp Cyprinus carpio have no 
detectable gulonolactone oxidase [62]; in various 
salmonids (e.g. trout and salmon) and ictalurids, 
and probably all other teleosts, the ability to syn
thesize ascorbic acid is insufficient or totally 
absent. Hence, in the latter cases, ascorbic acid is 
an essential nutrient. In the lungfish (Dipnoi), 
amphibians, reptiles, birds and egg-laying mam
mals (Monotremata), ascorbic acid production 
takes place in the kidney, and in the marsupials 
and higher mammals (Placentalia) it occurs in the 
liver. In some avian species and marsupials (Per
ameles, Isoodon) , synthesis takes place in both 
organs [29, 73]. Gulonolactone oxidase is expres
sed in various tissues of chicken embryos but dis
appears from all but the kidney. 

Some birds and mammals are unable to synthe
size ascorbic acid, e.g. humans and probably all 
other primates, the guinea-pig, marmot, flying 
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Glucuronic acid 

L-Gulonic acid 

L-Gulonic acid lactone 

Ascorbic acid 

Fig.13.12. The biosynthesis of ascorbic acid. 1, Glucuron
ate reductase; 2, aldonolactonase; 3, gulonolactone oxi
dase 

fox Pteropus and the sparrow Pycnonotus (bul
bul). Ascorbic acid (vitamin C) is an essential 
nutrient for these species, and a shortage results 
in deficiency symptoms (scurvy). As far as is 
known, the absence of biosynthesis lies in all 
cases in a deficiency of gulonolactone oxidase. 
Implantation into guinea-pigs of a dialysis sack 
containing this enzyme from rat liver or chicken 
kidney alleviates the deficiency symptoms caused 
by an ascorbic acid-free diet. The incidence of this 
metabolic "defect" in the evolution of these ani
mals might be explained by the fact that their diet 
was at some stage so rich in ascorbic acid that the 
gulonolactone oxidase gene was no longer stabil
ized by selective pressure. Rat mutants have been 
reported which have no active gulonolactone oxi
dase and, conversely, three out of several thou
sand guinea-pigs were found to show no scurvy 
symptoms after an 8-month ascorbic acid-free 
diet [157]. 

The situation in the invertebrates is not at all 
clear. Ascorbic acid is essential for several phyto
phagous insects; in these cases, it is also involved 
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in the regulation of melanization and sclerotiza
tion of the cuticala. In crustaceans of the genus 
Penaeus, an ascorbic acid deficiency results in a 
lethal condition knows as "black death". The bio
synthesis of ascorbic acid has been claimed to 
occur in, for example, various cockroach species 
but has never been unambiguously demonst
rated. In contrast to those fed on a normal diet, 
caterpillars of the lepidopteran Manduca sexta 
fed on an ascorbic acid-free diet have no tissue 
ascorbic acid; gulonolactone oxidase is as unde
tectable in this species as it is in Plodia interpunc
tella or Periplaneta americanus. Searches for this 
enzyme were also unsuccessful in annelids, crus
taceans, spiders, chilopods and pulmonate snails. 
The only reliable report of gulonolactone oxidase 
in an invertebrate is that from Limulus polyphe
mus. The heart and several other organs of this 
species showed specific activities of up to 5 mU/g, 
relatively low compared with the values for rat 
liver (195 mU/g) and chicken kidney (570 mU/g) 
[285]. 

13.4 Polysaccharides and Proteoglycans 

Polysaccharides in living cells are always more-or
less tightly bound to proteins. The so-called 
protein-free sugar polymers are really artefacts, 
resulting in part from the use of drastic isolation 
procedures. This is also true for storage polysac
charides such as glycogen, which in the cell is very 
closely associated with the enzymes responsible 
for its synthesis and catabolism. It is especially 
true for the structural polysaccharides such as cel
lulose, chitin or the glycosaminoglycans. Coval
ent bonding of carbohydrates and proteins 
occurs, for example, by N-glycosidic binding to 
asparagine, or O-glycosidic binding to serine, 
theronine, hydroxylysine or other hydroyamino 
acids. However, structural details are known 
almost only for the proteoglycans and glycoprote
ins of the mammals. 

Two types of carbohydrate-protein complexes 
can be clearly distinguished in the vertebrates. In 
the proteoglycans, the carbohydrate is the domi
nant component responsible for the properties of 
the complex. These are always linear glycosami
noglycans built up repetitively of disaccharide 
subunits. They all contain hexosamine and, 
except for keratosulphate, also uronic acids. With 
the exception of hyaluronic acid, they are all 
sulphated, and the sulphation gives the polysac
charides their polyanionic character. Less is 

known about the protein component. The large 
proteoglycan aggregate from rat cartilage is the 
only proteoglycan for which the complete amino 
acid sequence is known. In contrast to proteogly
cans, the properties of the glycoproteins are 
determined by the protein component. In this 
case, the protein carries one or more oligosaccha
rides which may be identical or variable. The car
bohydrate chains consist of up to 20 sugar resi
dues and are often branched. They all contain 
glucosamine or galactosamine residues, the 
majority of which are acetylated, as well as man
nose, galactose and fucose, but seldom glucose. 
Up to seven different sugars may be found in one 
carbohydrate chain. There is often a terminal 
sialic acid which gives the molecule its negative 
charge; sulphate residues are rare and there are 
no uronic acids [214]. 

The distinction between proteoglycans and gly
coproteins is not so clear in the invertebrates. 
Sialic acid is not present in the glycoproteins of 
many invertebrate groups, but uronic acids are 
sometimes found. The proteoglycans are much 
more variable than the glycosaminoglycans of the 
vertebrates; their polysaccharide components are 
often made up only of sulphated or phosphoryl
ated neutral sugars and lack hexosamines and 
uronic acids. In this case, as for other classes of 
substances in the organism, there is a clear ten
dency in the vertebrates towards specialization 
and simplification [123]. 

13.4.1 Glycosaminoglycans 

The glycosaminoglycans or mucopolysaccharides 
are typical components of intercellular matrices. 
More recently, they have been recognized as com
ponents of the cell surface, where they probably 
play a role in cell-cell and cell-substrate interac
tions [115]. Several basic types are recognizable in 
the vertebrates (Fig. 13.13). The glycosaminogly
cans are typically very variable in chain length, 
the number and position of the sulphate groups 
and, in derivatives of chondroitin and heparin, 
also in the ratio of glucuronic to iduronic acids; 
thus, the fractions isolated from tissues are also 
very heterogeneous. The relative proportions of 
individual glycosaminoglycans are species specific 
and dependent upon the developmental stage 
(Table 13.3); this is true for all classes of verteb
rates [97]. 

The protozoans apparently have no glycosami
noglycans. In contrast, all examined metazoans 
have been found to have one or more mucopoly-
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a) Chondroitin sulphate 
~(1-4)GlcUA~(1-3)GalNAc~(1-4)G1cUA~(1-3)Gal~(1-3)Ga1~(1-4)xy1~Ser 

4-ord 6-Sf 
"Dermatan sulphate' 
~(1-4)IdUAa(1-3)GalNAc~(1-4)GlcUA~(1-3)Gal~(1-3)Gal~(1-4)Xyl~Ser 

2-Sf 4-Sf 
Heparin 
a(1-4)IdUAa(1-4)GlcNSfa(1-4)GlcUA~(1-3)Ga1~(1-3)Gal~(1-4)Xyl~Ser 

2-Sf 6-Sf 
Heparan sUlphate 
a(1-4)GlcUA~(1-4)GlcNAca(1-4)GlcUA~(1-3)Gal~(1-3)Gal~(1-4)Xyl~Ser 

6-Sf 
Keratan sulphate I 
~(1-4)GlcNAc~(1-3)Gal~(1-4)GlcNAc~(1-3)Gal(GalNAc,Man)GlCNAc~Asn 

6-Sf 6-Sf 
Keratan sulphate II 
~(1-4)GlcNAc~(1-3)Gal~(1-4)GlcNAc~(1-3)Gal(1-6)GalNAcaThr(Ser) 

6-Sf 6-Sf Gal-NANA 
Hyaluronic acid 
~(1-4)GlcUA~(1-3)GlcNAc~(1-4)GlcUA~(1-3)GlcNAc~(1-4) ... 

b) Elasmobranchei 

Myxine 

xiphosura 

Cephalopoda 

~(1-4)GlcUA~(1-3)GalNAc~(1-4) ... 
2-or 3-Sf 6-Sf 

~ (1-4) GlcUA~ (1-3) GalNAc~ (1-4) ... 
2-or 3-Sf 4,6-BisSf 

~(1-4)GlcUA~(l-3)GalNAc~(1-4) ... 
2-or 3-Sf 4-Sf 

~(1-4)GlcUA~(1-3)GalNAc~(1-4)GlcUA~(1-3)GalNAc~(1-4) ... 
4,6-BisSf 6-Glc 

Fig. 13.13a, b. The structure of the repetitive disaccharide 
subunits and the protein bonds of glycosaminoglycans. a 
Typical glycosaminoglycans of mammals [169]. b Disaccha-

ride subunits of over-sulphated chondroitin sulphates 
[123]. Sf, Sulphate residue; NANA, N-acetylneuraminic 
acid 

Table 13.3. Glycosaminoglycans in the organs of adult and 
newborn humans (after Buddecke) 

Organ MPS Proportion in % 
MPS 

Skin (adult) 0.5-1.0 DS 70, HA 30 
Skin (newborn) 0.5-1.0 DS 25, HA 75 
Aorta (adult) 1.0 CS 60, DS 10, 

HA 20, HS 10 
Cartilage (adult) 15 CS 50, KS 50 
Cartilage (newborn) 25 CS 95, KS 5 
Cornea (adult) 1.7 CH 45, CS 5, KS 50 

MPS, Total mucopolysaccharide as % dry weight. The pro
portion of each glycosaminoglycan is give as % MPS: CH, 
chondroitin; CS, chondroitin-4- and -6-sulphate; DS, der
matan sulphate; HA, hyaluronic acid; HS, heparin; KS, 
keratan sulphate 

saccharides. The results of comparative studies 
with chromatographic and electrophoretic 
methods, subunit analysis and cleavage by spe
cific enzymes suggest that many of the inverteb
rate glycosaminoglycans are comparable to one or 
other of the known vertebrates types [66]. How
ever, in many cases more detailed studies have 

shown such fundamental differences between the 
proteoglycans of different animal groups that ana
logies must be treated with reservation [123]. 

With the exception of hyaluronic acid, all gly
cosaminoglycans of the vertebrates are bound to 
core proteins. Particularly large proteoglycan 
aggregates are found in the extracellular matrices 
of cartilage, aorta, skin, tendons, placenta and 
brain. Human fibroblasts produce a proteoglycan 
which, because of certain sequence similarities to 
the epidermal growth factor (EGF) and lectins, is 
known as versican (versatile proteoglycan). It 
consists of numerous chondroitin sulphate chains 
on a core protein of 2389 amino acids, and binds 
to hyaluronic acid. In addition, the fibroblasts 
produce a further proteoglycan with dermatan 
sulphate on two core proteins of 460 and 300 kDa 
which are encoded by different genes [37]. By far 
the best-known proteoglycans are the aggrecans 
from mammalian and avian cartilage. They have 
molecular masses of about 2.5 MDa and are 
made up of a core protein bearing about 100 
chondroitin sulphate and 15-50 keratan sulphate 
molecules as well as numerous N- and O-bound 
oligosaccharides. Up to 100 such proteoglycan 
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molecules aggregate with a molecule of hyalu
ronic acid; the bindings is stabilized by so-called 
link proteins (Fig. 13.14). The hyaluronic acid 
interacts with the collagens of the cartilage. 
Amongst these collagens, collagen IX is in tum 
covalently bound to chondroitin sulphate or der
matan sulphate. Because of the high charge den
sity on the aggregated glycosaminoglycans, cartil
age is able to absorb large amounts of water, up 
to 30-50 times the dry weight. The consequent 
expansion is restricted by the network collagen 
fibres, and the resulting expansion pressure con
fers the characteristic mechanical properties of 
cartilage. Complete sequences are known for the 
core proteins of rat chondrosarcomes (2124 
amino acids) and human cartilage (2316 amino 
acids), and partial sequences are known for those 
from bovine and chicken cartilage [68] . The rat 
protein is organized into eight domains of very 
different structure and function. N-terminal there 

Core protein 

Fig.13.14. The structure of the proteoglycan aggregate 
from bovine nasal cartilage [169]. On one molecule of 
hyaluronic acid of about 1 MDa there are 20-80 proteogly
can monomers, each of 2-3 MDa, bound non-covalently 
by means of smaller link proteins. Each proteoglycan 
monomer contains a central core protein of 200 kDa which 
carries about 100 covalently bound chondroitin sulphate 
chains and almost as many keratan sulphates. The chond
roitin sulphate chains each consist of approximately 40 
disaccharide subunits, whereas the keratan sulphate chains 
are shorter. The aggregate as a whole has a mass of 
50-200 MDa 

are two globular structures of 37 and 22 kDa, the 
sequences of which appear to be complete and 
partial copies, respectively, of the link protein. 
The first N-terminal domain binds hyaluronic 
acid and the link protein. The middle part of the 
polypeptide chain consists of 1104 amino acids 
with 117 Ser-Gly sequences as binding sites for 
chondroitin sulphate; these are organized into 
three repetitive domains of 428, 503 and 173 
amino acids. The C-terminal domain has a globu
lar structure; it bears no glycosaminoglycan and 
has similarities to lectins. N- and O-glycosidic 
bound oligosaccharides are distributed over the 
whole chain [67]. The core protein of the human 
proteoglycans shows about 75 % sequence agree
ment with that of the rat. It has a highly repetit
ive, keratan sulphate-binding region behind the 
two globular domains; this is also found in the 
bovine gene but is missing from the rat [5,68]. 
The cartilage of the shark fin appears to contain 
no hyaluronic acid and isolated proteoglycans 
lack the capacity to bind hyaluronic acid. Accord
ingly, the cartilage matrix in this case must have a 
completely different molecular architecture to 
that in the higher vertebrates [187]. 

The sequences of the cartilage link proteins 
from several mammals and the chicken have been 
determined. The human polypeptide chain of 339 
amino acids is organized into three domains. The 
first domain has the structure of an immunoglo
bulin subunit, although the sequence has little 
similarity to those of other members of the immu
noglobulin super-family. The other two domains 
have a repetitive structure of hyaluronic acid and 
proteoglycan binding sites. The sequences of their 
approximately 100 amino acids have about 40 % 
similarity to each other, and apparently arose by a 
gene duplication [70, 211] . 

In addition to the proteoglycans (PGs) which 
form networks together with hyaluronic acid, link 
proteins and collagens, extracellular matrices 
include smaller non-aggregating proteoglycans of 
about 100 kDa with core proteins of about 
40 kDa. PH I (biglycan) has two glycosaminogly
can chains, and PG II (decorin) has only one. 
The PGs in sclera, cartilage, skin and tendon con
tain dermatan sulphate, and in bone contain 
chondroitin sulphate. The amino acid sequence of 
PG I from bovine cartilage agrees in 55 % of its 
331 amino acids with PG II from bovine bone. 
These two proteins belong to the same super
family as that containing the leucine-rich Ur 

glycoprotein (LRG) from serum, the glycoprotein 
Ib of blood platelets, and also the toll gene prod
uct and chaoptin from Drosophila [194, 236]. 



The synthesis of chondroitin sulphate in ver
tebrates begins with the transfer of a xylose resi
due from UDP-xylose to a particular serine resi
due of the protein component; finally, two galac
tose residues and glucuronic acid or, alternatively 
N-acetylgalactosamine are added [255]. Heparin 
and heparan sulphate are also bound to serine via 
the same trisaccharide as that which binds chond
roitin sulphate (Fig. 13.13). A glycopeptide with 
galactose, xylose and serine has also been isol
ated from the glycosaminoglycan of Loligo pealei 
[123]; unfortunately, there is almost no informa
tion about the biosynthetic routes leading to the 
mucopolysaccharides of the invertebrates or 
about the structure of their protein bonds. Epi
merization of part of the n-glucuronic acid resi
dues to L-iduronic acid, and the O-sulphation on 
C-4 or C-6 of the galactosamine, or on C-2 or C-3 
of iduronic acid, takes place after polymerization. 
There is usually one sulphate per disaccharide, 
but over- or under-sulphated chondroitin sulphate 
is also found. The mucopolysaccharides even of 
one tissue are heterogeneous in the number and 
position of sulphate and iduronic acid residues. 
According to the usual nomenclature, C-4 sulph
ated polysaccharides are referred to as chondroi
tin A, and C-6 sulphated polysaccharides as 
chondroitin C. However, there are frequently 
hybrid molecules with sulphate groups at both 
positions. Polysaccharides with a high proportion 
of iduronic acid are known as chondroitin B or 
dermatan sulphate; in this case, the remaining 
glucuronic acid residues are concentrated on the 
chain in one or two clusters [115]. As epimeriza
tion and sulphation occur after polymerization, 
proteoglycans with the same primary structure 
and the same protein components may bear dif
ferent names. It would be preferable to refer to 
all as chondroitin sulphate, referring at the same 
time to the proportion of iduronic acid residues 
and C-4 or C-6 sulphate groups [115]. 

Chondroitin sulphate is considered as over
sulphated when it includes bi- or even trisulph
ated disaccharide units, i.e. when there is, on 
average, more than one sulphate residue per dis
accharide. The localization of the extra sulphate 
residues varies with the species. In chondroitin 
sulphate D from elasmobranch cartilage and in 
chondroitin sulphate K from the gill cartilage of 
the xiphosuran Tachypleus tridentatus, both the 
N-acetylgalactosamine and the glucuronic acid 
residue bear one sulphate residue. In the chond
roitin E of the cranial cartilage of the cephalo
pods Loligo sp. and Ommastrephes sloani, about 
half the N-acetylgalactosamine residues are 4,6-

13.4.1 Glycosaminoglycans 483 

bissulphated; the rest are C-4 sulphated and C-6 
glucose substituted (Fig.13.13) [124]. The N
acetylgalactosamine residues of the chondroitin 
sulphate from the chorda dorsalis of the agnathan 
Myxine glutinosa are 4,6,-bissulphated; the der
matan sulphate in the skin of Myxine and the 
related genus Eptatretus contains trissulphated 
subunits, in which the uronic acid is 2- or 
3-sulphated and the galactosamine 2,6-
bissulphated. Unlike in Myxine, the skin and 
chorda of the acranian Branchiostoma lanceola
tum have normal dermatan sulphate, and not 
over-sulphated chondroitin sulphate. Cephalopod 
cartilage contains several proteoglycans with 
molecular masses between 0.6 and 1.3 MDa; 
these bear two to five over-sulphated chondroitin 
sulphate chains, and differ in both the content of 
hexuronic acid and sulphate groups and the size 
of the core proteins. These proteoglycans are also 
unable to integrate in vitro with hyaluronic acid 
[144, 283]. In addition to typical chondroitin sul
phates, the body wall of some holothurians has 
been found to contain rather unusual fucose
containing glycosaminoglycans [145, 279]. In one 
such glycosaminoglycan from Ludwigothurea gri
sea, part of the N-acetylgalactosamine residues 
are 4,6-bissulphated; the 3-hydroxyl of the glucu
ronic acid residues bear either sulphate or a 
sulphated fucose disaccharide and they are, 
therefore, resistant to chondroitinase. The fucose 
chain has the structure Fuc(3,4-Sf2)a(1-2)Fuc 
(4-St)a(1-3)G1cUA- [279]. However, over-sul
phated chondroitin sulphate is found in the cartil
age lying at the base of the tentacles of the poly
chaete Eudistilia polymorpha. The eggs of the 
gastropod Pomacea sp. contain the typical hepa
ran sulphate and acidic galactans, as well as 
chondroitin sulphate residues which, however, 
are never C-6 sulphated and have no iduronic 
acid residues [134]. The skin of the cephalopod 
Ommastrephes contains sulphate-free chondro
itin; in vertebrates this is found only in the cornea 
of the eye [123, 144]. 

Heparin is synthesized and stored in the mast 
cells of the connective tissues. Its clotting
inhibitory properties are well known; they arise 
from the fact that the inactivation of thrombin by 
antithrombin III is increased manyfold when 
thrombin and antithrombin are bound to the 
same heparin chain. Heparan sulphate, as a 
widely found component of the cell surface, is 
very different to heparin in function but the two 
are structurally very difficult to distinguish. Both 
substances show great similarity to chondroitin 
sulphate in their biosynthesis and the structure of 
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their protein bonds. These polysaccharides are 
also highly modified after their biosynthesis; the 
resulting variability of the heparins is even 
greater than that of the other glycosaminogly
cans. The different heparin variants vary greatly 
in their clotting-inhibitory activity in proportion 
to the content of an oligosaccharide sequence 
necessary for antithrombin binding [118]. 

A typical heparin has 70-90 % iduronic acid; 
most glucosamine residues are N-sulphated and 
only a few carry N-acetyl groups. The C-6, and 
often the C-3, of the glucosamine is O-sulphated, 
as is sometimes the C-2 of many of the iduronic 
acids, but never glucuronic acid. Most of the 
heparins have a molecular mass of 5-15 kDa; 
individual chains carry galactose, xylose and 
serine as components of a protein bond. Thus, 
heparin is apparently synthesized as a proteogly
can and only later separated from the protein. A 
"macromolecular" heparin of 1 MDa, isolated 
from rat skin, has several polysaccharide chains 
of 60-100 kDa and these sit on a protein compo
nent of very unusual amino acid composition: this 
consists only of serine, glycosylserine and glycine 
and is protease resistant. Heparan sulphate 
appears to be a somewhat modified form of hepa
rin but it is probably more correctly looked upon 
as an independent family of the glycosaminogly
cans [89]; it has no clotting-inhibitory activity. 
Only a few glucosamine residues are deacetylated 
and can thus be N-sulphated; because of the 
specificity of the corresponding enzyme, this 
lower N-sulphation leads to a reduction in the 
epimerization of glucuronic acid to iduronic acid 
[273]. 

Heparin is thought to be absent from the lower 
vertebrates; it has been sought without success in 
the lamprey Petromyzon marinus, the shark 
Squalus acanthias and the teleosts Sebastes mar
inus and Cyprinus carpio [120]. As the quantity of 
clotting-active heparins is relatively low in mam
malian organs, a practical source for this sub
stance was sought amongst the invertebrates. In 
fact, the mussels Spisula solidissima, Cypridina 
islandica, Anomalocardia brasiliana and Tivela 
mactroides contain considerable amounts of 
heparin-like polysaccharides which have a large 
proportion of antithrombin-binding sequences 
and a corresponding clotting-inhibitory activity. 
The glycosaminoglycan from C. islandica is 
known as mactin [210]. An unusual heparin sulph
ate with many sulphate groups, little iduronic acid 
and low clotting-inhibitory activity has been isol
ated from the lobster; most of the disaccharides 
in this case consist of glucuronic acid and 

glucosamine-N,O-bissulphate, whilst the non
sulphated or mono-sulphated units of the typical 
vertebrate heparan sulphate are rare [120]. 

In vertebrates, there are two types of proteo
glycan with the repetitive sequence of keratan 
sulphate (Fig. 13.13). Type I from the cornea has 
a molecular mass of about 80 kDa and contains 
one to three polysaccharide chains bound 
N-glycosidically to asparagine via N-acetyl
glucosamine. Such a bond has also been found 
in a keratan sulphate from the skin of the teleost 
Scomber japonicus. This type of carbohydrate
protein bonding is typical of glycoproteins which 
arise by the transfer of a dolichol-bound oligosac
charide to an asparagine residue. Type-II keratan 
sulphate is present in various connective tissues 
and is bound O-glycosidically via N-acetyl
galactosamine to serine or threonine. The binding 
N-acetylgalactosamine residue is commonly sub
stituted by N-acetylglucosamine or sialylgalactose 
[127]. Serine-bound keratan sulphate and chond
roitin sulphate chains in cartilage sit on the same 
large, hyaluronic acid-linked core protein 
(Fig. 13.14). The presence of keratan sulphate in 
various invertebrates has been claimed but only 
on the basis of subunit analysis of the mucopoly
saccharides and not on detailed structural analy
ses [123]. 

The approximately 1-MDa unbranched hyalu
ronic acids are found in vertebrates in, for exam
ple, connective tissue, the synovial fluids of joints 
and the vitreous humour of the eye. They occupy a 
central position in the macromolecular complexes 
of the cartilage matrix (Fig. 13.14) and have consi
derable water-binding capacity. Surprisingly, corre
sponding polysaccharides have been detected in 
bacteria. Amongst the invertebrates, the probable 
presence of hyaluronic acid has been shown in 
many species by histochemical methods but it has 
been isolated and chemically identified only in the 
insects, e.g. in the peritrophic membrane of the 
silkworm Bombyx mori, the midgut of the wax 
moth Galleria melonella, and the nervous system 
of the cockroach Periplaneta americana [123]. 

13.4.2 Glycan Sulphates 
and Glycan Phosphates 

The radula (odontrophore) on the underside of 
the rasping tongue of the prosobranch snail Busy
con canaliculatum has the macroscopic and his
tological character of a typical cartilage, but 
has glucan sulphate instead of glycosaminogly
cans. Hydrolysis of the glucan sulphate gives glu-



cose and sulphate in the approximate ratio 1: 1, 
but details of the structure are otherwise not 
known [123]. Glycan sulphates with obvious 
species-specific differences are found in the slime 
secretions of the molluscs. Whereas the proper
ties of vertebrate mucus are determined by gly
coproteins, in the molluscs the nature of the pro
teo glycan components is the decisive factor. As in 
other prosobranchs, the hypobranchial gland in 
the gill cavity of the Japanese species Charonia 
lampas produces a slime which binds foreign mat
ter present in the respiratory water stream. This 
secretion was found to contain charonin sulphate, 
which is a mixture of glucan sulphates of varying 
sulphate content; the high-sulphate variety are 
~(1-4) linked, like cellulose, whereas the low
sulphate type have a(1-4) and a(1-6) bonds, as 
in glycogen. The hypobranchial gland of the com
mon whelk Buccinum undatum also secretes a 
~(1-4) glucan sulphate in addition to a glycopro
tein. On the other hand, the hypobranchial 
mucus of Busycon canaliculatum, whose odonto
phore contains glucan sulphate (as mentioned), 
has a sulphated glycan with galactose and gluco
samine components. Even more complex sulph
ated polysaccharides built up of various hexosa
mines and hexoses have been found in the 
hypobranchial-gland secretions of Neptunea lac
tea and in the epidermal slime of the pulmonate 
slug Agriolimax columbianus. The mucopolysac
charide of the pulmonate snail Otala lactea actu
ally contains uronic acid. In contrast, a simple 
glucan sulphate is again found in the mantle slime 
of the scallop Pecten maximus [123]. 

The eggs of many aquatic invertebrates are 
enveloped in a gelatinous membrane, the proper
ties of which are often determined by the pres
ence of mucopolysaccharides. Species-specific 
glycan sulphates have been found in the egg 
membranes of various sea urchins; these are 
referred to as fertllisins because of their probable 
involvement in sperm agglutination and fertiliza
tion. They mostly include fucose sulphates, which 
may be branched and in some species may also 
contain other hexoses as subcomponents. Other 
species have galactan sulphates, and at least in 
Echinus esculentus the galactose has predomin
antly the L- configuration. Finally, the egg jelly of 
the sand dollar Echinarachnius parma contains a 
fructosan sulphate. The only starfish to be inves
tigated was found to contain a hetero-glycan 
sulphate with the components glucose, fucose 
and mannose [123]. 

Simple glycan sulphates have also been found 
in other animal groups, e.g. fucan sulphate in the 
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skin of the holothurians or galactan sulphate in 
the mussels. More complex glycan sulphates with 
an even wider distribution contain various hexo
ses and hexosamines but no uronic acids. These 
include the horatin sulphate of the hepatopanc
reas in the snail Charonia lampas; polysacchari
des from mussels (spisulan), the oligochaetes 
Lumbricus and Tubifex, and various ascidians; 
and lingulan from the stem of the brachiopod 
Lingula [120, 123, 208, 265]. Glycoproteins con
taining aminoethylphosphonic acid (AEPn) were 
discovered in the slime of sea anemones such as 
Metridium senile and M. dianthus. This sticky 
mucus is secreted by the ectodermal cells and ser
ves mainly to trap plankton. It contains none of 
the typical acidic mucopolysaccharides but has 
glycoproteins with 20-30 % carbohydrate and 
10-15 % AEPn ester-bound to the carbohydrate 
[39]. 

Glycan phosphates are seldom found in ani
mals. One example of this class of substances is 
the acidic polysaccharide found in the tube of the 
polychaete Hyalinoecia (previously Onuphis) 
tubicola; this is composed of only glucose and 
phosphate and is known as onuphinic acid. The 
exact structure is not known but the sugar resi
dues appear to have ~(1-3) bonds and carry 
monophosphates in position 4 or 6. A phosphate
rich polysaccharide of mannose, glucose and 
xylose has been reported in the tube of the poly
chaete Chaetopterus variopedatus [123]. 

13.4.3 Chitin and Cellulose 

The term chitin is used both for native proteogly
cans and for derived polysaccharides. Chitin is 
widely distributed in fungi and animals; with an 
estimated annual production of 1010_1011 t, it 
competes with cellulose for the position of the 
most abundant organic substance in the bio
sphere. In fungi, chitin is associated with other 
polysaccharides, whereas in animals it is probably 
exclusively bound to protein. The most well
known example of chitin in animals is the exter
nal and internal skeleton of the arthropods in 
which chitin also lines the anterior and posterior 
gut. In the annelids, chitin is found in the bristles, 
mouthparts and gut lining; in the molluscs it is 
present, for example, in the organic matrix of the 
shell and the radula; and in the cephalopods, it is 
also found in the cuttlebone, the suckers and the 
lining of the anterior gut. Examples of chitin
containing structures are the shells of the brachio
pods; the outer skeleton of the bryozoans; the 



486 13 The Structure and Metabolism of Carbohydrates 

egg shells of the platyhelminths, nematodes and 
acanthocephalans; the tubes of the pogonopho
rans; the perisarc of the hydrozoans; the internal 
skeleton of many hexacorallia; and the gemmules 
of many sponges [72, 123,192]. Chitin appears to 
be completely absent from the group of phyla 
known as the Deuterostomia, i.e. echinoderms, 
hemichordates and chordates; there is, however, 
an unambiguous report of chitin in the gill arches 
of the lanzelet Branchiostoma floridae. Chitin has 
also been discovered in the arrow worms (chae
tognathans), whose membership in the Deuteros
tomia is very doubtful [8]. 

Chitin is usually described as a linear ~(1-4) 
polymer of N-acetylglucosamine but in many 
cases, even those involving less destructive isola
tion methods, some sugars turn out to be non
acetylated. This probably involves the activity of 
a chitin deacetylase, which is known in bacteria 
but has never been directly demonstrated in ani
mals. The chitin of insect cuticulae usually con
tains about 1-20 % de ace tyla ted residues. The 
irregular abdominal expansion of the queen in 
the termite species Macroterms estherae involves 
deacetylation: the degree of de acetylation of the 
abdominal cuticula increases from zero in the 
winged sexually mature animal to over 90 % dur
ing egg production [158]. The chitin chain has a 
conformation (ribbon conformation) similar to 
that of the cellulose chain and, thus, can form fib-

a) 
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Chitin microfibril 

Fig.13.lSa, b. Chitin. a The three crystalline forms of chi
tin found in the animal kingdom [123]. b Chitin-protein fib
rils from the ovipositor of the parasitic wasp Megarhyssa 
[30]. A central a-chitin microfibril is surrounded by six 
rows of globular protein molecules in a regular arrange
ment 

rils. The chitin chains are linked by H-bonds to 
produce two-dimensional structures (sheets) that 
are present in three different crystal structures. 
The adjacent chains of a-chitin run antiparallel, 
those of ~-chitin run parallel, and in y-chitin the 
chains are organized in groups of three 
(Fig. 13.15a). The a form is typical of the arthro
pod exoskeleton but is also detected in other chi
tin structures, e.g. in the perisarc of hydroid 
polyps, in the gastropod radula, in cephalopod 
"beaks" and in the bristle jaw of the chaetogna
thans. ~-Chitin is found, for example, in the brist
les of the annelids, in the cuttlebone of the cepha
lopod Loligo, in tubes inhabited by the pogo no
phorans, and in the cocoons of beetle species in 
the genera Cionus, Cleopus and Murmidius. y
Chitin lines the stomach of the cephalopod 
Loligo, and is present in the cocoons of Ptinus, 
Donacia and several other beetles, as well as in 
the peri trophic membranes of the cockroach Bla
berus, the migratory locust Schistocera, caterpil
lars of the butterfly Antherea, and the sawfly Phy
matocera. Thus, Loligo has all three chitin forms: 
a in the beak, radula and oesophagus lining, ~ in 
the cuttlebone, and y lining the stomach. The 
various chitin forms are clearly not specific to par
ticular animal groups but, rather, are adapted to 
serve different functions. a-Chitin is typical of 
hard structures which are strengthened by sclerot
ization or calcification. In contrast to the ~ and y 
forms, it is never found associated with collagen. 
In the evolution of the articulates, the a-chitin 
external skeleton of the arthropods replaced the 
collagen cuticula of the annelids [8, 123, 
158, 192]. The polysaccharide chitin is always 
found covalently bound to protein and, for exam
ple, the protein content of the complex in the 
crustaceans used for industrial chitin extraction is 
25-46 % . In chitin preparations from crusta
ceans, insects or cephalopods, about one amino 
acid per 200-300 sugar residues remains even 
after several hours of hydrolysis in hot sodium 
hydroxide. These are often aspartic acids but, 
according to the origin of the chitin, may be other 
amino acids, e.g. glutamic acid, lysine or glycine. 
There are, however, non-covalent as well as 
covalent bonds between chitins and proteins. It 
may be that compounds derived from aromatic 
amino acids are r~sponsible for chitin-protein 
bonds, like those which cross-link the cuticula 
proteins during sclerotization; and ~-alanine may 
also be involved [158]. Additional proteins are 
often loosely bound to the chitin proteoglycan. 
The protein components of the chitin proteogly
can apparently vary considerably with the spe-
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cies, organ and chitin type. Even though several 
such proteins have received specific names, e.g. 
arthropodin or sclerotin in the arthropods, and 
conchiolin or conchagen in the molluscs, it is usu
ally the case that little is known about their struc
tural properties, except for their amino acid com
positions [4,23, 123, 192]. The arthropod cuti
cula is made up of chitin fibres embedded in a 
protein matrix. X-ray pictures show that both the 
chitin chains and the proteins in the ovipositor of 
the ichneumon Megarhyssa have a crystalline 
structure. The fibres are bundles of microfibrils, 
each made up of a central a-chitin fibril with a 
protein coat (Fig. 13.15b), packed in a regular 
hexagonal pattern. This is therefore a unique 
example of a fibre-matrix structure in which both 
components are strictly organized [30]. 

Chitin biosynthesis in the arthropods differs 
from that in the fungi by the involvement of doli
chol phosphate (dol-PP). It has been shown in the 
brine shrimp Artemia salina that a specific trans
ferase transfers a sugar phosphate residue from 
UDP-N-acetyl-D-glucosamine to dolichol phosph
ate to give dolichol pyrophosphate-N-acetyl-D
glucosamine (dol-PP-GlcNAc). As will be shown, 
this compound is the starting point for the pro
duction of asparagine-bound oligo saccharides in 
glycoproteins. In chitin biosynthesis, the carbo
hydrate components bound to the dol-PP are 
extended to form approximately octasaccharides 
by further N-acetylglucosamines, and are then 
transferred to a peptide acceptor. The resulting 
chitoprotein is the primer for chitin synthase 
[119]. Animal chitin synthase is a microsomal, 
integral membrane enzyme which is extremely 
labile and has so far proved impossible to isolate. 
However, cell-free systems have been prepared 
from Artemia and various insects and these cata
lyze transfer of N-acetylglucosamine residues 
from UDP to chitin oligosaccharide or an endo
genous primer. The insecticide diflubenzuron, 
which in vivo inhibits the incorporation of gluco
samine into chitin, is variable in its effects upon 
these in vitro systems [54, 158]. 

Cellulose was discovered as a component of 
animal tissues in 1858 in the mantle (tunica) of 
the ascidians, and was named tunicin. The cellu
lose of the tunicates corresponds in all its proper
ties to plant cellulose. It is made up exclusively of 
linear ~(1-4) linked glucose residues; the chains 
show the typical conformation where 250 chains 
are associated into fibrils that are 10 nm thick, 
and the fibrils are bundled into fibres of about 
70 nm. The cellulose of the tunicates is bound 
covalently to protein and the proteoglycan is non-

covalently linked to hyaluronic acid and further 
proteins. Fibres of protein-bound cellulose have 
also been found in the skin and aorta wall of 
humans and various mammals. The concept has 
been put forward that cellulose from the chorda
tes corresponds to the chitin of other animal 
phyla, perhaps even with homologous enzymes 
for their synthesis [123, 162]. 

13.4.4 Glycogen, Galactan 
and Other Reserve Polysaccharides 

Amongst the multicellular animals glycogens are 
universal as storage polysaccharides, their con
centrations varying by orders of magnitude with 
the species, tissue and physiological state. Thus, 
the glycogen content of the liver of a starving 
mammal is 1-5 mglg fresh weight, but on feeding 
increases by up to 100-fold. The highest values of 
about 50 % of the dry weight are found in the 
endoparasitic nematodes and cestodes, which 
have a particularly high requirement for carbo
hydrate as a result of their anaerobic metabolism. 
All the glycogens are branched glucans with 
a(1-4) and a(1-6) bonds and an average chain 
length of 10-13 sugar residues. Rabbit and por
cine liver glycogen normally includes glucosa
mine in addition to glucose in the ratio 1: 50 000 
[149]. The degree of branching and the chain 
length of the glycogens vary with the species and 
the tissue, and may even be heterogenous in the 
same cell. Thus, for example, the muscle glyco
gens of the teleost species Catla catla have consis
tently longer chains than those of Clarias batra
chus, and the glycogens of the white muscle of 
both species have longer chains than those of the 
red skeletal muscle and heart muscle. In the mus
sel Mytilus galloprovincialis, the average chain 
length in the hepatopancreas is shorter than in 
the mantle tissue [123, 161]. 

Values of over 100 MDa have been recorded 
for the molecular mass, and both species- and 
tissue-specific differences have been described; 
however, in view of the large molecular masses, 
artefacts of isolation are difficult to exclude. In 
most cells, glycogen forms self-limiting spherical 
particles that are about 15-30 nm in diameter and 
have a mass of 4-10 MDa (~-particles). In par
ticularly glycogen-rich tissues, such as the liver 
and kidney of various vertebrates or the heart 
muscle of diving mammals, the ~-particles may 
aggregate to form rosette-shaped structures with 
a diameter of 100 nm and a mass of 400 MDa (a
particles); molecular masses of up to 100 MDa 
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have also been reported in mammalian brain [49]. 
In certain active tissues, such as the eye muscle of 
some mammals or the heart muscle of mammals 
and lungfish (Dipnoi), the cisternae of the endo
plasmic reticulum (ER) contain glycogen
membrane complexes that are about 35 nm in 
diameter, the so-called glycogen bodies. In such 
glycogen granulae, the polysaccharide is associ
ated with proteins, especially the enzymes of gly
cogen synthesis and catabolism, and the corre
sponding regulatory enzyme cascade. Glycogen 
in the retina has glycosidic bonds to the phenolic 
hydroxyl group of tyrosine residues [6]. 

The primer for glycogen biosynthesis in muscle 
and liver is glycogenin, a protein of 332 amino 
acids which is released proteolytically from a high 
molecular weight precursor. In the absence of gly
cogen, glycogenin is bound to glycogen synthase. 
The first step in glycogen synthesis is the binding 
of a glucose to the 194-Tyr of glycogenin. Up to 
six further glucoses are added to the first, with 
the glycogenin itself functioning as a UDPG
specific glucosyltransferase. Further extension of 
the carbohydrate chain is brought about by the 
glycogen synthase, which for this purpose dissoci
ates from glycogenin. Glycogen synthase trans
fers glucose residues from UDP-Glc to the primer 
polysaccharide with a(1-4) bonding. When the 
a(1-4)-linked chain reaches a length of 12-18 
glucose residues, the "branching enzyme" creates 
an a(1-6)-bound sugar and, thus, a branch point. 
The primer protein remains bound and conse
quently each glycogen particle includes one mol
ecule of glycogenin [42, 249]. The glycogen syn
thases from human muscle (737 amino acids) and 
rabbit muscle (734 amino acids) show 97 % 
sequence agreement. The enzymes from mamma
lian muscle and liver have a total of up to ten sites 
in their N- and C-terminal regions, and these may 
be phosphorylated by one of seven different pro
tein kinases. The enzyme of rat liver (703 amino 
acids) is about 80 % similar to the mammalian 
muscle enzyme in its central region, but shows 
large terminal differences; the markedly shor
tened C-terminal region lacks two of the phos
phorylation sites [9, 38,298]. Mammalian muscle 
contains an almost phosphate-free I-form of the 
enzyme (I for independent) together with various 
D-forms (D for dependent) which arise by the 
phosphorylation of one or more serines and 
which are active only in the presence of glucose 
phosphate. The enzyme from rabbit muscle nor
mally has 2.4-3.0 phosphates per subunit; the 
phosphate content is increased by adrenalin and 
reduced by insulin. The liver enzyme includes up 

to six alkali-labile phosphates. In mammalian 
kidney, the dephosphorylated I form is also acti
vated by glucose-6-phosphate, and in muscle of 
the frog Rana ridibunda the activity of both forms 
is increased by glucose-6-phosphate. The lID con
version of the vertebrate enzyme can occur 
in vitro through the action of various protein 
kinases, some of which are cAMP-dependent and 
some cAMP-independent [264]. In the inverteb
rates so far examined, 1- and D-forms of glycogen 
synthase can be distinguished; however, these dif
fer from each other and from the vertebrate enzy
mes in their allosteric properties [83, 106, 109]. 

Some unusual reserve polysaccharides have 
been found in the protozoans. Tetrahymena has a 
typical glycogen with an average chain length of 
13 units. In contrast, the a(1-4), a(1-6) glucans 
from the rumen ciliates of the genera Entodi
nium, Isotricha and Dasytricha have chain lengths 
of 22-25 units; this is characteristic of the plant 
amylopectins. Entodinium caudatum, the gregari
nes and the sporozoon Eimeria ten ella have inter
mediate chain lengths of about 19 sugar residues 
[284]. Homo- and heteroglycans with a different 
composition have been identified in other Proto
zoa; these are probably components of glycopro
teins and fulfil functions other than nutrient stor
age. They include, for example, D-mannan and D
arabino-D-galactan in Crithidia jasciculata, and 
the ~(1-2)-mannans and galactomannans found 
in several trypanosomes. Trypanosoma mega has 
no ~(1-2)-mannan but, instead, a mixture of 
branched galactans with (1-2) and (1-3) bonds 
and several fucose, glucose and mannose residues 
[44, 261]. The main polysaccharide in the eggs of 
the migratory locust Locusta migratoria is a man
nan, with about 12 % glucosamine, which is 
bound covalently to protein; it makes up about 
10 % of the dry weight of freshly laid eggs but is 
rapidly metabolized during embryo development 
[293]. 

Galactans have been found in all pulmonate 
snails examined and in the prosobranch Ampulla
rius sp. This polysaccharide was discovered by 
Hammersten in 1885 and was initially known as 
"sinistrin"; in view of its structural and functional 
relationship to glycogen, it was later given the 
name "galactogen". The galactans are produced 
in the albumen glands and accumulate in the peri
vitelline fluid of the egg, where they constitute a 
nutrient reserve for the embryo. The galactan 
content of, for example, freshly laid eggs of Helix 
or Lymnaea is 30-36 % of the dry weight, and the 
galactan is rapidly consumed during later embryo 
development (Lymnaea) or after hatching 



(Helix). It is rather puzzling that the nutrient 
reserve for gastropod embryos is not glycogen, as 
it is in all other metazoans. The galactans of the 
gastropods are all polysaccharides of D-galactose 
residues with species-specific degrees of branch
ing. Depending upon the origin of the galactans, 
L-galactose, L-fucose, L-glucose and phosphate 
residues may also be present. Most preparations 
contain amino acids but it is not clear whether in 
vivo the snail galactans really exist as protein 
complexes. Isolation with the help of lectins pro
duces almost N-free polysaccharides. The galac
tans of different gastropods vary greatly in their 
reactivity with lectins and antibodies [152]. 

The D-galactose residues are predominantly 
~(1-3) or ~(1-6) linked, although relatively few 
are found in linear regions and most are terminal 
or occur at branch points; some species also have 
~(1-2) and ~(1-4) bonds. L-Galactoses probably 
always occur terminally [153]. Little is known 
about the galactan-synthesizing enzymes; ~(1-3)
and ~(1-6)-galactosyl-transferases have been isol
ated from the albumen glands of Lymnaea and 
Helix [98, 137]. The galactans of the aquatic 
Basommatophora (e.g. Lymnaea, Biomphalaria) 
are highly branched with only 5-8 % of the sugar 
residues in linear sections. L-galactose and ~(1-2) 
bonds are lacking, and ~(1-3) and ~(1-6) bonds 
alternate more-or-Iess regularly. In the terrestrial 
Stylommatophora (e.g. Helix, Arianta, Cepaea, 
Achatina) up to 20 % of the sugar residues are lin
ear ~(1-3) bound. L-galactose and linear ~(1-2) 
bonds are found only in the galactans of the family 
Helicidae. The galactans of Ampullarius sp., the 
only prosobranch examined so far, have an unusu
ally large proportion of linearly arranged sugars, 
with 5 % ~(1-3), 26 % ~(1-6) and 10 % ~(1-2). In 
contrast to those of the pulmonates, some of the 
D-galactose residues in Ampullarius sp. are 
replaced by fucose. Phosphate-substituted galac
tose residues are found in the galactans of indi
vidual species from various snail genera, e.g. in 
Biomphalaria, Helix and Cepaea, but are absent 
from, e.g., Lymnaea and Arianta [117]. In addi
tion to heparin, the mammalian lung also contains 
a ~(1-3), ~(1-6)-D-galactan which, however, 
includes 2-3 % glucuronic acid residues [123]. 

13.5 Glycoproteins 

Almost all proteins of the cell surface and the 
extracellular space bear carbohydrate chains; gly· 
cosylation is one of the most important mecha
nisms for the post-translational modification of 
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proteins. This is achieved by the transfer of 
mono- or oligo saccharides to the amide-N of cer
tain asparagine residues or to the -OH groups 
of serine, threonine, hydroxylysine or other 
hydroxy- amino acids. The biological importance 
of glycosylation lies on the one hand in the carbo
hydrates as recognition signals, and on the other 
hand in the resulting effect on the folding of the 
polypeptide chain, which influences its chemical 
and biological properties. The information con
tent even of small oligo saccharides is very high; 
for example, the various possibilities for the 
anomeric configuration and position of the glyco
sidic bonding of three hexoses allows the forma
tion of almost 1000 different trisaccharides, 
whereas in the case of three amino acids or nucle
otides only 6 different combinations are possible. 
Several thousand carbohydrate sequences of oli
gosaccharides, polysaccharides and glycoconjuga
tes have been determined and published to date 
[57]. The importance of carbohydrate structure 
for the recognition of proteins is clearly illus
trated by the endocytosis of plasma glycoproteins 
by mammalian liver cells. Enzymatic cleavage of 
the terminal sialic acid of the carbohydrate chains 
of plasma proteins exposes galactose residues 
which are recognized by receptors on the cell sur
face. The asialoglycoprotein-receptor complex is 
taken up into the cell, the plasma protein is 
degraded in the lysosomes, and the receptor is 
recycled to the cell surface. Human hepatocytes 
have two receptor proteins (H1 and H2) of about 
45 kDa whose cDNA-determined amino acid 
sequences are about 58 % identical. However, H1 
shows high agreement with the corresponding 
sequence in rat, i.e. the gene duplication which 
produced the two different receptor sequences 
occurred before the separation of the human and 
rat evolutionary lines. The biological significance 
of the existence of two receptor proteins in hepa
tocytes is not clear; it is possible that they form 
dimers [252]. 

The oligosaccharide chains of the glycolipids 
and glycoproteins form a layer (the glycocalyx) 
on the surface of many cells and this is important 
in cell-cell interaction between cells of the same 
organism and with foreign cells [93]. Proteolytic 
cleavage of membrane proteins from tissue cul
ture cells of all vertebrate classes releases about 
60 glycopeptide fractions which are evolutionarily 
very conservative within the vertebrates in their 
size, lectin specificity, charge and chromato
graphic behaviour, but which differ greatly from, 
for example, those in the eggs of the sea urchin 
Arbacia punctulata [31]. 
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There are many examples illustrating the influ
ence of the carbohydrate component on the con
formation and physicochemical properties of gly
coproteins. The carbohydrate portion of the inte
gral membrane proteins is critical to their arrange
ment in the membrane and to their stability 
[25,93]. The repulsion between molecules of the 
negatively charged sialic acid-rich, 140-kDa gly
coprotein podocalyxin on the podocytes of the 
kidney glomeruli ensures that the filtration slits 
between the interdigitating cell processes remain 
open [65]. The sialic acids of the slime substances 
(mucins) are responsible for their high viscosity 
and lubrication properties; the high density of 
charges forces the molecule into a stretched rod
shaped form and with many carbohydrate chains 
attached it resembles a bottle brush [2, 25]. The 
slime substances secreted by fish epidermis greatly 
reduce friction, even in dilute solutions with mucin 
concentrations below 0.1 %. Thus, swimming fish 
are constantly enveloped in a thin film of slime 
which helps them to maintain considerably higher 
velocities. Unfortunately, little is known about the 
molecular structure of fish mucin. Glycoproteins 
are important components of the jelly substances 
enveloping the eggs of many vertebrates from the 
fish to the birds [77, 131]. The gel-like consistency 
of the albumen of birds is due to the cross-linking 
of the glycoproteins ovomucin and lysozyme 
(p.388). In the antifreeze glycoproteins in the 
blood plasma of antarctic fish, it is the disacchari
des lying on the surface which, by an unknown 
mechanism, prevent the formation of ice crystals 
(see Fig. 5.3, p. 207). The mechanical properties 
of connective tissues are also determined by inter
action of their protein and carbohydrate compon
ents with water and ions (p. 482). 
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There are two types of glycoprotein which dif
fer fundamentally in their structure and biosyn
thesis: the mucin type with O-glycosidic bonds 
between N-acetylgalactosamine and serine or 
threonine (Fig. 13.16), and the asparagine-bound 
type with N-glycosidic bonds between N
acetylglucosamine and asparagine (Fig. 13.17).0-
glycosidically bound sugars are usually clustered 
in certain regions of the polypeptide chain which 
are rich in serine and threonine. Interactions 
between these regions induces the polypeptide to 
assume a stiff, extended conformation. In the 
membrane glycoproteins epiglycanin and leuco
sialin, the whole of the extracellular domain is 
extended due to O-glycosylation. Other mem
brane proteins, such as sucrase-isomaltase or the 
LDL (low density lipoprotein) receptor, have 0-
glycosylated stems which hold the active part of 
the molecule high above the glycocalyx surface 
[133]. The best-examined O-glycosylated proteins 
are the mucins from the submaxillary, intestinal, 
tracheobronchial and cervical slimes of the mam
mals. Mucins are linear, unbranched molecules 
which contain about 75 % carbohydrate and have 
a relatively stiff, random-coil conformation. They 
are all polydisperse with molecular masses of 
6-24 MDa, and apparently have a complicated 
subunit structure. Reduction of the disulphide 
bridges releases subunits of 0.5-2.5 MDa and so
called link proteins from the intestinal and 
tracheobronchial mucins; enzymatic deglycosyla
tion produces apomucins of about 100-160 kDa. 
The cDNA sequences show that the glycosylated 
domains of the polypeptide chains are built up 
repetitively. The oligosaccharides bound to seri
nes and threonines via N-acetylgalactosamine 
residues are heterogeneous and often have bran-
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Fig. 13.16a, b. The glycoproteins of the 
mucin type [25]. a The structure of the 
most complex carbohydrate chain. 
b The biosynthetic pathway and the 
possible structural variants. Only the 
clearly indicated glycosyl reactions are 
possible; that indicated by the dashed 
line is very slow 



Fig.13.17. The biosynthetic pathway of 
the asparagine-bound glycoproteins [25]. 
The characteristic oligosaccharide formed 
by sequential glycosyl transfer to dolichol 
phosphate is transferred from the lipid to 
a particular asparagine residue of the pro
tein; examples are shown of how shorten
ing and repeated extension of the carbo
hydrate chain can lead to multiple variants 
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ches of up to 20 sugars [104, 105, 133]. The 
mucins in the skin slime of the clawed frog Xeno
pus laevis are composed of subunits of about 
150 kDa with about 50 % carbohydrate. The 
polypeptide chain has a highly glycosylated cent
ral domain of threonine- and proline-rich repeats 
and two cysteine-rich terminal domains [219]. 

The biosynthesis of gIycoproteins begins either 
during or immediately after polypeptide synthesis 
in the ER. Later alterations may also take place 
in the Golgi apparatus, from where the secretory 
or membrane proteins are transported to the cell 
surface. For glycoproteins of the mucin type, syn
thesis begins with the transfer of a UDP-bound 
N-acetylgalactosamine to a serine or a threonine. 
The carbohydrate is extended step wise, with a 
specific glycosyltransferase being responsible for 
each step ("one linkage one enzyme" hypothe
sis). The number of carbohydrate chains, their 
length, and the charge arising from their sialic 
acids and sulphates varies with the species and 
the tissue and is quite heterogeneous, even in the 
mucus of one organ. The synthesis of the carbo
hydrate chain may stop at an intermediate step 
("incomplete chains"); at forks in the biosyn
thetic pathway, the relative proportions of the dif
ferent enzyme activities determine the ratio of the 
various products (Fig. 13.16). For example, 95 % 
of disaccharides in the submaxillary mucin of the 
sheep have the sequence NeuAc-GaINAc-Thrl 
Ser, which is found hardly at all in the pig. This 
may be explained by sialyltransferase being the 
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predominant of the two competing enzymes at 
the first branch point in the sheep, whereas galac
tosyltransferase dominates in the pig [2,25,255]. 

The long-chain isoprenoid dolichol phos
phate (p.610) is involved in the biosynthesis 
of the asparagine-bound gIycoproteins [156] 
(Fig. 13.17). As a rule, N-acetyl-glucosamine 
phosphate is transferred from UDP-GlcNAc to 
dolichol phosphate by the membrane-bound 
transferases of the ER; a further N-acetyl
glucosamine is then added, followed consecut
ively by nine mannose residues and three gluco
ses; UDP- and GDP-bound as well as dolichol 
pyrophosphate-bound sugars playa role. The oli
gosaccharide is transferred from the lipid to an 
asparagine residue; however, glycosylation is only 
possible with the sequence Asn-X-SerlThr, where 
X can be almost any other amino acid. The carbo
hydrate chains transferred to proteins in the ER 
are further processed in the Golgi apparatus. The 
terminal glucose and mannose residues are 
cleaved off and the shortened structure is 
extended by the addition of N-acetylglucosamine, 
galactose or sialic acid (Fig. 13.17). The responsi
ble glycosyltransferases are anchored in the mem
branes of the ER and Golgi apparatus, but 
soluble enzymes of this type are also known in 
milk and other body fluids. It has been estimated 
that at least 100 different substrate-specific glyco
syltransferases are required for the formation of 
the known carbohydrate structures of glycoprote
ins and glycolipids. Surprisingly, the six glycosyl-
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transferases sequenced so far via the cDNA have 
a similar domain structure but absolutely no 
sequence similarity [207]. 

Such a biosynthetic process allows for an extra
ordinarily large variety of carbohydrate structu· 
res amongst the glycoproteins of the asparagine
bound type. Individual polypeptide chains can 
carry several oligosaccharides, e.g. two in the 
case of transferrin and immunoglobulin IgG, 
three in pro-thrombin, four in fibrinogen and 
antithrombin III, five in the acidic al
glycoprotein, and six in fibronectin. The carbo
hydrate chains may be variously branched (bi-, 
trio, tetra-antennary) but in fact bi-antennary 
chains occur most frequently (Fig. 13.17). Differ
ent molecules of a protein can have different car
bohydrate components; for example, 60 % of 
human serum transferrin molecules have two bi
antennary chains and the rest have a tri- or even 
tetra-antennary chain in addition to a bi
antennary one [294]. 

The lower vertebrates already show deviations 
from this scheme. The eggs of the rainbow trout 
Salmo gairdneri contain polysialoglycoproteins 
(PSGPs) with a very unusual structure. The main 
component in the unfertilized egg is a PSGP of 
200 kDa which contains about 85 % carbohy
drate, of which more than 50 % is sialic acid. The 
sequences of the core proteins (apoPSGPs) con
sist predominantly of about 25 tridecapeptides 
with the sequence DDATSEAAIGPSG; these 
are glycosylated on the underlined amino acids. 
These core proteins are encoded by a multi-gene 
family with more than 100 members which vary in 
the number of 39-bp repeats. After fertilization, 
the PSGPs enter the perivitelline space by exocy
to sis ; here, they are proteolytically cleaved into 9-
kDa fragments with only one repeat sequence. 
The oligosaccharides bound to a threonine or 
serine of the core protein via a GalNAc residue 
contain galactose, N-acetylgalactosamine and 
fucose as well as stretches of a(2-8)-linked N
glycolylneuraminic acids, which may be capped 
by a deaminoneuraminic acid (KDN) , or chains 
of a(2-8)-linked KDN residues; they are resistant 
to sialidases [142, 250]. The name "hyosopho
rins" has been proposed for these and similar pro
teins in the eggs of the carp Cyprinus carpio and 
other teleosts. A completely new type of hyoso
phorin has been isolated from the flounder Para
lichthys olivaceus. Its core protein is made up of 
repetitive decapeptides, each of which carries a 
sialic acid-free, penta-antennary oligosaccharide 
bound to an asparagine [243]. The glycoproteins 
from the eggs of the char Salve linus leucomaenis 

have been found to contain 6-deoxyaltrose; this is 
the first report of this unusual deoxyhexose in 
animals [128]. 

The glycoproteins of the invertebrates show 
similarities, but also extensive differences, to 
those of the vertebrates both in biosynthesis and 
in the resulting structures. Sialic acid is not pre
sent in most phyla. It has been mentioned already 
that the difference between proteoglycans and 
glycoproteins is much less marked in the inverteb
rates than in the vertebrates, and that glycosami
noglycans or glycan sulphates are also found in 
invertebrates as significant components of muc
ous secretions and gels. However, in addition to 
proteoglycans, the representatives of various 
phyla have been shown to possess typical glyco
proteins; such phyla include flagellates, cnidari
ans, cestodes, nematodes, annelids, insects, mol
luscs, echinoderms and tunicates [77, 123, 
181, 200]. Detailed investigations of the biosyn
thesis, structure and function of glycoproteins 
have been carried out only for insects [41, 121] 
and Kinetoplastida [44, 182, 292]. 

The biosynthesis of asparagine-bound glyco
proteins in tissue culture cells of the mosquito 
Aedes albopictus is very similar to the process in 
the higher vertebrates. The cells synthesize 
Glc3Man9GlcNACz bound to dolichol pyrophos
phate and transfer this to a protein, after cleavage 
of the glucose residues. Six further mannose resi
dues are subsequently removed, leaving a chain of 
only three mannose residues, as is found in the 
mammals; complex chains are not produced. 
None of the N-bound carbohydrates contains 
sialic acid, galactose or fucose [121]. An interest
ing glycoprotein has been isolated from the base
ment membranes of Drosophila Kc tissue culture 
cells, and has been given the name papilin. This is 
a glycoprotein of 900 kDa with 64 % carbohydr
ate, including hexosamine, uronic acid and neut
ral sugars. The protein component has a mass of 
about 400 kDa and contains 25 % aspartate/glu
tamate, 22 % serine/threonine and carries about 
80 O-linked sulphated oligosaccharide chains. The 
molecule is a thread with a length of 225 nm and a 
diameter of 15 nm and is held in the form of a 
loop by disulphide bridges. Several such proto
mers may be bound together by further disulphide 
bridges to give a cloverleaf-shaped oligomer. This 
proteoglycan-like glycoprotein is very different to 
the heparan sulphate proteoglycan in the base
ment membranes of vertebrate cells. However, 
the other components of the Drosophila basement 
membranes, laminin and collagen IV, are very 
similar to those of the vertebrates [41]. 



A glycoprotein isolated from the egg jelly of 
the starfish Asterias amurensis has a tri-antennary 
carbohydrate chain with the formula 
Man9_12GlcNAez [77]. A glycoprotein from the 
mucus of the coral Acropora formosa has no simi
larity to the mucus of higher vertebrates; it con
sists of a polypeptide chain with 77 % serine/thre
onine bearing O-linked carbohydrate chains of 
varying, consistently unusual structures which 
involve mainly D-arabinose, D-mannose and N
acetylglucosamine but have no sialic acid or 
uronic acid [181]. Many of the haemocyanins con
tain N-linked carbohydrates, whereby the struc
tures of the oligosaccharides of the arthropods 
and molluscs are very different (see Fig. 7.10, 
p. 278). There is probably only one glycosylated 
haemoglobin and that occurs in the pulmonate 
snail Biomphalaria; the oligosaccharide structure 
has not yet been determined. 

The variable surface glycoproteins (VSGs) of 
the African Trypanosoma species were discussed 
in Chapter 6 in connection with their characteris
tic immunological functions. The particularly wel
l-investigated VSG variant MITat 1.4 of T. brucei 
bears two asparagine-bound oligosaccharides. 
The oligosaccharide on 432-Asn is always man
nose rich (Man4-7GlcNAez), whilst the initial 
Man3GlcNAez on 419-Asn is later processed to 
the bi-antennary structure (GaIGlcNAc
ManhManGlcNAez. In all Trypanosomatidae 
examined, formation of the asparagine-bound 
oligosaccharides of the VSGs involves dolichol; 
however, the dolichol-PP intermediates never 
contain glucose residues but have only six, seven 
or nine mannose residues and two N
acetylglucosamines in species-specific propor
tions. After transfer to the VSG, a single glucose 
residue may be added to the asparagine-bound 
oligosaccharide but this is then removed again by 
a specific glucosidase [15, 34]. Thus, the Trypano
somatidae differ from the mammals, insects, 
higher plants and fungi, where Glc3Man9GlcNAez 
is produced on dolichol and then transferred to 
the acceptor protein (Fig. 13.17). The South 
American T. cruzi, the agent of Chagas disease, 
has no VSGs but possesses invariable glycoprote
ins of another type, which appear in stage-specific 
forms of 25-90 kDa (p. 241). The trypomastigo
tes which penetrate the cells of the mammalian 
host are protected by these glycoproteins from 
recognition and destruction by lysosomes. The 
90-kDa glycogen (GP90) of the trypomastigotes 
carries asparagine-bound oligosaccharides that 
are similar to the mannose-rich type of the mam
mals; dolichol is present in this case. Antibodies 
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against GP72 prevent the conversion of epimasti
gotes from the insect host to the trypomastigotes 
of the mammalian host. In addition to the typical 
N-linked oligosaccharides of mannose and N
acetylglucosamine, GP72 carries O-linked oligo
saccharides which contain galactose, fucose, 
ribose and xylose and are highly phosphorylated. 
It is the latter oligosaccharides which are recog
nized by the transformation inhibitory antibodies. 
The smaller structures GP37 , GP31 and GP25 , 
present on the epimastigotes, have not been 
investigated in detail. As well as glycoproteins, 
the plasma membrane of T. cruzi includes an 
unusual lipopeptidophosphoglycan which will be 
described in Chapter 15. 

Crithidia fascicultata, which also belongs to 
the Kinetoplastida, contains the oligosaccharide 
Man7GlcNAez, both bound to dolichol pyro
phosphate and as carbohydrate chains on glyco
proteins. Thus in this case the carbohydrate 
chains transferred from lipid to the protein 
differ from the typical vertebrate chains by the 
absence of glucose. On the other hand, a 
Glc3Man9GlcNAez bound to dolichol pyro
phosphate is found in the flagellate Euglena gra
cilis [43]. Mature glycoproteins of C. fasciculata 
also contain small amounts of GallMan6GlcNAez, 
in which the galactose residue surprisingly all 
have the furanose configuration [182]. The doli
chol of C. fasciculata consists of only 11 isoprene 
units, whereas that of T. cruzi has 13 units; thus, 
both are significantly smaller than the dolichols of 
yeast, higher plants and vertebrates, which have 
17-20 units [44]. The surface of the kinetoplastid 
parasite (Leishmania tarentolae) of the lizards has 
a mixture of glycoproteins which consists mainly 
of linearly bound galactose residues [292]. 

13.6 Carbohydrases 

Enzymes that hydrolyse complex carbohydrates 
were traditionally termed carbohydrases and 
assigned to either the polysaccharidases or the 
glycosidases, according to the molecular weights 
of their substrates. However, the International 
Union of Biochemistry (IUB) enzyme com
mission uses the term glycosidase in a broad sense 
for all enzymes that hydrolyse glycosidic bonds, 
e.g. in glycosides, oligo- or polysaccharides, gly
copeptides, glycolipids or nucleosides. Glycosida
ses are specific for the sugar released and the 
anomeric configuration of the glycosidic bond 
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(Table 13.4); the shorter the chain, the greater 
are their activities with oligosaccharides, with 
maximum activities found for disaccharides. The 
polysaccharidases can be divided into endo- and 
exohydrolases. Endohydrolases hydrolyse inter
nal glycosidic bonds of carbohydrate chains and 
produce oligosaccharides or polysaccharides with 
a lower molecular weight; their activities 
decrease with decreasing chain length. Exohydro
lases cleave disaccharides from the non-reducing 
ends of longer chains. Examples of this latter type 
are the B-amylase of plants, which releases mal
tose from a(1-4)-glucans, and cellobiohydrolase, 
which cleaves cellobiose from cellulose. Some 
glycosidases also function as glycosyltransferases, 
transferring sugar residues to various acceptors; 
hydrolysis in this case appears as a special case of 
glycosyl transfer with water as the acceptor. 
Transferase activity is found, for example, with 
many a-glucosidases and B-fructosidases but not 
with trehalases. Thus, for example, the complic
ated oligosaccharide spectrum of bee honey or 
the honeydew of the aphids is not completely 
developed in the sap, but is largely the result of 
the activity of transferases from the animal itself 
or from the plant (p. 468). 

Digestive secretions of gut extracts from many 
animals have the capacity to hydrolyse a wide 
range of oligo- and polysaccharides (Table 13.4). 
If glucosidase specificity were related only to the 
nature and anomeric configuration of the sugar 
and its glycosidic bond, then relatively few glycosi
dases would suffice for all these hydrolytic activ
ities. In fact, the specificity of the glycosidases is 
much narrower than this, as is illustrated by the 
trehalases and the cellobiases. Consequently the 
total number of different glycosidases present in 
an organism can only be deduced by their isolation 
and characterization. Such data are available for 
humans and a few mammals. In general, the 
variety of carbobydrases is greater in herbivores 
than in other nutritional types, but evolutionary 
adaptation of the carbohydrases to the type of 
nutrition is by no means clear in all cases. For 
example, carnivores possess enzyme activities for 
which there is no immediately obvious biological 
function. There is clearly a danger of drawing false 
conclusions about apparently superfluous enzyme 
activities; for example, it is not immediately obvi
ous why the blood-sucking bug Rhodnius prolixus 
possesses a complex spectrum of different glycosi
dases, but the physiological role is probably 
related to digestion of the endosymbiontic bacteria 
(Nocardia rhodnii) whose mass may reach 5 % of 
the bug body weight after blood intake [224]. 

Table 13.4. Glycosidases 

a) The glycosidic bonds cleaved by common glycosidases, 
and typical disaccharides in which they occur 

a-glucosidic: sucrose = Glea (1-2)~Fru 
maltose = Glea(1-4)Gle 
isomaltose = Glea(1-6)Gle 
turanose = Glea(1-3)Fru 
trehalose = Glea(l-l)aGle 

~-glucosidic: cellobiose = Gle~(1-4)Gle 
gentiobiose = Gle~(1-6)Gle 

a-galactosidic: melibiose = Gala(1-6)Gle 
raffinose = Gala(1-6)Glea(1-2)~Fru 

~-galactosidic: lactose = Gal~( 1-4 )Gle 
~-fructo-furan-
osidic sucrose = Fru~(2-1 )aGle 

gentianose = Fru~(2-1)aGlc(6-1)aGle 
raffinose = Fru~(2-1 )aGle( 6-1 )aGal 

b) Cleavage of carbohydrates in the digestive organs of 
several invertebrates [163, 193] 

Carbohydrate HpTf Cc Ar 

Sucrose + + + + 
Lactose + - + + 
Maltose + + + + 
Starch = a(1-4),a(1-6)-glucan + + + + 
Glycogen = a(1-4),a(1-6)-glucan + + + + 
Yeast glucan = ~(1-2), ~(1-3)-glucan + 
Laminarin = ~(1-3)-glucan + + 
Carboxymethyleellulose + + + + 
Chitin = ~(1-4)-poly-N-acetyl-glucosamine + + + 
Xylan = ~(1-4)-xylan + + + 
Caragenin = a(1-3)-galactan 
Hp galactan = ~(1-3),~(1-6) + 
Agar = ~(1-3)-galactan - + + 
Mannan = ~(1-4)-mannan + 
Alginic acid = ~(1-4)-polymannuronic acid + + + 

Hp, Helix pomatia; Tf, Tegula funebralis; Cc, Crangon 
crangon; Ar, Asterias rubens; +, is hydrolysed; -, is not 
hydrolysed 

Specific nutritional adaptation of carbohydrase 
activity by enzyme induction is often found in bac
teria and mammals, and in the honey bee the provi
sion of cane sugar increases the trehalase and suc
rase activities in the haemolymph [36]. The com
plete digestion of a polysaccharide requires at least 
one endo- and one exoglycosidase which usually 
appear together, e.g. amylase and maltase, chiti
nase and B-N -acetylglucosaminidase (chitobiase), 
cellulase and cellobiase. In the vertebrates, the 
components of such an enzyme system are often 
restricted to different consecutive sections of the 
gut, corresponding to the order of their activities. 
Thus, human salivary amylase functions in the 
mouth cavity and the stomach, the pancreas amy
lase functions in the gut cavity, and maltase occurs 
in the microvillus layer of the small intestine. 



Intracellular glycosidases are found in all tis
sues. Their biological role is probably related to 
the conversion and degradation of bound carbo
hydrates and glycoconjugates. In the case of lyso
some enzymes, the pH optima are characteristic
ally 3-5; however, enzymes with such pH optima 
are also found extracellularly, e.g. in mammalian 
blood plasma. There have been few comparative 
investigations of glycosidases with functions other 
than digestion, but such enzymes are known in all 
animals down to the Protozoa. For example, at 
least nine different glycosidase activities have 
been detected in the blood forms of Trypanosoma 
brucei and these are probably involved in the 
turnover of the variable surface glycoproteins 
[44]. 

The literature is full of information about the 
hydrolytic effects of digestive secretions, other 
body fluids, and tissue extracts of many different 
vertebrates and invertebrates on a wide range of 
glycosides, oligosaccharides and polysaccharides. 
In many cases, not only have the activities been 
demonstrated but functional properties of the 
enzymes, such as substrate affinity and specificity, 
cofactor dependence, pH optimum and tempera
ture dependence, have been investigated. How
ever, there is as yet little information about the 
molecular structures of the carbohydrases and lit
tle can be said, therefore, about their evolution. 

13.6.1 Glycosidases 

The human and mammalian guts contain several 
a-glucosidases which are referred to as maltase, 
isomaltase and sucrase, according to their sub
strate specificities; there is also a trehalase (Tab
le 13.4). The enzyme activities sucrase-isomaltase 
and maltase-glucoamylase are involved in the last 
steps of starch digestion, during which they cleave 
glucose residues from dextrins, maltose, isomal
tose and linear glucans. Both disaccharidases, 
together with various peptidases, are bound to 
the microvillous membrane of intestinal cells. 
Their substrates are cleaved by "membrane
contact digestion" and the products are transfer
red into the cells by an Na + -dependent, hydrola
se-linked transport system. All enzymes bound to 
the microvillous membrane are anchored via a 
non-polar, N-terminal domain and form homodi
meric complexes. The maltase-glucoamylase is 
synthesized as a single polypeptide of about 
240 kDa but is cleaved at one position by a panc
reatic protease after insertion into the membrane 
[199]. Maltase-glucoamylase and trehalase have 
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also been isolated from the brush border of 
kidney tubules of various mammals, and sucrase
isomaltase has been isolated from the kidney of 
the goose Anser anser; apparently, the kidney tre
halase is anchored to the membrane via phospha
tidylinositol [87]. a-Glucosidases are also found 
in the liver and other organs, where they occur as 
either acidic lysosomal or neutral cytosolic enzy
mes. Human lysosomal a-glucosidase agrees in 
36-41 % of its 951 amino acids with the isomalta
ses and sucrases [114]. 

In invertebrates, the digestive glycosidases 
may be freely solubilized in the gut or more-or
less firmly bound to the gut cells. In caterpillars 
of the moth Erinnyis ello, these enzymes are 
localized in the glycocalyx of the gut cells; in lar
vae of the fly Rhynchosciara americana they are, 
like the aminopeptidases, integral membrane 
proteins. The soluble enzymes are usually mono
mers and the bound forms dimers or oligomers 
[267]. The a-glucosidases present in the midgut 
and haemolymph of the cockroach Periplaneta 
americana differ considerably in pH optimum, 
affinity for the p-nitrophenyl substrate, and sub
strate specificity; in contrast to the haemolymph 
enzyme, that of the gut also cleaves trehalose. 

The a-glucosidase in the midgut of Erinnyis 
ello caterpillars (Lepidoptera: Sphingidae) is 
found as a tetramer of 151 kDa and as monomers, 
whereas the enzyme from the imago has a mass of 
86 kDa and is immunologically unrelated to the 
larval enzyme; thus E. ello possesses at least two 
a-glucosidase genes [235]. In contrast to most 
other a-glucosidases, the haemolymph enzyme of 
the honey bee shows the typical kinetics of an 
allosteric enzyme with cooperativity. Interes
tingly, the Hill constant increases from 0.65 to 
1.21 during pupa development. Cooperativity has 
also been demonstrated for other insect a
glucosidases. 

'ftehalases have been found in many organisms 
from the bacteria, yeasts and slime moulds to the 
mammals. Of the animal trehalases, those from 
mammalian kidney and gut [225, 295], from the 
crustaceans Artemia and Macrobrachium, and 
from various insects [22, 202, 259] have been isol
ated and characterized. The trehalases from dif
ferent organisms differ in many properties: the 
pH optima vary between 3.5 and 7.5, and the Km 
values vary between 0.4 and 20 mmolll; Mg2+ 
inhibits the yeast trehalase but not that of the 
beetle Harmonia axyridis; and the mammalian 
enzyme is inhibited by phloridzin but the cock
chafer enzyme is not. However, all these enzymes 
show agreement in that their only natural sub-
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strate is trehalose; the claim that purified treha
lase from the brine shrimp Artemia salina also 
cleaves cellobiose and lactose should probably be 
re-examined. The oligo saccharides and glucosi
des cleaved by the non-specific a-glucosidases 
are not attacked by trehalases. In experiments 
with artificial trehalose analogues, the enzymes 
of bacteria, insects and mammals all behaved 
similarly in that substrates with intact a
glucopyranoside residues, such as 6' -deoxy-a,a
trehalose or a-galactosyl-a-glucoside, were 
cleaved but a,~- or ~,~-trehalose were not. 
Despite these results, the mechanism of action of 
the insect and mammalian enzymes appear to 
differ: the trehalase from the blowfly Sarcophaga 
barbata produces equal proportions of a- and ~
glucose, whereby the oxygen from the water is 
incorporated into ~-glucose; the trehalase from 
pig kidney, on the other hand, produces only a
glucose. The trehalases of rabbit kidney, Peripla
neta and Bombyx and also from the slime mould 
Dictyostelium are glycoproteins [202, 259]. 

Mammalian gut trehalase, like the sucrase
isomaltase and the maltase-glucoamylase, is one 
of the disaccharidases that is bound to the micro
villous layer but has been little investigated. The 
enzymes of rat and rabbit gut are dimers with sub
units of 66-75 kDa together with a small mem
brane domain of about 5 kDa [225, 295]. As tre
halose is the typical blood sugar of insects, it is 
rather amazing that the highest trehalase activ
ities are found in the haemolymph. However, this 
situation is explained by the localization of treha
lase completely or partially in blood cells. Fur
thermore, the haemolymph of the cockroach 
Periplaneta americana contains a soluble treha
lase inhibitor of 86 kDa [107]. In addition to the 
easily extractable, soluble trehalase, insect tissues 
contain a particulate form. In the flight muscles 
of the cockroach Blaberus discoidalis, the moth 
Hyalophora cecropia and the locust Locusta mig
ratoria the enzyme is bound to the microsomes, 
whereas in the flies Phormia regina, Calliphora 
erythrocephala and Sarcophaga barbata it is local
ized on the inner mitochondrial membrane [22]. 
The presence of soluble trehalases in flight musc
les often results from the presence there of hae
molymph; however, in Phormia regina and 
Locusta migratoria the soluble enzymes in flight 
muscle and haemolymph differ electrophoretic
ally [276]. Trehalose serves as an energy source in 
flight muscles, at least for short flight periods; the 
regulation of trehalase in the flight muscles is 
therefore an interesting, but as yet unsolved, 
question [276]. 

Soluble and particulate trehalases differ not 
only in intracellular localization but also in 
kinetic properties and organ distribution. In 
Bombyx mori, the predominant midgut enzyme is 
soluble with a pH optimum of 5.5 and a Km of 
1 mmolll, whereas the flight muscle enzyme is 
particulate, has a somewhat higher pH optimum 
and a lower substrate affinity. It may be assumed 
that the two forms have different, tissue-specific 
functions; however, both forms are sometimes 
found in the same tissue, e.g. in the gut of Bom
byx mori and Blaberus, or in the flight muscles of 
Apis, Locusta and Periplaneta. In the flight 
muscle of Periplaneta americana, the cytosolic 
form is an a-glucosidase with a broad specificity, 
but the particulate form is highly specific for tre
halose [130]. In Bombyx gut, the particulate form 
increases at the expense of the soluble form dur
ing pupal moulting; intermediate forms which 
appear during this period are particle bound but 
have the kinetics of the soluble form; the parti
culate forms can be solubilized with detergents 
[259]. Thus, the two forms are apparently prod
ucts of post-translational modification, and in 
Drosophila the soluble and particulate trehalases 
are encoded by the same gene. The soluble Bom
byx trehalase is a dimer with identical 67-kDa 
subunits, whereas the particulate form is mono
meric; thus, conversion of the particulate to the 
soluble form probably involves dimerization 
[259]. 

Specific fl-glucosidases (ceUobiases) mainly 
serve to digest cellulose, and fl-N-acetyl
glucosaminidases (chitinases) are involved in 
chitin metabolism. They will be discussed in rela
tion to the corresponding polysaccharidases. 
Multiple lysosomal ~-N-acetylglucosaminidases 
have been detected in many mammalian tissues 
and also in the carp [274]. The cleavage of cane 
sugar (invertase activity) may involve either a
glucosidase or ~-fructosidase activity. Genuine fl
fructofuranosidases, which hydrolyse sucrose, 
raffinose and inulin but not maltose, are found in 
plants but only rarely in animals, e.g. in the 
beetle Dermestes maculatus and the moths Helio
this zea and Erinnyis ella [235]. 

fl-Galactosidases are involved, together with 
other enzymes, in the metabolism of proteogly
cans, glycoproteins and glycolipids, and are, 
therefore, Ubiquitous. The corresponding bacte
rial enzymes are among the most investigated of 
glycosidases. Animal tissues contain multiple ~
galactosidases with acidic pH optima in the lyso
somes and cytoplasm. Apart from those of mam
malian organs, only the enzymes of Drosophila 



and the hepatopancreas of various molluscs have 
been examined in any detail [84]. The B
galactosidase 1 of Drosophila melanogaster is a 
homodimeric glycoprotein of 160 kDa; null mut
ants are known for the l3-gal locus [84]. The 
human and murine lysosomal B-galactosidases 
form a high molecular mass complex of 
600-700 kDa together with neuraminidase (siali
dase) and a "protective protein" [88]. They have 
attracted particular attention due to their involve
ment in glycosphingolipid metabolism and the 
demonstration that genetic defects of this enzyme 
lead to GM1 gangliosidose, a classical lysosomal 
storage disease. The microvillous layer in the 
small intestine of the higher mammals contains a 
B-galactosidase (lactase) with a pH optimum of 6 
and whose natural substrate is lactose [174]. The 
microvillous lactase is absent from various kanga
roo species of the genus Macropus and from the 
monotreme Tachyglossus aculeatus (echidna), in 
which lactose plays no important role in the milk. 
In contrast to that of the higher mammals, the 
lactose of these species is not hydrolysed either 
during or before resorption, but is cleaved intra
cellularly by a lysosomal, acidic B-galactosidase 
[58, 254]. 

a-Mannosidases and a-galactosidases are 
widely found in plants and animals and are prob
ably involved mainly in the metabolism of the 
organism's own substrates. The a-galactosidase 
and a-mannosidase of the hepatopancreas of the 
edible mussel Mytilis edulis, however, may also 
serve in the digestion of plankton [33, 212]. Simi
larly, the ubiquitous lysosomal a-L-fucosidases 
are required for the metabolism of the organism's 
own fucose-containing glycoconjugates [80, 201]. 
The liver enzymes of various vertebrates are very 
similar both immunologically and in their cata
lytic properties, but show large differences in 
their heat stability; the latter differences appear 
to have no adaptive significance as, for example, 
the activities of the human, rhesus monkey and 
armadillo enzymes are completely destroyed after 
3 hours at 60°C but those of the zebra and the 
fish Racophilus toxotes are reduced by only 14 %. 
The activity in human blood, which is high rela
tive to that in various other mammals, is not even 
stable at 37°C. Considerable differences in heat 
stability are also found between the different a
fucosidase isozymes of the same organ, e.g. for 
the enzymes isolated from the hepatopancreas of 
the snail Turbo cornutus [55]. The widely found 
enzymes referred to as (l-fucosidases are B
glucosidases with a broader specificity and can 
also hydrolyse l3-glucosides and l3-galactosides. It 
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could be shown with the enzymes from the snail 
Achatina balteata and the fly Rhynchosiciara 
americana that all three types of substrate bind to 
the same active centre [217]. 

The digestive organs of many marine inverteb
rates contain (l-glucuronidases, together with 
arylsulphatases, which are probably involved in 
the digestion of sulphated polysaccharides from 
algae. The richest sources of these enzymes are 
again found amongst the gastropods [272]. The 
very first glycosidase to be crystallized (in 1957) 
was the B-glucuronidase of the edible snail. In 
mammals, the intracellular localization of the B
glucuronidases is organ specific: in the rat liver, 
79 % is found in the lysosomes and 13 % in the 
microsomes; in the small intestine 62 % is in the 
soluble fraction, 30 % in the lysosomes and only 
4 % in the microsomes. The gut enzymes are 
responsible for the so-called enterohepatic cycle: 
B-glucuronides produced in the liver are hydro
lysed in the gut so that the aglycone can be reab
sorbed and returned to the liver [63]. Two glucu
ronidase forms are also found in Drosophila 
melanogaster and in the hepatopancreas of the 
marine snail Littorina littorea; these, like the 
mouse-liver enzymes and other glycosidases, are 
glycoproteins [167]. The glycosidic bonds of nuc
leosides in human tissues and those of other 
mammals are cleaved phosphorolytically rather 
than hydrolytically. However, almost nothing is 
known about nucleoside phosphorylases and 
hydrolases (nucleosidases) from a comparative 
biochemical standpoint. Phosphorylases specific 
for purine and pyrimidine ribonucleosides are 
known from the flagellate Trypanosoma cruzi. 
However, both here and in other Kinetoplastida 
there are also several deoxyribonucleosidases and 
ribonucleosidases of different specificity [189]. 

13.6.2 a-Amylases 

The a-amylases are amongst the best-investigated 
carbohydrases. They are endoamylases that 
cleave a(1-4) glucosidic bonds in the chain and 
break down a(1-4), a(1-6)-glucans, such as amy
lopectin or glycogen, stepwise, at first into 
smaller fragments and finally into maltose, iso
maltose and glucose. Starch hydrolysis is com
pleted by maltases and isomaltases, e.g. the 
maltase-glucoamylase and sucrase-isomaltase in 
the mammalian small intestine. The a-amylase 
reaction begins with an attack on anyone bond 
within the chain; one of the two resulting frag
ments remains bound to the enzyme and is shor-
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tened at the end by one to three glucose residues 
at a time during several cleavage reactions. The 
chain is then released and a new reaction initi
ated. a-Amylase also catalyses the transfer of 
maltose and glucose residues to appropriate 
receptors. Exoamylases, such as the ~-amylases 
of higher plants and the lysosomal exo-a(1-4)
glucosidases, attack the chain at the non-reducing 
end and each time remove one molecule of ~
maltose or glucose. ~-Amylases have been 
detected in many bacteria, fungi and higher 
plants. In view of their localization in lysosomes 
and their acid pH optima, the starch-hydrolysing 
enzymes involved in intracellular digestion in the 
Protozoa, Porifera and Enidaria are probably 
exo-a(I-4)-glucosidases; in contrast, all animals 
with extracellular digestion processes probably 
possess genuine a-amylases. These enzymes are 
usually secreted into the gut lumen by associated 
glands. A remarkable specialization is the gelatin
ous crystalline style of the mussels and some gast
ropods; amongst other digestive enzymes, this 
contains mainly a-amylase and is gradually solu
bilized while it is introduced into the stomach. 
The induction of a-amylase by a starch-rich diet 
has been demonstrated in the mammals and also 
in Drosophila [110]. 

In several vertebrates, a-amylases with rather 
different properties are produced in the pancreas 
and in the salivary glands. The pancreas type is 
probably present in all vertebrates, whereas the 
salivary gland amylase is found only in the anu
rans, the monotreme Tachyglossus aculeatus, 
rodents and primates. a-Amylase is found in the 
blood and urine of many mammals; just how the 
enzyme comes to be present in these fluids and 
what function, if any, it has remains a mystery. The 
production of a-amylases in other tissues, particu
larly in mammalian liver, was for a long time con
troversial. In the meantime, a-amylase mRNA 
was identified with certainty in mouse liver [240]. 

a-Amylases have been isolated and character
ized not only from various mammals but also from 
a series of invertebrates, especially insects, spi
ders, crabs and molluscs [11, 269]. The molecular 
masses of the animal a-amylases are all about 
52 kDa but may be somewhat higher as the result 
of glycosylation. The a-amylases are metalloenzy
mes which are stabilized and activated by calcium 
ions. Many are glycoproteins; the carbohydrate 
content of the human salivary gland enzyme is 
higher than that of the pancreatic enzymes of 
humans and other mammals; the chicken panc
reatic enzyme is carbohydrate free. The a
amylases of mammals and molluscs have neutral 

pH optima, whereas the optima in insects are 
more acidic (pH 5-6) and in the spiders are more 
alkaline (pH 7.2-7.8). Systematic differences in 
pH optima are found in the crustaceans: pH 6.3 
and lower in the Isopoda, Amphipoda and Asta
cura, and pH 6.8 or higher in the Natantia and 
Brachyura. All a-amylases are activated by Cl
ions; the effectiveness of the halogen ions decrea
ses in the order Cl- > Be > 1- > p--. The optimal 
Ct concentration varies greatly with the species 
and there is often no clear relationship with 
physiological ion concentrations: the optimal 
NaCI concentration is about 0.1 mmolll for the 
marine crustaceans Homarus americanus and Car
cinus maenas and for the crayfish Orconectes viri
lis; 0.5 mmolll for the marine mussel Mya arena
ria; and 1.0 mmolll for the freshwater isopod Asel
Ius aquaticus. The beetle Callosobruchus sinensis 
is the only known exception where chloride is inhi
bitory [11, 269]. The catalytic properties of the 
amylases of various Drosophila species vary 
widely with the habitat [188]. The a-amylase of the 
porcine pancreas is a polypeptide of 496 amino 
acids and has five internal disulphide bridges. The 
sequence shows differences of 14 % to the rat and 
mouse enzymes and 17 % to the human enzyme. 
The difference between sequences in the rat and 
mouse is 6 % and between those in the rodents and 
humans is 17.3 %. The complete sequence is also 
known for the 475 amino acids of Drosophila 
melanogaster and for 228 amino acids of the C
terminus of the enzyme from the beetle Tribolium 
castaneum. The difference between these two 
insect species is about 40 %, which is only slightly 
less than the 46 % difference between the insects 
and humans [111, 196, 206]. 

Isoenzymes of the a-amylases have been found 
in almost all investigated vertebrates and inver
tebrates. This is partly the result of post
translational modifications (glycosylation, de
amidation) and partly determined by post
secretory changes (deglycosylation, deamida
tion). Genetic analysis has already shown that 
many animals possess several a-amylase loci. In 
the mammals, there are separate loci for the 
pancreas and salivary gland enzymes, and Droso
phila and Musca also have at least two loci. A 
more detailed picture of the number of a-amylase 
genes has been obtained by mRNA and DNA 
analysis. In the mouse, the a-amylase genes lie 
within a region of only 78 kb on chromosome 3; 
only one gene is present for the salivary gland 
enzyme, which is also expressed in the liver, but 
at least four genes exist for the pancreas amylase, 
although only two of these are apparently tran-
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scribed. The gene for the salivary glandlliver 
enzyme contains two tissue-specific leader sequen
ces that are separated from the coding 
sequence by an intron of almost 10 kb; the genes 
for the pancreas enzyme lack this long intron. In 
contrast, the other introns of the transcribed genes 
are all found at homologous positions. The rat pos
sesses nine a-amylase genes, each with at least 
seven introns [289]. Drosophila melanogaster and 
other species of the melanogaster subgroup have 
two amylase genes. As the result of frequent gene 
conversion, the coding sequences for the two 
genes are identical, but the flanking DNA sequen
ces vary markedly [112]. Considerable polymorph
ism of a-amylase has been observed in almost all 
species examined, e.g. in Drosophila, Bombyx, 
and the salivary gland and pancreatic enzymes of 
man and mammals. In the domestic pig there are 
one to three isoenzymes of the pancreatic amylase 
(PPA) with identical catalytic properties but differ
ing frequencies. In one population of 50 animals, 
10 had only PPA-2, and 39 had PPA-1 and PPA-2; 
only 1 animal had all three isoenzymes [258]. 

13.6.3 Digestion of Cellulose, Lichenin 
and Laminarin 

Cellulose is the most abundant organic substance 
in the biosphere (even more abundant than chitin) 
and represents an enormous food reservoir. Many 
animals can exploit cellulose directly in metabol
ism, although this occurs mostly with the coopera
tion of protozoans, bacteria or fungi. The verteb
rates have no cellulolytic enzyme systems, and cel
lulose can only be used indirectly for nutrition; 
this occurs via anaerobic degradation by symbi
ontic bacteria in particular regions of the aliment
ary tract. The products of bacterial metabolism, 
e.g. volatile fatty acids, as well as vitamins and 
essential amino acids are then taken up by the ani
mal. Cellulose fermentation and metabolism of 
the volatile fatty acids formed is widely found in 
the mammals as well as, for example, in the tor
toise Chelonia mydas and some herbivorous birds. 
In most mammals, the cellulolytic bacteria inhabit 
the large intestine and the appendix. However, 
the bacterial products are exploited much more 
efficiently where the cellulose fermentation 
occurs in a spacious rumen, as is found in the 
ruminants, hippopotamuses, rock hyraxes, sloths, 
certain ape species and kangaroos [16, 26]. The 
ciliates present in the stomach of the ruminants 
are not important for cellulose digestion. The gen
era Isotricha and Dasytricha from the Holotricha 

have no capacity whatsoever for cellulose hydroly
sis; several genera of the Entodiniomorpha, e.g. 
Eudiplodinium and Eremoplastron, can hydrolyse 
cellulose but others, e.g. Entodinium, Metadinium 
and Ophryoscolex, cannot [56]. Bacterial cellulose 
fermentation and utilization of the resulting 
volatile fatty acids has also been demonstrated in 
beetles of the family Scarabaeidae [19]. 

There are several different indications for cel
lulose utilization in animals: comparison of the 
cellulose content of the diet and the faeces; the 
incorporation of carbon from 14C-Iabelled cellu
lose into carbon dioxide and tissue components; 
the capacity to survive on an exclusively cellulose 
diet; and the in vitro demonstration of the hydro
lysis of native (microcrystalline) cellulose [176]. 
Based upon these parameters, cellulose utiliza
tion has been shown in earthworms, pulmonate 
snails, insects and mammals. Amongst the 
insects, cellulose digestion is found especially in 
the wood-eating species, whereas it is often 
absent from the leaf-eaters [266]. It has been 
shown in thysanurans (Thermobia, Ctenole
pisma) , cockroaches, termites, beetles (Anobii
dae, Cerambycidae, Coccinellidae, Scarabeidae), 
hymenopterans (Siricidae), and the floor mites of 
the family Oribatidae. The efficiency of cellulose 
utilization is especially high in the thysanurans 
and the termites [176, 299]. The cellulose fibres of 
wood are embedded in a matrix of the phenolic 
polymer lignin, which is covalently bound to 
hemicellulose. Unlike the fungi, animals have no 
enzymes for the hydrolysis of lignin and can 
remove it only by mechanical means. However, 
not all wood-eating insects make use of the cellu
lose; for example, the scoletids and buprestids 
use the low molecular weight sugars, starch, pec
tins and xylans of wood [47]. 

The complete digestion of native cellulose 
requires at least three types of enzyme (the cellu
lase complex): 

1. Endo-B(1-4)-glucanase or Cx enzyme (EC 
3.2.1.4) hydrolyses internal B(1-4)-glucosidic 
bonds in carboxymethy1cellulose or other 
soluble celluloses. The activity against corre
sponding oligosaccharides (cellodextrins) dec
lines with decreasing chain length. It is inactive 
against crystalline cellulose. 

2. Cellobiohydrolase or C1 enzyme (EC 3.2.1.91) 
cleaves cellobiose from the non-reducing ends 
of linear ~(1-4)-glucan chains. 

3. Cellobiase (EC 3.2.1.21) cleaves cellobiose and 
cellodextrins. The activity declines markedly with 
an increase in the number of sugar residues. 
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The digestion of native cellulose is initiated by 
the hydrolysis of bonds in less strictly organized 
regions of the cellulose chain; this is achieved by 
endoglucanase, which creates sites for cellobio
hydrolase activity. This cleaves off cellobiose at 
these sites, thereby destroying the strict organiza
tion of the crystalline regions and revealing new 
sites for attack by the endoglucanase. By the 
combined activities of the Cx and C1 enzymes, 
the cellulose fibres are finally completely de
graded to cellobiose and the corresponding oligo
saccharides; these are then hydrolysed by the 
joint action of Cx and cellobiase to give free glu
cose residues [176]. 

The classical method for the determination of 
cellulase activity using preparations of soluble 
cellulose measures only the activity of Cx; the 
C1 enzyme can be assayed only indirectly by the 
release of reducing sugars from crystalline cellu
lose [176]. Endoglucanase (Cx) and cellobiase 
activities have been detected in numerous spe
cies, especially amongst the molluscs and the 
arthropods, including species whose capacity for 
cellulose utilization is not particularly great or is 
completely absent. In the latter cases, it is 
important to know whether C1 activity is present 
and, thus, whether the hydrolysis of native cellu
lose is possible. Appropriate investigations have 
shown, quite surprisingly, that the eight carnivor
ous species of molluscs (five cephalopods and 
three prosobranchia) have a complete cellulolytic 
system which is probably never active in the living 
animal [1, 176]. Where the complete cellulase 
complex is found, it needs to be ascertained 
whether the individual enzyme components are 
all produced by the animal itself or whether they 
originate exogenously. Many animals digest cellu
lose either with the help of C1-producing proto
zoans or fungi, or through the involvement of 
bacteria which can hydrolyse cellulose without 
the secretion of cellulolytic enzymes. 

It is now quite certain that the thysanurans 
Thermobia domestica and Ctenolepisma lineata 
and the floor mite Steganacarus magnus (Oribati
dae) do not require bacteria or other symbionts 
for cellulose utilization [176, 299]. However, the 
situation is more complicated for the termites and 
some other insects. In the posterior gut of the 
lower termites (Mastotermitidae, Kalotermiti
dae, Hodotermitidae and Rhinotermitidae) and 
the wood cockroach Cryptocerus punctulatus 
there are anaerobic protozoans which ferment 
cellulose to acetate and are indispensable for cel
lulose digestion. These protozoans belong to cer
tain genera of the flagellate group of the Polymas-

tigina and are found only in this habitat. The total 
cellulase activity and more than 90 % of the cello
biase activity in the termite posterior gut are gen
erated by the anaerobic protozoans present. 
Feeding these insects with starch results in the 
disappearance of the protozoans and loss of the 
capacity for cellulose utilization by the host; rein
oculation with the protozoans restores the cellu
lose utilization capacity. The bacteria present in 
the termite gut are not involved in cellulose diges
tion. Termites also produce their own cellulolytic 
enzymes; the activities of endoglucanase and cel
lobiase in the salivary glands and in the anterior 
gut and midgut are not affected by removal of the 
protozoans [176, 278]. For the fungus-farming 
termites, such as Macrotermes natalensis, and the 
wood wasps (Siricidae), the greater part of the 
cellulolytic enzymes found in the gut originate 
from the fungal diet. The amphipod crustaceans 
of the genus Gammarus also contain cellulolytic 
enzymes derived from fungi [230]. 

The degree to which symbiontic gut bacteria 
are important for the utilization of cellulose by 
invertebrates is in most cases not known. A crit
ical role may be assumed when the extent of cel
lulose degradation correlates with the extent of 
the bacterial flora, e.g. in the beetle Oryctes, the 
diplopod Glomeris and the isopod Tracheoniscus 
[176]. The isolation of animal cellulases has sel
dom been attempted. The endo-~(1-4)-glucanase 
of the edible snail Helix pomatia has all the typ
ical properties of this enzyme type: the molecular 
mass is 51 kDa; it cleaves soluble ~(1-4)-glucans 
down to cellotetraose with a pH optimum of 6; 
and it is inactivated by EDTA and can be reactiv
ated by calcium ions. Three cellulolytic enzymes 
have been isolated from the long-horned beetle 
Ergates faber. Enzyme A has a mass of 25 kDa 
and is a typical cellobiohydrolase (C1 enzyme); 
enzymes Band C have masses of 57 and 70 kDa, 
respectively, and are exoglucanases of broad 
specificity which cleave off terminal glucose resi
dues from longer or shorter ~(1-4)-glucans. 
Many ~-glucosidases of the invertebrates are act
ive against cellobiose; one such enzyme from a 
beetle larva has been purified and characterized 
[47]. 

Most endo-~( 1-4 )-glucanases are active 
against the lichenin found in Irish moss, which is 
essentially composed of ~(1-3)-linked cellotriose 
sequences. The hydrolysis of ~(1-3)-glucans 
found, for example, in the cell wall of fungi, in 
the brown algae (laminarin) and in the phloem of 
higher plants, requires specific 1l(1-3)-glucanases 
(Iaminarinases). Such enzymes have been found 



in many invertebrates. They are widely distrib
uted amongst the molluscs and crustaceans which 
feed on brown algae or phytoplankton. They are 
present in almost all inhabitants of the forest floor 
and leaf litter, such as oligochaetes, isopods, chi
lopods, diplopods and insects. Amongst the lami
narinases, a distinction is drawn between the 
endo-~(1-3)-glucanases, which cleave internal 
bonds, and the exo-~(1-3)-glucanases, which 
change the anomeric configuration and release a
glucose residues from the non-reducing ends of 
~-(1-3)-glucans. The marine copepod Acartia 
clausi possesses both types of enzyme with the 
exo-activity predominating; this is bound to a 
protein of 21 kDa and has a pH optimum of 5.6 
[226]. Animals with high laminarinase activity 
often have only the endohydrolase but, in con
trast to the corresponding enzymes of the fungi 
and plants, the animal enzymes are still active 
against tri- and disaccharides and therefore can 
compensate for the lack of exo-activity [51]. Exo
~(1-3)-glucosidases have been detected, for 
example, in Helix pomatia, other pulmonate 
snails and sea urchin eggs [263]. Several of these 
enzymes have been isolated and characterized. 
The endohydrolases usually have lower molecular 
masses (20-22 kDa) than do the exohydrolases, 
which are usually more than 100 kDa. The excep
tions to this rule are the endo-~(1-3)-glucanase 
isolated from larvae of the beetle Rhagium inqui
sitor, which is about 100 kDa, and the small exo
hydrolase from the copepod Acartia, mentioned 
above [51, 226, 263]. The crystalline style of the 
mussel Chlamys abbidus contains both a ~(1-3)
and a ~(1-6)-specific endoglucanase [233]. 

Further polysaccharide-hydrolysing enzyme 
activities are found in the tissues, body fluids and 
poisonous secretions of animals, but there are few 
comparative biochemical data available. On the 
one hand, there are enzymes that attack the cell 
wall substances present in herbivore diets, and on 
the other hand, there are the enzymes that can 
hydrolyse animal proteoglycans. The cell walls of 
higher plants consist of cellulose fibres embedded 
in a matrix of lignin, hemicelluloses and pectins. 
Neither lignin nor the mixture of branched hete
roglycans known as hemicellulose are effectively 
digested by animal enzymes. The pectins are 
made up of a(1-4)-linked galacturonic acid resi
dues which are, in part, methylated. Pectinases 
are widely found in fungi and higher plants and 
have also been detected in molluscs, coleopterans 
and dipterans [102]. Alginases from sea urchins 
and marine mussels cleave the alginic acids 
found, for example, in the brown algae; these 
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consist of ~(1-4)-linked mannuronic acid and 
single residues of its 5-epimer L-guluronic acid. 
The hyaluronidases and chondroitinases of the 
vertebrates are involved in the metabolism of the 
extracellular matrix; the hyaluronidases present 
at high activity in the venoms of snakes, bees, spi
ders and scorpions serve in the dissemination of 
the toxin in the tissues. The saliva of the leech 
Hirudo medicinalis contains an endo-~
glucuronidase which is highly specific for hyalu
ronic acid and which, in contrast to the endo-~
hexosaminidases from mammalian connective tis
sues, does not attack chondroitin. This property 
makes the enzyme particularly suitable for cell 
separation and it has been marketed under the 
name "Orgelase". 

13.6.4 Chitinolysis 

At least two types of enzyme are required for 
the complete hydrolysis of chitin: a chitinase, 
which reduces chitin to oligosaccharides, and 
a ~-N-acetylglucosaminidase or a -N-acetylhexos
aminidase, which releases N-acetylglucosamine. 
Chitinases with a digestive function are found in 
the entoderm of the Cnidaria and in the gut and 
associated glands of many invertebrates. Con
trary to early assumptions, these enzymes are 
probably not of bacterial origin but are produced 
by the animals themselves [100, 151, 172, 192, 
248]. The vertebrates show an evolutionary trend 
towards loss of chitinases; they are still widely 
found in the fish, amphibians and reptiles, but are 
absent from most species of birds and mammals 
that exist on a herbivorous or otherwise chitin
free diet. Thus, chitinase is present in the gut of 
rats, mice, dogs and foxes, but not in the gut of 
tortoises, pigeons, rabbits, sheep, cats or humans 
[192]. ~-N-Acetylglucosaminidases and N-N
acetylhexosaminidases, which are also required 
for the metabolism of proteoglycans and glyco
proteins, are probably ubiquitous. It is somewhat 
extraordinary to find a high activity of a genuine 
chitinase in calf serum. Nematode larvae have a 
chitinase of ectodermal origin and this is probably 
involved in hatching [192]. The similar ectoder
mal chitinases that appear at certain times in the 
integument of arthropods certainly have a func
tion in moulting. In insects, spiders and crusta
ceans, during the period between separation of 
the cuticula from the epidermis (apolysis) and 
moulting itself (ecdysis), up to 90 % of the 
material of the old cuticula is released, reab
sorbed and reused [50, 247]. 
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The best-investigated chitinolytic system is that 
of the moth Manduca sexta. This consists of six 
enzymes (E-I to E-VI), all of which have been 
isolated and characterized in detail. E-IV, E-V 
and E-VI from the moulting fluid and the integu
ment are chitinases which can also degrade chitin 
oligosaccharides to di- and trisaccharides at a 
pH optimum of 6; their activity increases with 
chain length. They have different molecular mas
ses (75, 62 and 50 kDa, respectively) and amino 
acid compositions, but are immunologically 
related. The glycosidase E-I in the haemolymph 
of larvae and pupae as well as in the moulting 
fluid and integument cleaves di- to hexasacchari
des to about the same extent as it cleaves p
nitrophenyl-B-N-acetylglucosamine; E-III from 
pupal haemolymph has similar properties. In con
trast, E-II from larval and pupal haemolymph is 
active almost exclusively against glycosides. E-I is 
without doubt a moulting enzyme; the functions 
of E-II and E-III probably lie more in the meta
bolism of proteoglycans, glycoproteins and glyco
lipids. Whereas E-I and E-III are immunologic
ally similar, E-II again occupies a special position. 
All three glycosidases have the same molecular 
mass of 61 kDa, although E-I consists of one 
polypeptide chain and E-II and E-III have two 
chains [154]. The isolated chitinases (E-IV to 
E-VI) are monomers; nevertheless, the chitinase 
activity of the moulting fluid shows sigmoid kinet
ics (Hill constant n = 1.95), which suggests a 
homotropic allosteric interaction. The reconsti
tuted chitinolytic system produces more free N
acetylglucosamine than predicted from the activ
ities of the isolated enzymes; the largest turnover 
is achieved when chitinases and B-N-acetyl
glucosaminidases are mixed in a ratio of 6: l. 
Thus, the chitinases apparently form non
productive enzyme-substrate complexes with low 
molecular weight substrates and these can be 
degraded by the B-N-acetylglucosaminidases 
[50, 85]. The chitinolytic systems involved in the 
moulting of other insects, e.g. Platysamia, Bom
byx, Drosophila, Musca and Tribolium, have also 
been investigated [50, 158, 159]. A 215-kDa pro
tein identified immunologically in Bombyx mori 
is apparently a chitinase zymogen from which the 
active 65-kDa enzyme is released the day before 
moulting. The silkworm also appears to con
tain inactive precursors of the B-N-acetyl
glucosaminidase [155]. 

The majority of insect chitinases have molecu
lar masses between 45 and 75 kDa; similar values 
have been reported for other chitinases, e.g. from 
calf serum (47 kDa), from the digestive juices of 

the spider Cupiennius salei (48 kDa), and from 
the hepatopancreas and the crystalline style of 
the edible mussel (60 and 76 kDa, respectively) 
[28, 50]. However, the enzyme from the brine 
shrimp Artemia is reported to be a glycoprotein of 
only 32 kDa [86]. The catalytic activities of the 
chitinases vary greatly with the species. The three 
chitinases from Manduca sexta produce oligomers 
of N-acetylglucosamine; in contrast, the chitina
ses of the silkmoth Bombyx mori, the fly Sto
moxys calcitrans and the spider Cupiennius salei 
primarily release dimers. The spider chitinases 
degrade chitin to chitobiose (88 %). chitotriose 
(5 %) and free N-acetylglucosamine (7 %), 
whereas, for example, the moulting enzyme of 
Bombyx mori produces no trisaccharides. Almost 
all chitinases produce free N-acetylglucosamine, 
probably by the cleavage of chitotriose. Even the 
chitinases from Manduca have at least a low 
hydrolytic activity with chitotriose. The verteb
rate chitinases produce no free N-acetyl
glucosamine [50]. One problem with the 
investigations of chitinases is the difficulty of 
avoiding contamination by bacterial and fungal 
enzymes. A chitinase which is certainly not conta
minated is secreted into the medium of Droso
phila cell cultures [32]. 

The N-acetylglucosaminidases of the insects 
present a very heterogeneous picture. The enzy
mes of Manduca sexta have a mass of about 
61 kDa, whilst enzymes from other sources are 
over 100 kDa. The enzyme of Bombyx mori is 
a dimer with subunits of equal size, whilst that 
of Stomoxys calcitrans is a heterodimer with 
subunits of 67 and 43 kDa [50]. The N-acetyl
glucosaminidases or N-acetylhexos aminidases of 
animals have in some cases digestive functions 
but are mainly involved in the metabolism of 
proteoglycans, glycoproteins and glycolipids. 
Apart from chitobiose, they cleave other B
glycosidic derivatives of N-acetylglucosamine and 
N-acetylgalactosamine, whereby their relative 
activity against the individual substrate varies 
greatly with the origin of the enzyme. The mole
cular masses of these enzymes span a wide range: 
55 kDa in Tetrahymena, 125 kDa in Entamoeba, 
100-200 kDa in various mussel species, 
112-124 kDa in the nematode Turbatrix and 
150-160 kDa for the enzyme from rat kidney 
[21, 234, 268]. Even in closely related species 
there are large differences in temperature stabil
ity and these can not be explained as adaptations; 
for example, the enzyme activity of the mussel 
Spisula solidissima is not affected at all after 1 h 
at 45°C, but the activity is reduced in Mya 



arenaria by about 47 % , and in Mercenaria merce
naria by as much as 91 % [234]. Various mamma
lian organs contain two ~-N-acetylhexos

aminidases, A and B, which have many very simi
lar properties but vary in their activities against 
different gangliosides. These enzymes are tetra
mers, made up of two different subunits accord
ing to the formulae A = a2~2 and B = ~4' The 
human genes for a and ~ are located on different 
chromosomes. It has been shown for the liver 
enzymes of various primates that the two genes 
separated a long time ago, and their evolution is 
particularly slow. The immunological distance, 
determined by microcomplement fixation, bet
ween A and B of the same species is much greater 
than the species-specific differences within A and 
B. Isoenzymes of ~-N-acetyl-hexosaminidase 
have also been recorded in protozoans and mol
luscs [203]. 

13.6.5 Lysozy~es 

Based on the observation that bacteria were lysed 
by chicken albumen, Fleming in 1922 postulated 
the presence of an enzyme which he called lyso
zyme. It is now known that lysozymes cleave 
~(1-4) bonds between N-acetylmuraminic acids 
and N-acetylglucosamine in the cell wall material 
of Gram-positive bacteria. The susceptibility of 
Micrococcus lysodeikticus makes it particularly 
suitable for lysozyme detection. According to 
their origin, lysozymes may have a higher or 
lower chitinase activity; the ratio of chitinase to 
muraminidase activity for the enzymes from the 
chicken egg or the edible mussel Mytilus edulis 
are about 1: 100, whereas for the lysozyme from 
the eggs of the Mediterranean fruit fly Ceratitis 
capitata the ratio is much higher. Relevant here is 
the fact that lysozymes are inhibited by free N
acetylglucosamine and even more so by chitin oli
gosaccharides. The primary function of the albu
men lysozymes is apparently not defence against 
microorganisms; many bacteria on the surface of 
the egg are not attacked and the lysis products are 
highly toxic to embryos. Lysozymes appear in fact 
to be responsible for the gel structure of the albu
men in freshly laid eggs. This is brought about by 
lysozyme and ovomucin, which together produce 
a cross-linked structure; the positively charged 
lysine residues of the lysozyme interact electros
tatically with the negatively charged terminal 
sialic acid residues on the carbohydrate chains of 
ovomucin. The temperature increase during 
brooding causes a partial degradation of these 
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carbohydrate chains and an increase in the fluid
ity of the egg white. 

Lysozymes have been found in bacteriophages, 
bacteria, lower fungi, higher plants, and both 
invertebrates and vertebrates. Many of them 
have been isolated and characterized and, conse
quently, they are amongst the most investigated 
enzymes of comparative biochemistry. In the 
mammals, they are found in tissues, blood and 
urine, and also occur in secretions such as milk 
and tears. In the ruminants and certain species of 
ape, lysozymes function as digestive enzymes. 
The lysozyme content of avian albumen varies 
from 3-4 % of the total protein in chickens and 
geese to only trace amounts in penguins [81]. 
Reptilian albumen also contains lysozymes. No 
fewer than eight isozymes of lysozyme from vari
ous organs have been detected in the frog Rana 
pipiens. Detailed investigations have been carried 
out on the lysozymes of the plaice Pleuronectes 
platessa, the polychaete Nephthys hombergi, the 
starfish Asterias rubens, the edible mussel Mytilus 
edulis and many insects [64, 116, 179,242, 296]. 
Haemolymph lysozymes can be induced in insects 
by inoculation with bacteria; however, other hae
molymph proteins, such as cecropins and atta
cips, have a much higher bactericidal activity than 
the lysozymes. 

Two different types of lysozyme found in avian 
a1bu~en are designated, according to the first 
examined species, as c type (chicken) and g type 
(goose). The two lysozyme types are so different 
in structural and functional properties that they 
must be considered as two completely different 
proteins. From the soluble peptidoglycan of 
Micrococcus lysodeikticus, the chicken egg
white lysozyme (HEWL) produces: (1) the 
disaccharide GlcNAc~(1-4)MurNAc; (2) a tetra
saccharide made up of two such sequences; and 
(3) a disaccharide-hexapeptide; the goose egg
white lysozyme (GEWL) produces only (1) and 
(3), and the lysozyme from phage T4 produces 
only (3) [241]. Compared with the g type, the 
c type has greater activity against chitin oligo sac
charides and is more strongly inhibited by N
acetylglucosamine. The pH optimum of the 
c type is weakly alkaline, and that of the g type 
is strongly acidic [10]. HEWL has a molecular 
mass of 14.5 kDa (129 amino acids) and GEWL 
20 kDa (185 amino acids). Apart from certain 
similarities in the active centre, there is no sig
nificant sequence agreement between the lysozy
mes of chicken and goose; however, the spatial 
structures derived from the sequences are very 
similar. 
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In the gallinaceous birds (order Galliformes) 
and the pigeon, the albumen contains only type-c 
lysozymes, and in eight further avian orders only 
type g occurs (Table 13.5). In the goose orders 
(Anseriformes), some species have only type g 
and others only type c; however, the black swan 
Cygnus atratus and many other species have both 
types g and c [10,69]. The albumens of many bird 
orders do not react with antisera raised against 
the lysozymes of chicken, goose or duck, suggest
ing the existence in these cases of greatly altered 
forms of types g and c or of other, as yet unde
fined, lysozymes [215]. Whereas only one of the 
two lysozyme types is usually expressed in the 
cells of the oviduct, the polymorphically nucle
ated leukocytes of the chicken and goose contain 
both types [113]. 

The complete amino acid sequences are known 
for at least 17 albumen lysozymes, 14 of type c 
and 3 of type g. With the exception of the lyso
zyme from the pigeon, the various lysozymes 
show differences of 3-21 % to the HEWL of the 
chicken, and the g lysozymes show a difference of 
3 % to the GEWL of the black swan and of 16 % 
to that of the ostrich [92, 246]. The albumen lyso
zyme of the pigeon is clearly of type c but shows 
about 50 % difference in its polypeptide chain of 
127 amino acids to the other known c types; 
including this highly deviant example, there 
appear to be only 24 invariant positions in the c
type lysozymes [228]. A 586-bp pre-lysozyme 
mRNA has been isolated from chicken oviduct. 
The corresponding gene has about 4000 bp and 
contains three large introns. The signal sequence 
of the HEWL and other pre-Iysozymes of the 
c type is made up of 18 amino acids (see Fig. 3.4, 
p.85). The pre-lysozyme of the ringed-neck 
pheasant Phasianus colchicus includes proline at 
position 17 and is cleaved between positions 17 
and 18; thus, the signal peptide is reduced to 17 
amino acids and the lysozyme itself is extended to 
130 amino acids by an N-terminal glycine. The 
signal peptidase in this case can apparently only 
cleave bonds within a particular spatial arrange
ment (B turn), and proline is not acceptable as 
the penultimate amino acid of the signal peptide 
[287]. 

The lysozymes of the mammals are homolog
ous to avian-egg c type. The human enzyme 
agrees in 61 % of its 130 amino acids with the 
chicken HEWL, and the mouse lysozyme agrees 
in 57 % of positions [52, 60]. The a-Iactalbumins 
are also significantly homologous to HEWL 
(p. 470); in fact, the horse lysozyme includes the 
complete Ca2+ -binding site of a-lactalbumin, and 

Table 13.5. The distribution of lysozymes of types c and g 
in the albumen of birds from various orders and species 
[10, 91, 215] 

Order-species c-type g-type 

Galliformes (fowl) + 
Columbiformes (pigeon) + 
Anseriformes (geese) 
in 3 of 25 species e.g. + 

(Mergus serrator) 
in 16 of 25 species e.g. + + 

(Cygnus atratus, Anser indicus) 
in 6 of 25 species e.g. + 

(Anser anser, Anser canadensis) 

Struthioniformes (ostrich) + 
Rheiformes (American rhea) + 
Casuariiformes (cassowaries) + 
Apertygiformes (kiwis) + 
TInamiformes (tinamous) + 
Podicipediformes (grebes) + 
Sphenisciformes (penguins) + 
Charadriiformes (gulls) + 

the lysozymes of the monotreme Echidna and the 
pigeon bind calcium [94, 197]. Lysozymes have 
assumed digestive roles in two groups of mam
mals; in the ruminants and in the East African 
leaf-eating apes of the family Colobidae. Both 
have multichambered stomachs and rumen fer
mentation of cellulose. Lysozymes are secreted 
into the last stomach chamber, the real stomach 
(abomasum), where they digest the bacteria com
ing from the rumen. Sequence comparisons indi
cate that the stomach lysozymes of the two 
groups developed independently at different 
times from the antibacterial enzymes present in 
all mammals. Initially, further lysozyme genes 
arose by gene duplication in the apes and the 
ruminants; by alterations in gene regulation some 
of these were expressed in the stomach and 
assumed digestive functions, whereas others 
retained their original functions. After this 
change in function, the rate of evolution of the 
lysozyme genes in both groups of mammals 
increased transiently. There are three bovine lyso
zymes which are specific to the stomach and are 
encoded by four of the ten lysozyme genes. Sheep 
and goats, but not cattle, have lysozymes in their 
tears. The multiple lysozymes of tears and milk 
apparently arose by gene duplication from stom
ach lysozymes [126, 136]. One of the two lysozy
mes from the albumen of the turtle Trionyx gan
geticus, the only reptile system to have been exa
mined in any detail, is clearly homologous to 



HEWL, although it has 16 substitutions and 
1 deletion in the 48 N-terminal amino acids. Dis
tant relationships with HEWL are also discern
ible in the lysozymes of the frog Rana pipiens, the 
trout Onkorhynchus mykiss and the plaice Pleu
ronectes platessa [64]. Although it is generally 
agreed that a-lactalbumin originated from a lyso
zyme, there is some disagreement as to when this 
occurred. According to one model of evolution, 
the gene duplication between lysozyme and a
lactalbumin occurred before, or shortly after, the 
separation of the mammals and the birds. This 
model avoids the assumption of accelerated 
evolution of the a-lactalbumin line, and explains 
why a-lactalbumin and the mammalian lysozymes 
resemble the c-type lysozymes of the birds and 
reptiles to a similar degree. According to an 
alternative model, the a-lactalbumin gene arose 
at the beginning of mammalian evolution, at the 
same time as the appearance of the milk gland. 
This model assumes a higher rate of evolution for 
a-Iactalbumins than for lysozymes [197, 216]. 

Because of a shortage of sequence data, little 
can be said definitively either about the evolu
tionary relationships between the lysozymes of 
vertebrates and invertebrates, or about the total 
number of lysozyme types to be found in the ani
mal kingdom. The lysozyme of the moth Hyalo
phora cecropia agrees in about 40 % of its 120 
amino acids with HEWL. The lysozymes of the 
moths Bombyx mori, Galleria melonella and Spo
doptera littoralis are significantly homologous in 
the 33 N-terminal amino acids to HEWL and 
human lysozyme, and have about the same size of 
15-16 kDa [260]. Results obtained with the 
enzyme-linked immunosorbent assay (ELISA) 
method, which allows the detection of distant 
immunological relationships, suggest that the 
lysozymes of the migratory locust Locusta migra
toria and various avian c types are quite similar, 
although the sequence similarities show only 
about 60 % agreement [116]. In contrast, the lyso
zyme of the Mediterranean fruit fly Ceratitis capi
tata with a mass of 23 kDa (210 amino acids) is 
much larger than the other known lysozymes, and 
with its chitinase activity shows different enzy
matic properties. The lysozyme of the starfish 
Asterias rubens differs consistently from all other 
lysozymes in its length of 142 amino acids, N
terminal sequence and functional properties. On 
the other hand, the lysozyme of the polychaete 
Nephthys hombergi is similar to type-c vertebrate 
enzymes, at least in its enzymatic activity; how
ever, in this case, there are as yet no sequence 
data. 
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14.1 The Pathway from Hexose 
to Pyruvate 

The enzyme system of glycolysis (Fig. 14.1) is pre
sent in all animal cells. This pathway, together 
with the citric acid cycle and respiratory chain 
phosphorylation, is involved in the provision of 
energy under aerobic conditions. In contrast to 
other substrates, however, carbohydrates can also 
serve as a source of energy under anaerobic 
conditions. The reactions and end products of 
anaerobic carbohydrate catabolism vary greatly 
within the animal kingdom, and thus provide an 
especially interesting subject for comparative bio
chemistry. However, glycolysis should be consid
ered not only as a source of energy but also as the 
starting point for the biosynthesis of important 
structural components, e.g. hexose phosphate for 
the biosynthesis of carbohydrates, dihydroxyace
tone phosphate and glycerol phosphate for lipid 
biosynthesis, and 3-phosphoglycerate and pyruv
ate for the biosynthesis of various amino acids. 
The synthetic metabolism may constitute a consi
derable proportion of the total glycolytic turno
ver. Thus, in vertebrate liver and other lipogenic 
tissues, the greater part of the pyruvate arising 
from glycolysis and the subsequent acetyl-CoA is 
used in fatty acid synthesis. 

14.10 Anaerobiosis 
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The enzymes of glycolysis are a textbook 
example of cytoplasmic localization. However, 
they are not all found in soluble form in the cyto
sol; they may also be more or less tightly bound 
to cytoplasmic structures such as membranes or 
the cytoskeleton. The binding of enzymes to cell 
structures has the effect of a metabolic compart
mentalization and can change the kinetic
regulatory properties of the enzymes. This bal
ance between free and bound enzymes is influ
enced by the concentration of low molecular 
weight effectors. In vertebrate skeletal muscle, 
triose phosphate isomerase binds to myofibrills 
only when these already carry bound aldolase 
or glyceraldehyde-3-phosphate dehydrogenase; 
thus, the living muscle contains a mini-enzyme 
complex which catalyses the reaction step from 
fructose-1,6-bisphosphate to 3-phosphoglycerate 
[234]. In glioma cells, glycolytic enzymes are 
found to be associated with the inner side of the 
plasma membrane [44]. The regulatory impor
tance of the reversible binding of glycolytic enzy
mes to cell structures has often been postulated, 
but this has also been contradicted [20, 193]. Very 
convincing examples are found in the sea snails: 
binding to structures in the muscles of Busycoty
pus canaliculatum is reduced during oxygen defi
ciency, and the rate of glycolysis diminishes; the 
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Fig.14.1. The pathways of glycolysis and glu
coneogenesis. The regulatory reactions of glu
cose and glycogen catabolism, including mem
brane transport of glucose, are marked with f. 
In principle, gluconeogenesis involves the 
reverse of the degradation reaction, with the 
hydrolytic cleavage of phosphate replacing the 
reverse of the kinase reactions. The formation 
of enol pyruvate from pyruvate occurs via oxa
loacetate in the liver, and via malate and oxa
loacetate in skeletal muscle. The following 
enzymes are involved: 1, hexokinase; 2, hex
ose phosphate isomerase; 3, phosphofructoki
nase; 4, fructose bisphosphate aldolase; 5, gly
ceraldehyde phosphate dehydrogenase; 6, 
phosphoglycerate kinase; 7, phosphoglycerate 
mutase; 8, enolase; 9, pyruvate kinase; 10, 
phosphorylase; 11, phosphoglucomutase; 12, 
glucose-6-phosphatase; 13, hexose bisphospha
tase; 14, triose phosphate isomerase; 15, 
pyruvate carboxylase; 16, malic enzyme; 17, 
malate dehydrogenase; 18, phosphoenolpyruv
ate carboxykinase 

Phosphoglycerol- 3 -phosphate 
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® 

structural binding of five glycolytic enzymes 
increases in parallel to the rate of glycolysis in sti
mulated muscles of Patella caerulea [158]. 

In the ciliate Tetrahymena, phosphofructoki
nase and lactate dehydrogenase are completely 
bound to mitochondria, as is 50 % of the 
glyceraldehyde-3-phosphate dehydrogenase [228]. 
The structural organization of the glycolytic enzy
mes in the Kinetoplastida is rather unique. Here, 
the mitochondria are defective and glucose is not 
fully catabolized to carbon dioxide and water dur
ing energy-yielding metabolism; this reduced effi
ciency results in approximately five times more 
intensive glucose degradation than occurs in 
mammalian cells. The first seven enzymes of gly
colysis and two enzymes of glycerol metabolism 
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are enclosed in microbody-like cell organelles 
(glycosomes): these enzymes are hexokinase, 
hexose phosphate isomerase, phosphofructo
kinase (PFK), aldolase, triose phosphate isome
rase, glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), phosphoglycerate kinase (PGK) , 
glycerol-3-phosphate and glycerol kinase. These 
nine enzymes make up only 3.3 ± 1.6 % of the 
total cell protein in Trypanosoma brucei. In the 
glycosomes the accumulation of the enzyme pro
teins up to 320-360 mg/ml shortens the diffusion 
distances and allows for high glycolytic flux rates. 
The individual enzymes may also lie in an appro
priate spatial arrangement within the glycosome. 
It is not at all certain that the evolution of the gly
cosomes can be fully explained by shortened 
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diffusion pathways and interactions between the 
enzymes [10]. Most glycolytic enzymes are found 
exclusively in the glycosomes; only PGK and 
GAPDH have additional cytosomal isoenzymes. 
In addition to the glycolytic enzymes, the glycoso
mes contain further specific proteins [124]. All 
glycosomal proteins are formed on free ribosomes 
in the cytoplasm and are then introduced into the 
glycosomes. This has led to the question of the 
topogenic signals that direct this intracellular 
transport. Answers have been sought by compar
ing the glycosomal enzymes with the homologous 
cytoplasmic enzymes of mammals and, where 
appropriate, with those of the Kinetoplastida. 
Only two of the glycosomal enzymes of T. brucei 
show any differences to those of other organisms. 
The hexokinase of T. brucei is a hexamer of 51-
kDa subunits, whereas the mammalian hexoki
nase is a monomer of 80-90 kDa. PFK is tetra
meric as in the mammals, but the subunits have a 
mass of only 51 instead of 96-100 kDa. The other 
glycolytic enzymes of T. brucei have the same qua
ternary structure as those from mammalian cells 
but, with the exception of triose phosphate isome
rase, have consistently 1-5-kDa larger subunits. 
All the enzymes of the glycosomes (again with the 
exception of triose phosphate isomerase) are 
strongly basic proteins with pI values between 8.8 
and 10.2, i.e. 1-4 pH units higher than the corre
sponding mammalian enzymes [2, 25,93, 162]. In 
contrast to the chloroplast, mitochondrial and sec
retory proteins, the glycosomal enzymes are not 
subjected to proteolytic processing when they 
reach the target organelle; the topogenic signals 
are thus located in the internal structure of the 
chain. According to the hypotheses of the Wei
renga group, the signal consists of one or two 
closely situated, positively charged amino acid 
residues ("hot spots"). Recent results, especially 
with Crithidia fasciculata, have cast some doubt 
on this hot-spot theory [117, 181]. In addition to 
the glycosomal phosphoglycerate kinase (gPGK), 
T. brucei and C. fasciculata have a cytoplasmic 
PGK (cPGK) which is encoded by its own gene. 
The gPGK of T. brucei has a C-terminal extension 
of 20 predominantly basic amino acids but agrees 
93 % with the cPGK. The C-terminal extension of 
the gPGK C. fasciculata has a length of 38 amino 
acids and consists mostly of hydrophobic residues 
and hydroxyamino acids; the N-terminal sequence 
has only two amino acid substitutions compared 
with the N-terminal sequence of cPGK. The aldo
lase and triose phosphate isomerase of T. brucei 
have no C-terminal extensions. Thus, there is 
apparently no universal topogenic signal for 

import into the glycosomes [181]. A polycistronic 
transcript is produced from the T. brucei PGK 
locus and this is then processed to give the 
mRNAs of the individual enzymes. In mammalian 
blood, the mRNA and protein of gPGK predo
minate, whereas in culture (which corresponds to 
the forms from the tsetse fly vector) the cPGK 
forms predominate [77]. 

A ubiquitous and intensively investigated 
enzyme system such as that of glycolysis provides 
an excellent opportunity for posing the following 
basic questions about enzyme evolution: Are 
enzymes which catalyse the consecutive steps of a 
reaction chain homologous, perhaps by deriva
tion from a common gene? Can one assume high 
sequence agreement between enzymes of similar 
reaction specificity or which have similar ligands? 
The amino acid sequences and spatial structures 
are known for almost all glycolysis enzymes, and 
the rates of evolution of the enzymes appear to be 
relatively low (see Table 4.12, p.161). Of the 
seven glycolytic enzymes that bind ATP or 
NAD+, GAPDH, lactate dehydrogenase (LDH) 
and alcohol dehydrogenase (ADH) have similar 
spatial structures with an NAD-binding and a 
catalytic domain on either side of the active 
centre. The coenzyme-binding domains all consist 
of two mononucleotide-binding folds with very 
similar conformations (Rossmann folds). PGK 
also includes two such folds, whereas pyruvate 
kinase (PK) has only one, and in hexokinase and 
PFK there are none. Despite the similarities of 
spatial structure, the mononucleotide-binding 
folds of the different enzymes show no sequence 
similarity. In the glycolysis chain, there are sev
eral groups of enzymes with similar reaction spe
cificities: the kinases, mutases, isomerases and 
dehydrogenases. However, there is no significant 
sequence similarity within such functional types; 
in fact, even enzymes with the same specificity in 
different organisms are not homologous: the 
ADH of Drosophila is not homologous to the 
enzymes from yeast or mammals; among all orga
nisms, there are two types of aldolase; and in the 
animal kingdom there are two types of phospho
glycerate mutase (PGM) with very different prop
erties. Thus, the enzyme system of glycolysis 
apparently arose early in evolution by the com
bination of independently derived enzymes; the 
present structural similarities are examples of 
convergence [59]. 

The Ubiquitous reaction pathways of primary 
cellular metabolism are adapted to the different 
metabolic requirements of different animal 
groups and cell types. This occurs on the one 



hand by variation in enzymes activities, and on 
the other hand through differences in the kinetic
regulatory properties of the enzymes. The activ
ities ofthe glycolytic enzymes have been investig
ated in numerous tissues (Table 14.1). During 
comparisons of such enzyme spectra, it may be 
assumed (with some reservation) that differences 
in in vitro enzyme activities under more-or-Iess 
optimal conditions allow conclusions to be drawn 
about the flux rates in vivo. In this way, for exam
ple, the ratio of hexokinase: phosphorylase would 
indicate the proportions in which free or glyco
gen-bound glucose is involved in glycolysis, the 
ratio lactate or opine dehydrogenase:phosphof
ructokinase suggests the relative importance of 
anaerobic glycolysis, and the ratio of pyruvate 
kinase: phosphoenolpyruvate carboxykinase indi
cates the relative activities of glycolysis and glu
coneogenesis or the relative importance of anae
robic energy release in the succinate pathway. 
Consecutive enzymes in those parts of the glyco-

Table 14.1. The activities (U/g fro wt.) at 25 °C of glycolysis 
enzymes in different cell types 

1 2 3 4 5 

Phosphorylase 18 8 0.69 3.34 
Hexokinase 2.4 12 0.05 0.13 
Phosphoglucomutase 21 6.0 12.2 
Phosphoglucose 112 20 18.9 43 
isomerase 
Phosphofructokinase 1.5 17 11.7 2.3 12.0 
Aldolase 5.0 13 2.7 15.7 
Triose phosphate 476 2200 7.9 
isomerase 
Glyceraldehyde 85 330 124 27 42 
phosphate 
dehydrogenase 
Phosphoglycerate 75 340 11.9 14 
kinase 
Phosphoglycerate 36 425 8.8 7.4 
mutase 
Enolase 8.0 42 9.9 16.3 
Pyruvate kinase 25 90 6.9 7.5 40 
Lactate 115 1.5 28 8.1 4.0 
dehydrogenase 
Octopine 283 17.5 117 
dehydrogenase 
Strombine 2.7 18.1 
dehydrogenase 
Alanopine 97 4.9 21.5 
dehydrogenase 
Phosphoenolpyruvate 11.3 0.38 0.08 
carboxykinase 

1, Rat liver [237]; 2, flight muscle of the migratory locust 
Locusta migratoria [237]; 3, heart of the snail Busycon con-
trarium [51]; 4, adductor of the edible mussel Mytilus edu-
lis [68]; 5, foot of the mussel Cardium tuberculatum [68] 
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lytic reaction chain that have no branch points 
always occur in the same relative proportions, 
irrespective of the absolute activities; for this, 
Pette in 1965 coined the term "constant propor
tions group". 

Comparative biochemical analysis of the regu
latory mechanisms is of critical importance for 
understanding biochemical adaptation. Although 
there are more relevant observations available for 
glycolysis than for any other reaction pathway, 
the presentation of a complete picture of all regu
latory variants in the animal kingdom is not yet 
possible. Phosphofructokinase occupies the most 
important regulatory position, followed by pyruv
ate kinase, the membrane transport of glucose 
when this is the substrate, and hexokinase; where 
glycogen is involved, the phosphorylase is regu
latory (Fig. 14.1). All animal cells have a mem
brane glucose transporter which allows facilitated 
diffusion, and the cells of the mammalian small 
intestine also have a Na+/glucose cotransporter 
(symporter). In humans there are at least five dif
ferent tissue-specific facilitative glucose transpor
ters (GLUTI to GLUTS), the genes for which lie 
on different chromosomes; their sequences of 
492-509 amino acids differ by as much as 60 % 
[81, 236, 281]. Enzymes whose activities are influ
enced by factors other than substrate concentra
tion can be described as regulatory. Regulatory 
alterations of enzyme properties may occur via 
two different molecular mechanisms: the binding 
of allosteric effectors and the post-translational 
modification of the enzyme protein, e.g. phos
phorylation/dephosphorylation. 

For a reaction which lies far outside thermody
namic equilibrium, the catalysis in opposing 
directions by two enzymes existing side-by-side in 
the same compartment leads to a substrate cycle 
(futile cycle). Two possible regulatory effects on 
the enzymes of such a cycle can be distinguished. 
Effects that influence both enzymes to the same 
degree (ec effects) may change the cycle rate but 
not the net flux. Effects that influence only one of 
the two enzymes (er effects) change the net flux 
and, correspondingly, the ratio cycle rate: net flux 
rate. The regulatory effect in this case is ampli
fied. Whilst allosteric regulation of a single 
enzyme can only lead to relatively minor changes 
in the flux rate, there is in theory no limit to the 
amplification by allosteric effects in a substrate 
cycle [166]. However, each passage of the cycle 
results in energy losses, and in special cases such 
a substrate cycle serves for the release of the 
chemical energy of ATP as heat energy. Compar
ative biochemical data on the substrate cycle 



518 14 Glycolysis 

between glucose and Glc-6-P as well as between 
Fru-6-P and Fru-l,6-P2 will be presented in the 
sections dealing with the enzymes involved, 
namely hexokinase and phosphofructokinase. 

The regulation of glycolysis in most animal 
cells appears to conform to the scheme deter
mined from the many investigations of mamma
lian muscle (Fig. 14.1). However, the simple con
cept of a universal regulatory role for phospho
fructokinase must be qualified even for the mam
mals. Whilst the ratio Fru-6-P:Fru-l,6-P2 is 
greater than 1 for most mammalian cells, it is less 
than 0.1 in ascites tumour cells and in rat sperma
tids. Because in such cases the product of phos
phofructokinase accumulates, this cannot be the 
rate-limiting enzyme [16]. Extreme deviations 
from the scheme of glycolysis regulation that 
occurs in yeast and mammalian cells are to be 
found in the Protozoa. For example, neither 
hexokinase nor phosphofructokinase have typical 
allosteric properties in Trypanosoma cruzi or 
T. brucei; the only known glycolysis regulatory 
mechanism in this case is the activation of pyruv
ate kinase by Fru-l,6-P2 [25]. 

In general, glycolysis usually begins with free 
glucose or the glucose residues of glycogen, but 
other sugars in the diet can be introduced into the 
glycolysis pathway (Fig. 14.2). Three specific 
enzymes are required for fructose catabolism. 
Fructokinase produces Fru-l-P, which is then 
cleaved by an aldolase. Dihydroxyacetone 
phosphate and glyceraldehyde, after phospho
rylation by triose kinase, are normal intermedia-

Gal 
® 

UDP-Glc - UDP-Gal 

tes of glycolysis. Because of the low affinity of 
hexokinase for fructose, the direct introduction of 
fructose into the normal glycolysis pathway by 
phosphorylation to Fru-6-P is not significant. 
Galactose is phosphorylated by a gal acto kinase to 
Gal-l-P, which is converted to UDP-galactose by 
uridyl transfer; the action of UDP-galactose-4-
epimerase produces UDP-glucose. The uridyl 
donor may be UTP, e.g. in adult humans, or it 
may be UDP-glucose, e.g. in infants and in the 
cestode Hymenolepis diminuta (see Fig. 13.7, 
p. 471). The mannose present in large amounts in 
vegetable diets is phosphorylated to Man-6-P by 
hexokinase and then converted to Fru-6-P by a 
phosphomannose isomerase. Although so far 
these reactions have been mainly determined in 
mammals, they are probably quite widely distrib
uted. 

14.2 Glycogen Phosphorylases 

The (glycogen) phosphorylase catalyses the trans
fer of a glucose residue from glycogen to inor
ganic phosphate. Two further enzymes are 
required for the complete catabolism of glycogen, 
4-a-glucan transferase and amylo-l,6-gluco
sidase; in yeast and the vertebrates these are 
associated into a single "debranching enzyme" 
(Fig. 14.3). This enzyme system has been isolated 
from elasmobranchs and from mammals; 
although it has not been investigated in detail in 
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Fig.14.2. The introduction of dif
ferent sugars into glycolysis. 1, 
Galactokinase; 2, UDP-galactose-
4-epimerase; 3, UTP: galactose-l
phosphate uridilyl transferase or 
hexose-I-phosphate uridilyl trans
ferase; 4, phosphorylase; 5, hexo
kinase; 6, phosphoglucomutase; 7, 
mannose phosphate isomerase; 8, 
hexose phosphate isomerase; 9, 
ketohexokinase; 10, phosphofruc
tokinase; 11, aldolase; 12, triose 
phosphate isomerase; 13, triose 
kinase 



Fig.14.3a-c. Degradation of glycogen by phosphorylase 
and the "debranching system". a The phosphorylase shor
tens the l,4-linked outer chains stepwise down to three glu
cose residues. b Oligo-1,4-1,4-glucan transferase shifts mal
totriose units between the outer chains. c Amylo-1,6-
glucosidase cleaves off 1,6-linked glucose residues (black). 
The "debranching system" of mammals and yeast is made 
up of a transferase and a glucosidase 

the invertebrates, an amylo-1,6-glucosidase has 
been found in the cestode Hymenolepis diminuta 
[9]. It is reported that an exo-a(1-4)-glucosidase 
plays a significant role in the intracellular catabol
ism of glycogen by carp liver, and in fact the phos
phorylase activity of this organ (9 U/g fro wt.) is 
much lower than, for example, that of goldfish 
liver (45 U/g fro wt.); it corresponds approxim
ately to the activity of the exo-a(l-4)-glucosidase 
(5-6 U/g fro wt.) [189]. Glycogen pbospborylases 
have mainly been isolated from vertebrates, e.g. 
from the muscle, liver, brain, fat tissue and leuko
cytes of various mammals, from the muscle and 
liver of teleosts [223], and from the muscles of the 
spiny dogfish Squalus acanthias and the agna
thans Entosphenus japonicus and Paramyxine 
atami [286]. In the invertebrates, only the phos
phorylases of molluscs, crustaceans and insects 
have been examined closely, e.g. from the adduc
tor of the scallop Patinopecten yessoensis [94], 
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from the claw muscle and various organs of the 
crayfish Orconectes limosus [98], from the flight 
muscles of the fly Phormia regina, from the fat 
bodies of Bombyx mori, from the flight muscles 
and fat bodies of the migratory locust Locusta 
migratoria, and from Drosophila melanogaster 
[46, 73, 150, 167, 233,263]. In the vertebrates, 
the phosphorylases vary specifically with the 
organ; from the elasmobranchs onwards a muscle 
and a liver type may be distinguished, and from 
the teleosts onwards there is also a brain type 
[286]. In humans, the muscle phosphorylase 
(841 amino acids) is more similar to the liver type 
(846 amino acids) than to the brain type (862 
amino acids) [176]. Two agnathans, the lamprey 
Entosphenus japonicus and the common hagfish 
Paramyxine atami, possess only one form of the 
phosphorylase. Thus, two duplications of the 
phosphorylase gene apparently occurred in the 
evolution of the vertebrates [286]. No isoenzymes 
of the phosphorylase have so far been found in 
the invertebrates. In some cases, a micro
heterogeneity of unknown origin has been 
detected: for example in the liver type, but not in 
the brain or muscle types of the rat, and in all the 
tissues examined of Orconectes [98]. 

The phosphorylases of yeast, green plants, ver
tebrates and insects all have subunits of 
90-100 kDa, which may be combined as mono
mers, dimers or tetramers. Most vertebrate phos
phorylases are dimeric but, in particular, those 
found in skeletal muscle are often tetrameric; the 
dimers of phosphorylase-a have higher activities 
than do the tetramers. The muscle phosphoryla
ses of the shark Squalus acanthias exist only as 
dimers, and the brain type of the rat exist only as 
monomers. The crustaceans mostly possess 
dimers but may also have monomers and tetra
mers [98]. Monomers and dimers are found toge
ther in the edible mussel Mytilus edulis; only 
dimers exist in the scallop Patino pecten yessoensis 
[94], Drosophila melanogaster and Locusta mig
ratoria; and only monomers occur in Phormia 
regina and Bombyx mori [46, 167, 233]. As well 
as the dimeric and tetrameric phosphorylases, the 
monomeric enzymes from insect flight muscle 
and fat bodies also show, under certain condi
tions, sigmoidal kinetics with Hill coefficients (n) 
of over 1.5 [167]. The complete sequence of the 
phosphorylase from rabbit muscle consists of 
843 amino acids and has no significant similarities 
to any other proteins, i.e. these enzymes belong 
to a unique super-family. The region of positions 
560-713 resembles in spatial structure the 
nucleotide-binding fold of the dehydrogenases, 
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but is not similar in sequence. Amongst the spe
cial features of the structure are the occurrence of 
a prosthetic group pyridoxal phosphate on 679-
Lys and an acetylated N-terminal serine [58, 175]. 
The Drosophila melanogaster phosphorylase also 
includes one pyridoxal phosphate per subunit 
[46]. 

In all animals, the regulation of glycogen phos
phorylase involves allosteric effects on the one 
hand, and enzyme conversion through phospho
rylation/dephosphorylation on the other hand. 
Both regulatory mechanisms are active only for 
animal enzymes; the potato phosphorylase has no 
allosteric control and is always active, and the 
yeast enzyme is activated by phosphorylation but 
not by AMP. With the exception of 50-80 N
terminal amino acids, the sequences of rabbit 
muscle, potato, bakers' yeast and Escherichia coli 
agree at more than 50 % of positions; the N
terminal regions, which in the case of the rabbit 
enzyme includes the phosphorylation site (14-
Ser) and the AMP-binding site, are quite differ
ent. This region was apparently added quite late 
in the evolution of the phosphorylases [110, 184]. 
Otherwise, glycogen phosphorylase is a very con
servative enzyme: the human, rabbit and rat 
muscle enzymes agree at 96 % of positions, and 
14 of the 18 N-terminal amino acids of the rabbit 
and of Squalus acanthias are identical. Monomers 
from rabbit muscle can combine to give active 
dimers not only with monomers from rabbit liver 
but also with monomers from frog muscle 
[58, 110]. Even the E. coli enzyme has 49 % of its 
790 amino acids in common with the mammalian 
enzyme [35]. 

The phosphorylase exists in at least two forms 
in all animals: the phosphorylated "a" and the 
dephosphorylated "b" forms. The simultaneous 
determination of both forms is made possible by 
the fact that the b form is usually active only in 
the presence of AMP, whereas the a form is active 
without AMP. However, phosphorylase b of 
mammalian liver shows some activity in the 
absence of AMP, particularly in the rat and 
mouse. The affinity of phosphorylase b for allos
teric activators varies with the species; for exam
ple, the Ka (AMP) of the b forms of fat-body 
phosphorylases in insects ranges from 0.1 to 
2 mmolll. The affinity for AMP of the b form is 
increased by Pb Glc-l-P and Ca2+; ATP andADP 
hinder the binding of AMP to the enzyme and 
therefore reduce activity [233]. In the determina
tion of the relative proportions of the a and b 
forms, it must be borne in mind that the a form is 
also stimulated by AMP. This AMP effect invol-

ves an increase in the substrate affinity without 
any change in V max. ATP inhibits phosphorylase a 
only in so far as it prevents the enhancement of 
activity by AMP [58]. Stimulation of phosphory
lase a by AMP is found in mammals and in vari
ous fish species, and is particularly marked in the 
insects. The activity of phosphorylase a in the 
flight muscles of the blowfly Phormia regina at 
low substrate concentrations is stimulated lO-fold 
by as little as 1 lUllolll AMP, whereas a 1000-fold 
higher AMP concentration is required for the b 
form; thus, as in the case of the mammals, phos
phorylase a is most likely saturated with AMP 
[233]. The limiting factor for glycogenolysis in 
muscle is the concentration offree phosphate, Pb 

which is simultaneously the substrate of the phos
phorylase and the allosteric activator of phos
phofructokinase. At the Pl concentration of 
1-3 lUllol/g found in resting muscle, the conver
sion of phosphorylase a to b would have no 
effect. However, cleavage of phosphagen results 
in a 10- to 20-fold increase of Pl in active muscle 
[85,274]. 

The conversion of phosphorylase b to a invol
ves the phosphorylation of 14-Ser by phosphory
lase b kinase; dephosphorylation is brought 
about by a relatively unspecific protein phospha
tase. Phosphorylase b kinase from rabbit muscle 
is a protein of 1.3 MDa built up of 16 subunits 
according to the formula (af3y6)4 and present as 
tissue-specific isoenzymes. The sequence of the 
catalytic y chain (41-45 kDa) is similar to that of 
other protein kinases. The 6 chain is identical to 
calmodulin and confers calcium sensitivity to the 
enzyme. The a and f3 chains are homologous and 
have regulatory functions. In the rabbit and other 
mammals, the phosphorylase b kinases of white 
and red skeletal muscle are activated by exogen
ous Ca2+ -calmodulin. The heart muscle of various 
mammals, together with the white and red musc
les of the chicken, contain the same enzyme type 
as mammalian red muscle contains [3]. The phos
phorylation of single serine residues in the regu
latory chains activates phosphorylase b kinase. 
Seven phosphorylation sites have been identified 
in the a chain (118-145 kDa) and three in 
the f3 chain (108-128 kDa) [120]. The cAMP
dependent protein kinase responsible for the 
phosphorylation of these sites is identical to the 
enzyme that converts active glycogen synthase I 
by phosphorylation to the in vivo inactive 
form D. 

The cAMP dependence of this protein kinase 
is the basis for the hormonal regulation of the 
phosphorylases. Thus, binding of adrenalin to 



liver-cell receptors initiates the chain of activation 
of adenylate cyclase, increase in the level of intra
cellular cAMP, activation of protein kinase, phos
phorylation and, thereby, activation of phospho
rylase b kinase, phosphorylation and activation 
of the glycogen phosphorylase. At the same time, 
glycogen synthesis is inactivated by the cAMP
activated protein kinase; amongst other effects, 
this results in an increase in the blood sugar level. 
The very rapid activation of glycolysis in active 
muscle is due to the fact that the increase in sarco
plasmic calcium concentration, triggered by the 
nerve impulse, not only stimulates muscle con
traction but also activates the phosphorylase b 
kinase. Even the non-phosphorylated enzyme 
can be activated by binding of Ca2+ to the calmo
dulin subunit; the calcium sensitivity is further 
increased by phosphorylation. 

Modification by phosphorylation and dephos
phorylation appears to be a common mechanism 
in the animal phosphorylases. Phosphorylases 
and phosphorylase kinases of quite different ori
gin can be freely combined, e.g. the kinase from 
rabbit muscle can combine with the phosphory
lase of the agnathan Entosphenus japonicus 
[286], and even the phosphorylase b of rabbit 
muscle can combine with the kinase from Bom
byx mori fat bodies. Fat-body extracts from the 
lepidopterans Hyalophora cecropia or Manduca 
sexta dephosphorylate rabbit phosphorylase a 
[233]. The phosphorylase of Drosophila melano
gaster is phosphorylated and dephosphorylated 
in vitro, not only by the species' own enzymes 
but also by those of rabbit muscle [46]. On the 
other hand, the different systems of the phospho
rylation/dephosphorylation of glycogen phos
phorylase show considerable species-specific dif
ferences. For example, the phosphorylase b 
kinase from the muscle of the spiny dogfish Squa
Ius acanthias shows greater specificity than does 
that of the rabbit; this enzyme cannot utilize 
GTP as the phosphate donor nor can it phospho
rylate troponin. The Squalus enzyme is abso
lutely calcium dependent but is neither phospho
rylated nor dephosphorylated; it is not clear 
whether it is hormonally regulated [194]. The 
idea that the conversion of the b form to the a 
form is central to the regulation of animal glyco
gen phosphorylases has been brought into ques
tion by investigations of the lugworm Arenicola 
marina. Normally one-third of the enzyme is 
found as the a form; anoxia has no effect on the 
proportion of the a form or on the total phospho
rylase activity. The isolated b form is phosphoryl
ated only 40 % by the rabbit-muscle phosphory-
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lase kinase. The increase in the rate of glycolysis 
during anoxia is apparently not related to phos
phorylation of the b form but to the AMP activa
tion of the a form present [115]. 

The insect phosphorylases are stimulated by 
octopamine and by adipokinetic or hypergly
caemic neuropeptides (AKHs). There is some 
suggestion that cAMP-dependent protein kinase 
and phosphorylase b kinase are involved in this 
hormonal regulation in a way that is similar to 
that in higher vertebrates, but there is no direct 
evidence for this. Hormone-induced increases in 
the cAMP level and activation of the phosphory
lase by cAMP have already been demonstrated in 
several insect species, but it is still possible that 
cAMP functions indirectly via stimulation of cal
cium uptake into the cells [46, 233]. In the cock
roach Periplaneta americana, the conversion of 
phosphorylase b into the a form, brought about 
by the hyperglycaemic peptide hormone, is not 
accompanied by an increase in the cAMP level 
[182]. 

Cold activates the fat-body phosphorylase in 
many insects; as a result, the glycogen stored in 
the fat body is hydrolysed and large amounts of 
trehalose or polyvalent alcohols, such as glycerol 
and/or sorbitol, are produced and accumulated. 
For example, in the diapause pupae of the silk
worm Hyalophora cecropia the glycerol concen
tration in the haemolymph increases within 
30 days at 4 °C from 250 mmolll to over 
600 mmolll; coincident with the decrease in tem
perature, the proportion of phosphorylase a 
increases within 1 h from about 10 to more than 
50 %. This also occurs in isolated fat bodies and 
can be explained by the fact that at temperatures 
of around 0 °C the phosphorylase kinase is still 
weakly active but the phosphatase is completely 
inactive [33, 95,233]. Cold activation of glycogen 
phosphorylase has also been found in the liver of 
the terrestrial hibernating frog Rana sylvatica. 
This amphibian survives freezing of its extracellu
lar fluids because its tissues are protected by glu
cose concentrations of over 200 !!mol/g wet 
weight [42]. 

The in vitro phosphorylation of phosphorylase 
b may result in a partially phosphorylated alb 
form with intermediate catalytic properties. In 
some animals, three variously phosphorylated 
phosphorylase forms have also been found in liv
ing cells, e.g. in the insects Locusta migratoria 
and Periplaneta americana, in the lobster, in the 
scallop Pecten maximus, and even in the muscles 
of the crucian carp Carassius carassius [73, 150, 
223]. 
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14.3 lIexokioases 

The typical hexokinases of the animal kingdom 
transfer a phosphate residue from ATP to the C-6 
of different hexoses; they are active, for example, 
with glucose, fructose, mannose, glucosamine 
and deoxyglucose, but hardly at all with 
galactose. C-6-phosphorylating enzymes with a 
narrower specificity have so far been found in sev
eral invertebrates; an N-acetylglucosamine 
kinase is found in the liver and other tissues of the 
mammals [203]. C-1-phosphorylating fructokina
ses and galactokinases appear to be more com
mon, but have been relatively little investigated. 
A galactokinase isolated from the ciliate Tetrahy
mena thermophila was found to be very similar to 
the corresponding enzymes of yeast and mamma
lian liver [131]. 

Almost all vertebrates possess multiple hexoki
nases. The model for the hexokinase spectrum of 
the mammals is the rat liver (Table 14.2a). The 
hepatocytes contain four isoenzymes which are 

'lllble 14.2. Hexokinases 

a The four hexokinases of rat liver [26] 

Km (Glc) in mmolll 
Km (Fru) in mmolll 
V max (Fru)N max (Glc) 

A 

0.044 
3.1 
1.1 

referred to as A-D, according to the order of 
their elution from DEAE cellulose, or as I-IV in 
the order of their increasing anodic electropho
retic mobility [203]. A(I), B(II) and C(III) are all 
monomers of 100 kDa with a high affinity for glu
cose. At sufficiently high substrate concentrations 
they metabolize fructose as well as glucose, and 
they are inhibited by relatively low concentrations 
of Glc-6-P; Pi counteracts the inhibition by Glc-6-
P. Only hexokinase C is also inhibited by glucose. 
The hexokinases A-C are widely distributed in 
the body of the rat, with A occurring especially in 
the brain and the erythrocytes, and B occurring in 
muscle. In addition to the product inhibition by 
Glc-6-P, an important regulatory mechanism of 
hexokinase activity in the brain, and thus of the 
cerebral rate of glycolysis, is the reversible bind
ing of the enzyme to the ATP-producing mito
chondria. The hexokinase interacts with the pores 
of the outer mitochondrial membrane and, at the 
same times, adopts a tetrameric structure [279). 
Hexokinase D(IV) is found only in the liver and 
the pancreatic ~ cells. This differs from the other 

B 

0.130 
3.0 
1.2 

c 
0.020 
1.3 
1.3 

D 

7.5 
420 

2.4 

b Kinetic properties of the hexokinases from various invertebrates. The apparent Michaelis constants are given for 0-

glucose, o-mannose and o-fructose in mmolll. Values in parentheses are turnover rates relative to glucose (= 100) 

Origin and type of enzyme Glc Man Fru Refer-
ences 

Trypanosoma cruzi 0.09 0.35 [25] 
Dirofilaria immitis 0.32 0.86 [109] 
Angiostrongylus cantonensis 0.22 0.07 (35) 85 (72) [179] 
Mytilus galloprovincialis I 0.036 14 [214] 

II 0.08 13 
Limulus polyphemus [80] 

Hepatopancreas I 0.09 0.05 (47) 25 (128) 
II 8 0.04 (6500) 1.6 (1350) 
III 0.11 

Muscle 0.15 0.14 (70) 33 (130) 
Homarus americanus I 0.08 0.13 6.7 [235] 

II 6 0.07 1.2 
Drosophila melanogaster A 0.30 0.19 (100) 50 (50) [169] 

B-1 0.18 0.29 (98) 50 (41) 
C-2 0.09 0.33 (44) 2.5 (134) 

Bombyx mori larvae I 0.024 1.2 [280] 
II 3.4 2.4 
III 4.9 0.21 
IV 8.6 0.88 

Asterias amurensis 0.045 4 [164] 



three isoenzymes by its smaller size (50 kDa), its 
much lower affinity for glucose and other substra
tes, and its reduced sensitivity to the inhibitory 
effect of Glc-6-P. At substrate concentrations of 
about 100 mmol/l, hexokinase D metabolizes 
fructose with much lower efficiency than it meta
bolizes glucose; however, reference to this 
enzyme as a glucokinase is misleading, as may be 
seen from the values of V max (Table 14.2a). The 
liver contains a 60-kDa inhibitory protein that 
forms an inactive complex with glucokinase in the 
presence of Fru-6-P; this is inhibited by Fru-1-P 
[264]. The hexokinase D of the pancreatic ~ cells 
differs from the liver enzyme only at the 15 N
terminal positions, and is encoded by the same 
gene. The glucokinase gene has two promoters 
and is regulated by insulin in the liver and by glu
cose in the ~ cells [146]. 

The hexokinase spectrum found in the rat may 
not be taken as a model even for the mammals, 
and certainly not for the vertebrates as a whole. 
The D type with low substrate affinity is absent 
from the horse, llama, cow, goat, sheep and chin
chilla, and the glucose-inhibited C type is not 
found in the domestic dog and many rodents; 
both are lacking in the domestic cat. In investiga
tions of 97 vertebrate species from all classes, the 
D type was detected only in the turtles arid 
amphibians in addition to the mammals; and the 
C type was detected only in several amphibians 
that lacked hexokinase A, and perhaps also in 
several teleosts. Neither the D nor the C type was 
found in any of 13 avian or 13 reptilian species 
(excluding the turtles); the hexokinases of the A 
and B types found in these latter species differed 
significantly from those of the other vertebrates 
in having a lower glucose affinity and a higher 
V max with fructose [262]. The C-type hexokinase 
found to have high activity in the liver of the frog 
Calyptocephalella caudiverba shows sigmoidal 
ATP kinetics and other features that are missing 
in the corresponding enzyme from Rana catesbei
ana. The hexokinases of the vertebrates are, in 
general, ATP specific, although the enzyme from 
mammalian brain can also use ITP. A C-like hexo
kinase isolated from the liver of the rainbow trout 
shows an unusually wide nucleotide specificity; in 
addition to the different nucleotide triphospha
tes, ADP can be used as the phosphate donor, 
with the production of AMP [174]. Although 
multiple hexokinases are found in all other ver
tebrates, the lamprey Entosphenus japonicus has 
only one hexokinase of 90 kDa that is similar to 
the A type of mammals [165]. 

The hexokinase spectrum is dependent upon 
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the developmental stage. In developing rat liver, 
A appears first, followed by Band C, and finally 
D. Each hepatocyte of the adult liver contains all 
four isoenzymes, whereby type D accounts for 
about 95 % of the glucose-phosphorylating activ
ity. On the 10th day of brooding in the chicken 
there are four hexokinases present, of which one 
disappears on day 17 and a further one during 
hatching. In the frog Calyptocephalella, type D 
predominates in the liver of the tadpoles, but dur
ing metamorphosis C gradually completely repla
ces D. Type D reappears later and constitutes 
about 30 % of the total activity in the adult liver. 
B appears after metamorphosis but remains at a 
relatively low level, and A is absent from the liver 
at all stages [203, 262]. 

The 100-kDa hexokinases A-C are polypepti
des of 917 amino acids, the C- and N-terminal 
halves of which agree in more than 50 % of their 
sequences. The binding sites for glucose and ATP 
in the C-terminal catalytic domain are present in 
the N-terminal regulatory domain as allosteric 
binding sites [256]. The 50-kDa hexokinase D 
from the rat liver agrees in 53 % of its 465 amino 
acids with the C-terminal catalytic domain of hex
okinase A from the rat brain [4]. The 100-kDa 
hexokinases apparently arose by gene duplication 
from 50-kDa enzymes such as those found in 
yeast and higher plants. The 50-kDa enzymes in 
turn may have arisen from 25-kDa enzymes such 
as those found in the bacteria. The rat hexokinase 
D shows immunological cross-reactivity not only 
with type-D enzymes of other mammals but also 
with those of the turtles, although not with those 
of the amphibians. In contrast, antisera raised 
against rat type-A react only to a minor extent 
with the corresponding enzymes from other 
rodents, and not at all with those of the cow, 
sheep or pig. The rate of evolution of type A 
appears to far exceed that of type D [132, 
262]. 

Multiple hexokinases are also found in many 
invertebrate animals (Table 14.2b). However, 
only one hexokinase was found in 11 out of 25 
insect species, some echinoderms and the asci
dian Halocynthia roretzi [165, 250]. Tissue
specific isoenzymes have been demonstrated in 
Bombyx mori and Drosophila melanogaster. In 
the silkworm, isoenzyme I is found in all organs 
including muscle; II occurs in the midgut, testis 
and Malpighian tubules; III is found only in the 
fat body; and IV is present in the midgut and fat 
body [280]. Particulate hexokinases that are 
bound to cell structures and are like those found 
in the vertebrates have also been described in 
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various invertebrates, e.g. in nematodes and ces
todes [9, 179]. 

Most of the characterized hexokinases of the 
invertebrates show the typical wide substrate 
specificity, although with large differences in 
substrate affinities and relative turnover rates for 
different sugars. As shown in Table 14.2b, sev
eral arthropod enzymes have been found to have 
low glucose affinities, similar to that of verteb
rate hexokinase D. On the other hand, many 
invertebrate enzymes have much greater affin
ities for fructose than do any of the four rat liver 
hexokinases. The predominating isoenzyme II of 
Limulus hepatopancreas may be classified as a 
fructomannokinase, whereas the muscle enzyme 
of this species shows the typical wide specificity 
of a hexokinase. The trematode Schistosoma 
mansoni possesses specific kinases for glucose, 
fructose, mannose and glucosamine, all of which 
phosphorylate in the 6-position. Kinases for spe
cific hexoses have also been described for Echi
nococcus granulosus, Ascaridia galli and Enta
moeba histolytica, whereas other parasitic 
worms have hexokinases with a wide specificity 
[9, 179]. As a rule, the invertebrate enzymes are 
also composed of 50- or 100-kDa subunits, corre
sponding to the scheme for hexokinase evolution 
described above. For example, the enzymes of 
the echinoderms Asterias amurensis, Ophioplo
cus japonicus and Cucumaria frondosa have sub
units of about 50 kDa, although the latter spe
cies has dimers of 2 X 50 kDa [165]. The isoen
zymes of the lobster Homarus, the silkworm 
Bombyx mori and the mosquito Culex pipiens 
are also about 50 kDa [235, 280]. The enzymes 
from the nematode Angiostrongylus cantonensis 
and from the fat body of the silkworm Hyalo
phora cecropia were found to be 60 and 64 kDa, 
respectively [63, 179]. The monomeric hexokina
ses from the roundworm Ascaris suum and from 
the flight muscles of the migratory locust Schis
tocerca gregaria, and isoenzyme I of the edible 
mussel Mytilus galloprovincialis have a mass of 
about 100 kDa. The isoenzyme II of the edible 
mussel species is in fact reported to be 165 kDa 
[214]. 

The majority of the invertebrate hexokinases 
examined are inhibited, like the vertebrate enzy
mes A-C, by G1c-6-P' Only a few of the inver
tebrate hexokinases show the absence of product 
inhibition that is typical for the rat enzyme D; 
examples include the hexokinases of the flagella
tes Trypanosoma cruzi and Leishmania dono
vani, the enzyme of the nematode Angiostrongy
Ius cantonensis, and isoenzyme I from the hepa-

topancreas of the lobster Homarus american us 
[25, 179, 235]. The isoenzyme III of Bombyx 
mori is the only known hexokinase to show sub
strate inhibition by ATP [280]. The hexokinase of 
Apis mellifera is inhibited by G1c-6-P but not by 
Man-6-P; thus, mannose is toxic for the honey 
bee because the absence of product inhibition 
results, after mannose feeding, in the excessive 
consumption of ATP, reduction in intracellular 
ATP and accumulation of Man-6-P. The physio
logical regulation of hexokinase has been exa
mined in some detail in the flight muscles of the 
migratory locust Schistocera gregaria. The rate of 
glycolysis increases by about 50-fold at the begin
ning of flight. The muscle glycogen is used up in 
the first 10 s, and in the following minutes the 
trehalose and glucose of the haemolymph serve 
as a fuel; triacylglycerol gradually assumes this 
role after 10-20 min. The hexokinase must be at 
its maximal activity in order for the blood sugar 
to be introduced into glycolysis at the required 
rate. Although the G1c-6-P concentration of 
200 mmol/l is far above the Ki value for the hexo
kinase, the substrate inhibition is completely 
counteracted by Pi from arginine-P, the alanine 
derived from pyruvate and the glycerol-3-P 
released [238]. 

A substrate cycle between glucose and G1c-6-P 
is active in mammalian liver, with a cycle rate of 
about 1 !-tmol/min per g fresh weight. At normal 
blood-sugar levels, the turnover rates of the hexo
kinase and glucose-6-phosphatase are about 
equal and the net flux is zero. Even small changes 
in the glucose or G1c-6-P concentration leads to a 
directed flux, and thus to the excretion or uptake 
of glucose by the liver cells. This regulation 
mechanism makes up for the lack of product 
inhibition of the predominant hexokinase D of 
the liver [100]. Comparative studies of the flight 
muscles of various insects have shown a signifi
cant correlation between the activities of hexoki
nase and glucose-6-phosphatase; this indicates 
that a substrate cycle between glucose and G1c-6-
P is widespread in this tissue. In the moth Ache
rontia atropos, the cycle rate in the flight muscles 
at the beginning of flight increases from 0.06 to 
3.9 !-tmol/min per g fresh weight; this allows for 
better regulation of the hexokinase reaction and, 
for example, more efficient adaptation to sudden 
changes in flight velocity [248]. 



14.4 Phosphofructokinases 

The phosphofructokinases (PFKs) transfer a 
phosphate from ATP to fructose-6-phosphate. 
With some PFKs, e.g. from mammals, the tape
worm Moniezia expansa and the flagellate Trypa
nosoma cruzi, ITP and GTP also function as 
phosphate donors but, unlike ATP, are not effec
tive as allosteric inhibitors [25]. The PFKs are 
mostly present as tetramers with subunits of 
35 kDa in the bacteria, 49 kDa in Trypanosoma 
brucei, and between 80 and 95 kDa in the meta
zoans [43, 49]. The yeast enzyme is an octamer 
with 100-kDa subunits; in the mammals, there is 
aggregation to octamers and higher polymers, but 
also dissociation to dimers [90]. The PFK of the 
carrot has a size of 5 MDa but its 60-kDa subunits 
are smaller than those of the yeast and mammals 
[277]. Membrane-bound PFKs are known from 
various mammals and the ciliate Tetrahymena; 
these differ in their kinetic and regulatory proper
ties from the soluble form [209]. The subunits of 
PFK from rabbit muscle and mouse liver both 
consist of 780 amino acids and agree 68 % in their 
sequences [75]. The N- and C-terminal halves 
show significant homology to each other and to 
the 35-kDa bacterial enzyme. This supports the 
concept that the mammalian PFK arose by 
duplication and fusion of an ancestral PFK of 
about half the size [196]. However, subdivision of 
the rabbit PFK gene into 22 exons of 15-63 
codons reveals no internal symmetry [135]. 

Tissue-specific PFK isoenzymes have been 
detected in all vertebrates examined. Four types 
of PFK subunit are known from humans and vari
ous other mammals, and these have different 
chemical, immunological and regulatory charac
teristics. Heterotetrameric forms may arise where 
different types are present in the same cell. 
Muscle contains only subunit A (or M), which is 
also predominant in other glycolytically active tis
sues such as the heart. Subunit B (or L) predomi
nates in gluconeogenic organs such as the liver or 
kidney cortex. The third type, known as C or For 
P, is found in the brain, kidney, placenta, fibro
blasts, erythrocytes and blood platelets. Embryo
nal cells initially express all three genes. The 
tissue-specific pattern that arises later differs 
between species or even between breeding lines. 
Thus, human and rabbit brain contain all three 
subunits, with A predominating in humans and C 
predominating in the rabbit. Rat brain contains 
mainly, or exclusively, type A, B or C, depending 
upon the population examined [49,208]. It was 
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first discovered in 1983 that the gut mucosa has a 
type-D enzyme with unique regulatory properties 
[119]. 

Most comparative studies of PFK have concen
trated mainly on the regulatory characters. The 
results of in vitro experiments on mammalian 
PFKs have given rise to a long list of low molecu
lar weight substances that can function as activa
tors, inhibitors or de-inhibitors. The binding of 
calmodulin to rabbit muscle PFK confers calcium 
sensitivity. In fact, PFK be looked upon as the 
prototype of a multiply modulated enzyme. Mam
malian PFKs display a series of common features 
which are apparently valid for all vertebrates and, 
in principle, also for many invertebrates [34, 125, 
217,243, 244]. Positive cooperativity results in a 
sigmoidal curve describing the dependence of 
enzyme activity on the fructose-6-phosphate con
centration; high ATP concentrations bring about 
an allosteric inhibition. Citrate, phosphocreatine 
or phosphoarginine, phosphoenolpyruvate and 6-
phosphogluconate, for example, are inhibitory. 
AMP, cAMP, ADP, Pi> Fru-1,6-P2 and NH/ act as 
positive modulators, reduce the cooperativity with 
fructose-6-phosphate, and counteract the inhibi
tion by ATP and citrate [100]. 

The activation of mammalian PFK by Fru-2,6-
P2 was first discovered in 1980 [107], and has since 
been demonstrated in other PFKs, e.g. those in 
amphibians, insects, molluscs, cestodes, nemato
des, higher plants and fungi [34, 100, 188, 271, 
272]. In contrast, the PFK of Trypanosoma cruzi 
is not affected by Fru-2,6-P2 and that of the carrot 
is affected only to a minor degree [254, 277]. Fru-
2,6-P2 is the most effective known activator, being 
1000-fold more active than Fru-1,6-P2 with the 
PFK of mammalian liver. At high concentrations 
Fru-1,6-P2 prevents the stimulation by Fru-2,6-P2, 

and in this case has an inhibitory effect. Fru-2,6-
P2 has not yet been clearly shown to have a sig
nificant regulatory function in mammalian 
muscle; however, the Fru-2,6-P2 concentration 
and glycolytic flux are closely correlated in 
muscle of the frog Rana temporaria [273]. The dif
ferent activators can have synergistic effects. The 
four activators of the PFK present in the flight 
muscles of the cockroach Periplaneta americana 
at the physiological concentrations of 0.4 mmolll 
AMP, 1 f-lmolll Fru-2,6-Pz, 3 mmolll NH4 +, and 
10 mmolll Pi at pH 7 enhance the substrate affin
ity by 640-fold and reduce the affinity for the 
inhibitor ATP by lO-fold. In this way, the half
maximal PFK activity is achieved at 0.025 mmoIl 
1, the in vivo concentration in muscle, instead of 
at 16 mmolll [244]. 
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Activation by Fru-2,6-P2 may explain some 
effects that previously had been attributed to 
stable modifications of the enzyme. The PFK 
from mammalian liver and muscle can in fact be 
phosphorylated by a cAMP-dependent phospho
kinase, but the catalytic or regulatory properties 
of the enzyme are not significantly changed. Of 
greater regulatory importance is the phosphoryla
tion of the PFK from mammalian fat tissues, and 
especially of the PFKs from the molluscs, nema
todes and trematodes [14, 147]. The PFK of the 
roundworm Ascaris suum is very similar to the 
mammalian enzyme in its regulatory characterist
ics, despite the somewhat larger size of the sub
units. However, the phosphorylation of a particu
lar serine residue leads to a three- to fourfold 
increase in activity under physiological condi
tions; this mainly involves a reduction in sensitiv
ity to inhibitory ATP. The phosphorylation occurs 
in vitro with a cAMP-dependent protein kinase 
from bovine heart; Ascaris itself has two quite dif
ferent protein kinases that are active on PFK, nei
ther of which is influenced by cAMP or cGMP 
[125]. Similar results have been obtained with the 
PFK of the nematode Dirofilaria immitis [232]. 
The PFK of the liver-fluke Fasciola hepatica can 
also be phosphorylated by the cAMP-dependent 
mammalian enzyme and, as a consequence, has a 
higher affinity for Fru-6-P and reduced inhibition 
by ATP [147]. 

Fru-2,6-P2 is produced from Fru-6-P by a spe
cific 6-phosphofructo-2-kinase, designated PFK-2 
to distinguish it from the classical PFK (PFK-1). 
The Fru-2,6-P2-forming enzyme of the mammals 
cannot be separated from the Fru-2,6-Pz-cleaving 
bisphosphatase (FBPase-2), and in fact sequence 
data show that the 6-phosphofructo-2-kinase and 
the fructose-2,6-bisphosphatase exist as domains 
of the same polypeptide chain of 470 amino 
acids; two such subunits make up a homodimer of 
110 kDa. The kinase domains resemble PFK-1 in 
their spatial structure, and amino acids 250-349 
of the bisphosphatase are significantly homolog
ous to phosphoglycerate mutase; thus, the 
bifunctional enzyme apparently arose by gene 
fusion [11, 139]. Fru-2,6-P2-synthesizing and 
-cleaving enzyme activities are also found in the 
same bifunctional enzyme protein in spinach lea
ves and in the flagellate Euglena gracilis; yeast, 
however, has two separate proteins [54, 122]. 
Mammalian liver, muscle, heart and brain have 
tissue-specific isoenzymes of the PFK-2IFBPase-2 
with different functional and structural properties 
[265]. The mammalian PFK-2, like the PFK-1, is 
activated by AMP and inhibited by citrate and 

phosphoenolpyruvate but, in contrast to PFK-1, it 
is not inhibited by ATP. The phosphorylation of a 
particular serine residue of the PFK-2IFBPase-2 
of mammalian liver by a cAMP-dependent pro
tein kinase leads to inhibition of the kinase and 
activation of the bisphosphatase [121, 130]; the 
phosphorylation is triggered, for example, by 
glucagon or adrenalin. Phosphorylation of the 
mammalian heart enzyme has exactly the oppos
ite effect [121]. 

The complicated regulatoIY properties of the 
animal PFKs evolved quite gradually. The enzy
mes of bacteria and the slime mould Dictyoste
lium show Michaelis-Menten kinetics with the 
substrate Fru-6-P and no allost~ric effects. Sig
moidal Fru-6-P kinetics already exist for the PFKs 
of certain protozoans, e.g. Leishmania histoly
tica, Crithidia fasciculata and Entamoeba histoly
tica, but, with the exception of AMP, none of the 
usual modulators are effective. The PFK of Try
panosoma brucei shows little improved regulation 
and, like other glycolytic enzymes, is bound to 
the glycosome. This enzyme is tetrameric, like 
other PFKs, but is the "odd-man-out" with small 
subunits of only 49 kDa. AMP and ADP are sti
mulatory only at low concentrations, and are inhi
bitory at high concentrations. Citrate, Fru-1,6-P2 , 

Fru-2,6-P2 and Pi have no effect [43]. The PFK of 
T. cruzi has similar characteristics [25]. The tissues 
of some metazoans also contain PFKs on which 
the typical effectors of the mammalian enzyme, 
such as ADP, Fru-1,6-P2 and citrate, have no 
effect; this is true, for example, in the round
worm Ascaris suum, the shell-adductor muscle of 
the oyster Crassostrea virginica, and the flight 
muscle of the cockroach Periplaneta americana 
[244]. 

PFK as the key enzyme of glycolysis is adapted 
to the specific internal and external conditions of 
individual cells by species- and tissue-specific dif
ferences in regulatory properties. This becomes 
apparent when one compares the heart muscle of 
the rainbow trout Salmo gairdneri and the turtle 
Pseudemys scripta. In the turtle heart, as in mam
malian heart, hypoxia results in an increase in the 
rate of glycolysis, and thus provision of ATP (Pas
teur effect). This effect involves changes in the 
concentration of allosteric modulators of PFK, 
whereby the positive effectors AMP, ADP and Pi 
become increased and the negative effectors ATP 
and citrate are decreased. In trout heart, on the 
other hand, the modulator sensitivity of PFK, 
and thus the extent of the Pasteur effect, is much 
lower; this organ is to a great extent adapted to 
aerobic conditions [113]. A further example of the 



adaptation of PFK to specific conditions is found 
in the production of antifreeze substances in over
wintering larvae of the gallfly Eurosta solidaginis. 
As the ambient temperature gradually decreases, 
the haemolymph accumulates first glycerol and 
then sorbitol. This switch in polyol synthesis is 
due to the inactivation of PFK at low tempera
tures. The specific activity of PFK declines rap
idly between + 10 and 0 °c, the QlO having the 
rather high value of 3.64. At the same time, the 
substrate affinity and AMP sensitivity decrease, 
and the sensitivity to inhibitors increases [240]. At 
the beginning of flight, the concentration of Fru-
2,6-P2 in the flight muscles of the migratory locust 
Locusta migratoria sinks dramatically. The conse
quently low PFK activity facilitates the conserva
tion of carbohydrate reserves for prolonged 
flight. Deterioration of the energy status of the 
flight muscles results in an increase in AMP and Pi 
and activation of PFK [272]. The PFK of the 
honey-bee flight muscle is rather unusual in that it 
is inhibited by Glc-1,6-P2 and Fru-1,6-P2. This 
inhibition is relieved by Fru-6-P and, in particu
lar, by Fru-2,6-P2, but not by AMP. The minor 
regulatory significance of AMP coincides with the 
relatively low activity of adenylate kinase in these 
muscles [271]. 

The opposing reactions of PFK-1 and fructose-
1,6-bisphosphatase give rise to a substrate cycle 
that allows for fine regulation of Fru-1,6-P2 syn
thesis. AMP and Fru-2,6-P2 activate PFK-1 and 
simultaneously inhibit the phosphatase; this regu
lation of the substrate cycle between Fru-6-P and 
Fru-1,6-P2 is probably the most important biolo
gical function of Fru-2,6-P2. Two extreme situ
ations can be distinguished in the cells of the liver. 
In the hungry animal, the Fru-2,6-P2 concentra
tion is low, PFK-1 is inactive, and only gluconeo
genesis occurs. In the well-fed animal, the Fru-
2,6-P2 concentration is high, PFK-1 is active, the 
phosphatase is more-or-less inhibited, and thus 
glycolysis predominates. Because the fructose-
1,6-bisphosphatase in the presence of Fru-2,6-P2 
shows sigmoidal substrate kinetics, it can function 
simultaneously as an emergency brake that pre
vents the occurrence of excessive Fru-1,6-P2 con
centrations [100]. In the bumble bee Bombus affi
nis, ATP catabolism resulting from the Fru-6-P/ 
Fru-1,6-P2 substrate cycle serves to increase the 
temperature and, consequently, the capacity of 
the flight muscles. Accordingly, the cycle rate 
increases with decreasing temperature in the 
resting muscle and reaches lOA /!mol/g per min at 
5°C, whereas the rate of glycolysis is only 
5.8 /!mol/g per min. At the onset of flight, the 
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cycling is stopped and the rate of glycolysis 
increases to 2004 /!mol/g per min [248]. Fru-2,6-P2 
and Ca2+ are involved in the regulation of the 
substrate cycle in the flight muscles [82, 136]. 

14.5 Aldolases 

The aldolases cleave Fru-1,6-P2, and most of them 
also cleave Fru-1-P, to the corresponding trioses. 
In the vertebrates, the invertebrate metazoans 
and many unicellular organisms, aldolases are tet
ramers of 40-kDa subunits [62, 63, 163]. At least 
three different types of subunit are found in the 
vertebrates, and each is encoded by a different 
gene. Electrophoresis at pH 8.6 of mammalian 
aldolase preparations separates a weakly cathodic 
band A from the strongly cathodic band Band 
the anodic band C. A fourth subunit, D, is 
encoded in the tetraploid genome of the salmo
nids and lies between A and C on electrophero
grams. The subunits form heterotetramers both in 
vivo and in vitro. Type A4 from skeletal muscle 
metabolizes Fru-1,6 P2 many times more effici
ently than it metabolizes Fru-1-P, and is therefore 
especially well adapted for glycolytic sugar cata
bolism. Type A is also the predominant form in 
mammalian embryos. Type B4 from the liver, 
kidney cortex and small intestine shows high 
activity with Fru-1-P and is therefore especially 
well adapted to fructose metabolism and glucone
ogenesis. Type B predominates in avian embryos. 
Type C4 is found in addition to heterotetramers of 
C, A and B in the brain and the spinal cord; the 
catalytic properties of this type are intermediate 
between those of A4 and B4 [74]. 

The aldolases of many mammals, birds, amphi
bians and fish have been isolated and character
ized [1], as have several from nematodes, insects 
and the edible snail [22,63, 148,239]. Most 
invertebrates appear to possess only one aldo
lase; an exception is the fly Phormia regina, in 
which different isoenzymes have been detected in 
the muscle and the fat body [63]. These enzymes 
are all very similar in their catalytic properties; 
the turnover rate of Fru-1,6-P2 and the affinity for 
this substrate is usually much higher than for Fru-
1-P; an exception is aldolase B from vertebrate 
liver (Table 14.3). In general, the aldolases are 
not considered to be important for the regulation 
of glycolytic flux. However, the enzyme from the 
flight muscles of the locust Schistocerca gregaria 
is specifically inhibited by citrate and acylcarni
tine; this inhibition of aldolase may be important 
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Table 14.3. Maximal activities of various aldolases on 
fructose-1,6-bisphosphate compared with fructose-1-
phosphate [22, 163, 239] 

Aldolase 

Rabbit 
Type A (muscle) 
Type B (liver) 
Type C (brain) 

Rat muscle 
Trypanosoma sp. 
Eimeria stiedai 
Helix pomatia 
Drosophila melanogaster pupae 
Schistocerca gregaria flight muscle 

Ratio 

50 
1 

10 

100 
100 
21 
20 
10-15 
37 

in vivo for the switch in energy-yielding metabol
ism from carbohydrates to fatty acid oxidation 
[239]. 

The similarity in functional properties between 
these enzymes is based on a surprisingly high 
degree of structural similarity. The aldolase sub
units are comprised of 360-363 amino acids. The 
sequences are known for all three isoenzymes of 
the rat and for aldolases of man and other mam
mals, chicken, Drosophila melanogaster, Trypa
nosoma brucei and maize [148, 172, 267]. The 
aldolases of mammalian muscle, with only 2 % 
substitutions per 100 million years, are amongst 
the most conservative known enzymes (see Tab
le 4.12, p.161); the invertebrate aldolases, with 
4 % substitutions per 100 million years, have 
about the same rate of evolution as have the other 
glycolysis enzymes [62]. The sequence similarity 
between the aldolases of Drosophila melanogas
ter and the rabbit is 71 %, and between the aldo
lase of Trypanosoma brucei and the vertebrate 
and insect enzymes about 45-48 % [148, 267]. 
The close structural relationship between all aldo
lases is confirmed in a most impressive way by the 
combination of aldolase subunits from very differ
ent origins into functioning hybrid tetramers, e.g. 
type-C subunits from chicken brain will combine 
with subunits from lobster muscle or wheatgerm, 
but not with those from Ascaris or Loligo. The B 
subunits from rat liver do not form functional 
hybrid molecules with subunits from lobster or 
wheatgerm [249]. 

Sequence comparisons between A and B sub
units of aldolase indicate that the separation of 
the isoenzymes is phylogenetically very old; the 
human B sequence agrees with that of the rabbit 
at 94 % of positions, with the chicken subunit at 
81 % of positions, but with rabbit A at only 76 % 
of positions [23, 185]. Aldolase C is closer to A 

than to B [186]. Spatial structures, albeit with low 
resolution, have been published for the enzymes 
from human and rat muscle and from Drosophila 
[62]. The secondary structure derived from the 
amino acid sequence is quite complicated with 12 
helical regions and 19 folded-sheet regions [258]. 
Only one gene for chicken B is present per hap
loid genome; this consists of eight exons, seven of 
which are in the coding region, and one very long 
(4.6-kb) intron in the 5'-NT (non-translated) 
region [23]. It has been demonstrated for some 
aldolase genes that several mRNAs with the same 
coding sequence, but with different lengths of the 
NT sequence, are produced from the same gene 
by alternative splicing. The mRNA for rat A is 
longer in brain than in muscle, and in human liver 
there are at least four different B mRNAs 
[171,213,259]. 

Two classes of aldolases can be distinguished 
from among all organisms. The class-I aldolases, 
typical of animals and higher plants, produce a 
Schiff base from the substrate; the inhibitor 
sodium borohydride, which reacts with all such 
compounds, is effective on all enzymes of this 
class. The aldolases of class II differ from those of 
class I in size (70 compared with 160 kDa); they 
are metalloenzymes and are inhibited by ethyle
nediaminetetraacetic acid (EDTA). Most bacte
ria, lower fungi and algae contain only enzymes 
of class II, although some bacteria and algae pos
sess both classes. The distribution of the two 
classes amongst the protozoans appears to follow 
no particular rule; Tetrahymena, Leishmania, Try
panosoma and Eimeria have class-I aldolases, 
whereas Trichomonas and Entamoeba have 
class II [163]. 

14.6 Glyceraldehyde Phosphate 
Dehydrogenases 

The glyceraldehyde phosphate dehydrogenases 
(GAPDHs) catalyse a complex reaction in which 
glyceraldehyde-3-phosphate is oxidized to 3-
phosphoglycerate, NAD+ is reduced, and ATP is 
formed from Pi and ADP. This enzyme makes up 
5 to 10 % of the total protein in muscle. The 
GAPDHs from bacteria to man are all homotet
ramers. The subunits of eukaryotic GAPDH usu
ally consist of 328-334 amino acids, correspond
ing to a mass of 37-38 kDa; the GAPDH of the 
nematode Caenorhabditis elegans is somewhat 
longer (340 amino acids). The polypeptide chain 
consists of an NAD-binding domain, which is 



very similar in its spatial structure to the 
nucleotide-binding domains of other dehydroge
nases (Rossmann fold), and a catalytic domain. 
Yeast GAPDH shows positive cooperativity, 
whereas the animal GAPDHs are negatively 
cooperative, with Hill coefficients of around 0.8. 
According to investigations of the muscle 
GAPDHs of the sturgeon species Huso huso and 
Acipenser transmontanus, this results from the 
fact that the first two NAD+ are bound to non
neighbouring binding sites of high affinity, and 
the next two are bound to neighbouring interact
ing sites [266]. 

The amino acid sequences of the GAPDHs 
from Drosophila, lobster, chicken, pig, rat and 
humans have 63 % identical amino acids; the 
GAPDH of Caenorhabditis is 67 % similar to that 
of Drosophila and the chicken. The GAPDHs of 
bakers' yeast and two bacterial species have 32 % 
of amino acids in common with the animal enzy
mes [48, 159,257,283]. Thus, GAPDH is a pro
tein with a relatively low rate of evolution (see 
Table 4.12, p. 161). In agreement with this conclu
sion is the fact that the GAPDH subunits of rab
bit and yeast can form functional heterotetra
mers. At least two-thirds of the amino acids that 
are invariant in all organisms are found in the 
catalytic domain; the nucleotide-binding domain 
is highly conserved in its spatial structure but not 
in its amino acid sequence [48, 257]. 

The chicken GAPDH gene has 11 introns, 3 of 
which lie on the boundaries between the 
nucleotide-binding domain, the catalytic domain 
and the helical tail region. The human gene has 
only eight introns, and the equivalent of chicken 
exons VIII-XI are fused together; the remaining 
introns occupy similar positions to those in the 
chicken gene [55]. The GAPDH gene of Caeno
rhabditis elegans has only two introns [283]. 
Although only one enzyme protein is produced, 
the human genome contains 100 copies of the 
gene, and in the rat there are as many as 300-400 
copies; many pseudo genes are found without 
introns and with many nucleotide substitutions. 
The presence of transcription products with dif
fering sequences suggests that some of these 
pseudogenes are transcribed [210]. There is 
apparently only one functional human gene, and 
isoenzymes are in general not found in the verteb
rates. In contrast, the nematode Caenorhabditis 
elegans has two tissue-specific isoenzymes 
encoded by two pairs of genes. The almost ident
ical genes, gdp-1 and gdp-4, give rise to GAPDH-
1, which is found at low activity in all cells; genes 
gdp-2 and gdp.3 produce the more active, muscle-
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specific GAPDH-2. The two isoenzymes differ 
mostly in a cluster of amino acids at the N
terminus [106,282]. Drosophila also has two 
GAPDH isoenzymes encoded by different genes 
[247], and Trypanosoma brucei possesses two 
GAPDH isoenzymes with different intracellular 
localizations: one is found in the glycosomes and 
makes up 80 % of the total activity, whilst the 
other is soluble in the cytosol. The glycosomal 
enzyme (358 amino acids) has only 55 % of its 
sequence in common with the cytosolic enzyme 
(330 amino acids), and is much more basic with a 
charge excess of + 11 compared with +2 for the 
cytosolic enzyme. The glycosomal enzyme is 
about 4 kDa larger than the cytosolic enzyme as 
the result of seven insertions of one to eight 
amino acids and a C-terminal extension of seven 
amino acids [160]. 

14.7 Pyruvate Kinases 

The pyruvate kinases (PK) of the vertebrates and 
invertebrates are usually tetramers of about 60-
kDa subunits. The liver of the rat and the floun
der Platichthys flesus also contain higher poly
mers of several megadaltons [36, 216, 245]. 
Tissue-specific isoenzymes of PK are found in all 
vertebrates (with the exception of the cartilagin
ous fish), and these differ markedly in their struc
tural and kinetic-regulatory properties. All PKs 
are apparently homologous; those from bakers' 
yeast and the chicken agree at 55 % of positions 
[142]. 

The PKs constitute the last potential point of 
regulation of glycolysis; however, there are rad
ical differences in kinetic-regulatory properties 
between the tissue-specific isoenzymes of the ver
tebrates and the PKs of various invertebrates. 
The necessity for PK regulation in certain meta
bolic situations is obvious. During gluconeogene
sis, for example, the PK reaction cannot be 
reversed for thermodynamic reasons; the conver
sion of pyruvate to phosphoenolpyruvate (PEP) 
occurs rather by the enzymes pyruvate carboxy
lase (PC) and phosphoenolpyruvate carboxyki
nase (PEPCK). However, even in tissues with a 
relatively high capacity for gluconeogenesis, e.g. 
mammalian liver, the maximal PK activity is sig
nificantly higher than the PC and PEPCK activ
ities. Thus, PK must be down-regulated during 
gluconeogenesis. The inhibition of PK is also nec
essary during hypoxia, when pyruvate is not 
reduced to lactate or opines and other routes for 
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PEP metabolism must be introduced; this is espe
cially the case in many invertebrates [173]. 

14.7.1 Pyruvate Kinase Isoenzymes 
of Mammals 

Mammals and birds have four tissue-specific 
pyruvate kinase isoenzymes. All the activity in 
skeletal muscle and most of the activity in heart 
muscle and the brain stems from PK-M1 (also 
known as PK-M or -A). The PK-M2 isoenzyme 
(also known as PK-K or -C) is widely distributed 
in the body and is the most important isoenzyme 
of the kidney medulla, lungs, gut, fat tissue and 
leukocytes. PK-M1 and -M2 arise by alternative 
splicing of transcripts from the same gene [252]. 
PK-L (also known as PK-B) is the predominant 
form in the liver; it is present only in the hepato
cytes, and the other cells of the liver contain PK
M. The proximal kidney tubules also contain PK
L. The fourth isoenzyme, PK-R, is the only form 
found in erythrocytes. Embryonal muscle initially 
has PK-M2' but this is gradually replaced by PK
MI' The occurrence of M2 and MI or L in the same 
cell leads to the formation of MIM2 or LM2 hete
rotetramers [12]. 

The PK-L of mammalian liver is regulated 
allosterically. It is activated by PEP, Fru-l,6-P2 
and H+, and inhibited by ATP, OH-, alanine, phe
nylalanine or other amino acids; when inhibited it 
shows sigmoidal PEP kinetics. Thus, apart from 
the PK substrate itself, the product of the previ
ous regulatory enzyme, PFK, is also stimulatory. 
At physiological PEP concentrations, PK-L has 
very low activity, but it is strongly stimulated by 
only micromolar concentrations of Fru-l,6-P2. 
Alanine and other glucogenic amino acids have 
an inhibitory effect on PK and therefore favour 
gluconeogenesis. A cAMP-dependent protein 
kinase can phosphorylate PK-L on the N
terminal serine residues of the four subunits. The 
phosphorylated form has a lower affinity for the 
activators PEP and Fru-1.6-P2 but a higher affin
ity for the inhibitors ATP and alanine. Con
versely, the activators can hinder the phos
phorylation. Because both activators and inhibi
tors are present under physiological conditions, 
the enzyme activity in vivo is strongly reduced 
by phosphorylation; V max, however, remains 
unchanged. The hormonal stimulation of gluco
neogenesis involves, in particular, the cAMP
dependent phosphorylation and inactivation of 
the liver PK. In contrast, the PE/pyruvate sub
strate cycle appears to be relatively unimportant 

for the regulation of glycolysis and gluconeogene
sis. This substrate cycle results from the produc
tion of pyruvate from PEP by the cytosolic PK 
and the simultaneous conversion of pyruvate into 
PEP by the combined activities of the mitochond
rial PC and the cytosolic-mitochondrial PEPCK 
(see Fig. 14.1) The dephosphorylation of PK is 
brought about by a non-specific protein phospha
tase which is not the same as the phosphorylase 
dephosphorylating enzyme. The PK-M2 and the 
PK-R of the erythrocytes are similar to the liver 
enzyme in their allosteric regulation; however, 
the homo- and heterotropic allosteric interactions 
are less marked in PK-M2 than in PK-L and PK-R 
[100, 253]. 

In contrast to the other isoenzymes, the PK-Mt 

of muscle always shows hyperbolic kinetics with 
PEP as the substrate, and it is not regulated allos
terically under physiological conditions. PK-M is 
activated only by Fru-l,6-P2 at non-physiological, 
lower magnesium concentrations or in the pres
ence of the inhibitor phenylalanine [173, 178]. 
The seal Phoca hispida and other diving marine 
mammals differ from the other mammals in that 
their skeletal muscle and heart contain different 
PK isoenzymes. The heart form corresponds to 
the M-type of other species, whereas the muscle 
enzyme appears to be particularly well adapted to 
wide temperature fluctuations and to the alterna
tion of long periods of anaerobic glycolysis with 
short phases of fatty acid oxidation [86]. 

The sequence of 543 amino acids of the rat 
PK-L agrees by 67-68 % with the two rat PK-M 
forms, by 68 % with the PK-M1 of the chicken, 
and still by 48 % with the yeast PK [111, 143, 178]. 
The sequences of rat PK-M1 and -M2 (531 amino 
acids) are identical apart from a partial sequence 
of 45 amino acids in the C-terminal domain 
(amino acids 388-432). The corresponding 
mRNAs are apparently produced from the pri
mary transcript of the same gene by alternative 
splicing. In the variable partial sequence, M2 is 
more similar to the L type than to Mb and this 
region thus appears to be responsible for the 
allosteric regulation of PK [178]. PK-R is very 
similar to PK-L in amino acid composition, cleav
age peptide pattern and immunological character
istics [111]. The erythrocyte PKs of different 
mammals show immunological cross-reactivity 
but vary greatly in their kinetics, e.g. the Hill 
coefficients of PEP kinetics vary under the same 
conditions from a value of 0.94 in the opossum 
Didelphis marsupialis, through values of 1.11 in 
humans and 1.53 in rabbits to a value of 2.41 in 
cattle; the opossum shows no ATP inhibition. 



14.7.2 Pyruvate Kinase Isoenzymes 
of Other Vertebrates 

The pattern of PK isoenzymes from the mammals 
to the amphibians is very similar. It is, of course, 
questionable whether PK forms from lower ver
tebrates or even invertebrates can be related to 
particular isoenzymes of the mammals solely on 
the basis of electrophoretic data; at least their 
kinetic-regulatory properties should also be taken 
into consideration. The L type is not detected 
electrophoretically in the birds or the urodelans, 
and although it is recognized immunologically in 
the chicken, the avian liver PK does not react 
with glucagon or cAMP. In the clawed frog Xeno
pus laevis, no less than nine PK isoenzymes may 
be separated by isoelectric focusing; these have 
been identified as L, M2 and Ml homotetramers 
and as M2L and MIM2 hybrids. The initial subun
its in the embryo are M2 and L, with Ml appearing 
later; the PK of oocytes and embryos correspond
ingly shows sigmoidal PEP kinetics [50]. The so
called L type has a relatively high PEP affinity 
and low PEP cooperativity, and it is not affected 
by cAMP-dependent phosphorylation; thus, this 
PK corresponds more to mammalian PK-M2 than 
to PK-L [60]. 

The situation in the fish is especially complic
ated. The cartilaginous fish have only the M2 
type; in the teleosts there is almost always an 
additional E type, with M2E hybrid molecules 
occurring quite frequently in the heart. The liver 
and erythrocytes of many species contain a third 
type "L" which, however, cannot be compared 
directly with the PK-L of the mammals [204]. In 
complete contrast to the mammals, the skeletal 
muscle PKs of many fish have distinct allosteric 
characteristics, whereas the liver PK is only 
weakly regulated. The regulation of the muscle 
PK varies widely with the species. For example, 
the muscle PK of two out of four Amazonian fish 
species responds strongly to the usual allosteric 
effectors, whereas the others respond only 
weakly, and this is not related to whether the spe
cies respire in water or in air. 

The tissue-specific PK isoenzymes of the fish 
often show only minor differences in regulatory 
characters. Of the two PK isoenzymes in the pink 
salmon Oncorhynchus kisutch, the predominant 
type found in the muscle and heart is PK-Mb 
whereas the form that is more generally distrib
uted is PK-M2; both show allosteric properties, 
although PK-M2 appears to be more easily regul
ated than PK-M1. PK-M2 shows immunological 
cross-reactivity not only with PK-M1 of the same 
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species but also with PK-M1 and PK-L of the 
mammals. The muscle enzyme of the sturgeon 
Acipenser fulvescens, which shows strong allos
teric effects, exhibits immunological cross
reactivity with PK-M1 of the frog and the dog 
[87]. Thus, the far-reaching differences in kinetic
regulatory properties appear to be the result of 
relatively minor differences in sequence [91]. The 
red and white muscles of the American eel 
Anguilla rostrata contain different PKs but both 
types are regulated allosterically. It is likely that 
the red muscles of the migrating eel, in which the 
liver degenerates, have gluconeogenic functions. 
The liver PKs of A. rostrata and of the rainbow 
trout Salmo gairdneri both have no allosteric 
properties [206]. On the other hand, the Amazo
nian fish Arapaima gigas has different PKs in the 
liver and kidneys; both can be regulated and 
appear to allow gluconeogenesis in both organs. 
The liver of the flounder Platichthys flesus has 
two PKs, one of which is much more strongly 
inhibited by phenylalanine than the other; it is 
therefore specifically adapted to gluconeogenic 
metabolic conditions [216]. 

14.7.3 Pyruvate Kinases of Invertebrates 

With the exception of several parasitic worms 
such as Ascaris lumbricoides, which because of 
the peculiarities of its carbohydrate metabolism 
has negligible PK activity, all invertebrates have 
one or more PKs. Tissue-specific isoenzymes 
have been reported, for example, in the mussels 
Crassostrea and Mytilus, the sea snail Busycoty
pus, the cephalopod Octopus, the crayfish Orco
nectes, and the insects Periplaneta and Schisto
cerca [36, 63, 192, 245]. Busycotypus canalicula
tum has three PK isoenzymes distributed between 
red muscle, e.g. of the radula retractor and heart 
ventricle, white muscle of the foot and mantle, 
and non-muscle tissues such as the gill, kidney 
and hepatopancreas [192]. 

Most of the invertebrate PKs can be allosteric
ally modulated; in some cases, covalent modifica
tion by phosphorylation/dephosphorylation has 
also been reported. The PKs from tissues with a 
high potential for gluconeogenesis are especially 
well regulated; examples include the hepatopanc
reas of various molluscs [29, 158, 215], the hepa
topancreas and hypodermis of crustaceans, and 
the fat bodies of insects [63, 245]. Most facultat
ive anaerobic muscles of the invertebrates also 
contain PKs with complex allosteric properties 
[158,246]. In contrast, the PKs of predominantly 
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aerobic functioning muscles show little or no 
regulation. PKs similar to PK-M1 of the mammals 
are found, for example, in the skeletal muscles of 
crabs, the flight muscles of insects and the mantle 
muscles of the cephalopods [36, 53,63, 173,245]. 
However, the PK from the muscles of the crayfish 
Oreoneetes limosus exists in two forms with dif
ferent substrate affinities, the high-affinity form 
being stabilized by Fru-l,6-P2• The whole range of 
PKs is found in the molluscs, from the hardly 
regulated PK of cephalopod muscles, which 
resemble most closely mammalian PK-Mb 
through the Mz-like PKs to those which have 
levels of allosteric modulation and covalent modi
fication just as complex as those of mammalian 
liver PK-L [36]. Allosterically regulated muscle 
PKs have been investigated in detail in, for exam
ple, the mussels Crassostrea, Cardium, Mytilus, 
Seapharea and ~nus, and the South American 
purple snail Coneholepas [29, 36,40, 99]. 

The aUosteric effectors of the invertebrate PKs 
are, in particular, Fru-l,6-P2 , ATP and alanine or 
other amino acids [173]. The frequently observed 
inhibitory effects of phosphagens is probably an 
artefact produced by crude extracts in which the 
phosphagen kinase that is always present uses up 
the PK substrate, ADP. A reduction in pH brings 
about the inhibition of PK and the stimulation of 
PEPCK in marine mussels, and thus a switch 
from pyruvate production to the more efficient 
succinate pathway of anaerobic energy produc
tion. The pH effect is much less marked in the 
freshwater mussel Anodonta eygnea [105,224]. 
Bicarbonate inhibits PK and activates PEPCK, 
for example, in the oligochaete Tubi[ex and the 
cestode Hymenolepis diminuta. There have been 
reports of alanine inhibition of PK from cnidari
ans, bivalves and crustaceans but not from Tubi
[ex or the frog. 

The regulation of PK by allosteric effectors and 
pH is complemented in many molluscs by coval
ent modification. In particular, in anoxia-tolerant 
species, such as Mytilus edulis, Patella eaerulea 
and Busyeotypus (Busyeon) eanalieulatum, but 
also in the drought-resistant terrestrial snail Otala 
laetea the muscle PK is subject to phosphoryla
tion [157, 158, 275]. A PK-specific protein kinase 
has been isolated from B. eanalieulatum [19]. The 
substrate constant for PEP is increased by phos
phorylation, and the inhibitor constant for ATP 
and L-alanine is reduced; the end result is thus a 
reduction in PK activity. However, the converse 
has been observed for the PK from adductor 
muscles of the bivalves ~nus gallina and Sea
pharea inaequivalis; in this case, PEP affinity and 

enzyme activity are increased after in vitro phos
phorylation by added cAMP-dependent protein 
kinase [88]. 

Some pyruvate kinases of the Protozoa have 
rather unusual properties. For example, the PK 
from Leishmania donovani shows sigmoidal PEP 
kinetics, and thus homotropic interaction, but it 
exhibits no allosteric effects. In contrast, Fru-l,6-
P2 and in particular Fru-2,6-P2 reduce cooperativ
ity and increase the affinity of PK from Trypano
soma eruzi and T. brueei; ATP counteracts this 
effect [25, 222]. Entamoeba histoloytiea possesses 
a diphosphotransferase instead of a typical PK, a 
situation otherwise found only in plants. In con
trast to PK, this enzyme catalyses a reversible 
reaction: 

PEP + AMP + PPj ~ = pyruvate + ATP + Pj. 
(14.1) 

14.8 Further Glycolysis Enzymes 

Compared with the six enzymes discussed above, 
the remaining enzymes of the glycolysis pathway 
have received much less attention from comparat
ive biochemistry. Phosphoglucomutase has been 
isolated from mammals, teleosts and elasmo
branchs, as well as from higher plants and lower 
fungi. All examples have a molecular mass of 
62-63 kDa, and the great similarity between the 
amino acid compositions of the enzymes from 
various fish, the rabbit and the potato is indicat
ive of a relatively slow evolution. The sequence is 
known only for the rabbit enzyme [200]. Glucose 
phosphate isomerase (GPI) from the trypanoso
mes to the mammals has very similar properties. 
Whereas the tetrapod vertebrates (amphibians to 
mammals) have only one GPI locus, the teleosts 
(except for the Clupeomorpha) have two isoenzy
mes that differ in their tissue location and cata
lytic properties; GPI-A predominates in muscle, 
and GPI-B predominates in the liver and other 
organs [13]. Two GPI loci are also found in the 
agnathans of the order Petromyzontoidea, but 
only one locus is found in the order Myxinoidea, 
the cartilaginous fish and the ancient actinopter
gygians of the genera Amia and Lepisosteus. 
Branehiostoma and the ascidian Ciona also have 
only one GPI. The explanation for this distribu
tion probably lies in independent duplications of 
the GPI gene in the development of the lampreys 
and the teleosts, and loss of one of the genes in 
the Clupeomorpha [38, 97]. 



Triose phosphate isomerase (TIM) is the most 
active glycolysis enzyme in the insects and verteb
rates (Table 14.1). This enzyme not only introdu
ces dihydroxyacetone phosphate to glycolytic 
degradation via glyceraldehyde phosphate but 
can also function in the opposite direction as the 
starting point for the formation of glycerol 
phosphate, which is required for lipid and gly
cerol metabolism as well as for the a
glycerophosphate cycle. TIM is always a homodi
mer with subunits of 247-249 amino acids and 
27-28 kDa. Sequence comparisons point to a 
relatively slow rate of evolution; compared with 
the human sequence, the rabbit sequence shows 
16 differences, the chicken sequence 38, and that 
of Latimeria 80, but the bacteria sequence shows 
170 differences [145]. The TIM of the Kinetoplas
tida is located in the glycosomes together with 
eight other enzymes of glycolysis and glycerol 
metabolism. The enzyme of Trypanosoma brucei 
differs at 48-52 % of positions from the vertebr
ate enzyme but is not significantly different in its 
kinetic-regulatory properties [128, 159]. Phos
phoglycerate kinase (PGK) has mainly been 
investigated in the mammals, although the 
enzyme isolated from the halibut Hippoglossus 
stenolepis has been the subject of studies of the 
reaction mechanism [108]. The mammals possess 
two isoenzymes of PGK. PGK-1, which is found 
in all cells, is encoded by one gene on the X 
chromosome; the human sequence (417 amino 
acids) differs from that of the horse (416 amino 
acid) at only 14 positions. The human and murine 
PGK-2, as in some other mammals, is restricted 
to the testis and sperm; it is encoded by an intro
nless gene that arose as a retroposon from a tran
script of the PGK-1 gene. There is a further 
human PGK-1 retroposon that has become non
functional due to several nonsense mutations 
[152]. In the dog, fox and kangaroo PGK-2 is 
found in other tissues in addition to the testis. 
The kinetoplastids Trypanosoma brucei and Cri
thidia Jasciculata have three PGK genes, one of 
which encodes the glycosomal PGK and a second 
encodes the cytosolic enzyme; the protein prod
uct of the third gene has not yet been identified. 
The two enzymes of T. brucei agree at 93 % of 
positions, but the glycosomal enzyme has a more 
positive charge and a C-terminal extension of 20 
amino acids [133]. 

The phosphoglycerate mutases and 2,3-
bispbospboglycerate mutases belong to a family 
of multifunctional enzymes which catalyse vari
ous reactions between phosphoglycerate (PG) 
and bisphosphoglycerate (BPG): 
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1. Mutase reaction: 

2. Synthase reaction: 

3-PG + 2,3-BPG ~ 
2,3-BPG + 2-BG. 

1,3-BPG + 3-PG ~ 3-
PG + 2,3-BPG. 

3. Phosphatase reaction: 1,3-BPG ~ 3-PG + Pi. 

The phosphoglycerate mutases (PGM; EC 
5.4.2.1) are enzymes with predominantly mutase 
activity, and the bisphosphoglycerate mutases 
(BPGM; EC 2.7.5.4) are those which, above all, 
catalyse the synthesis and cleavage of 2,3-BPG. 
The agnathans have only one PGM, whereas all 
other vertebrates, with the exception of the birds, 
have several homo- or heterodimeric PGMs with 
two types of subunit known as muscle type (M) 
and brain type (B). One of the PGM genes has 
been silenced during the evolution of the birds. 
Skeletal muscle always contains MM; the liver, 
kidney and brain contain mainly BB; and the 
heart contains MM, MB and BB. B always 
appears before M in ontogeny. The BPGM sub
unit E is expressed only in erythroid cells. The 
activity of the homodimer EE in erythrocytes 
leads to high concentrations of 2,3-BPG, which 
reduces the oxygen affinity of haemoglobin to 
physiological values. The human subunits B, M 
and E agree in about 46 % of their amino acids 
[30, 66, 134]. 

The enolases are dimers of non-covalently lin
ked subunits of 47 kDa. Three different types of 
subunit (a, ~, y) are found in the mammals and 
birds; these show about 80 % sequence agree
ment with each other and form heterodimers. The 
a and ~ subunits are found in many different tis
sues, whereas y is expressed only in neurons. In 
embryonal muscle, aa is formed initially but is 
replaced during myogenesis by ~~. Whereas in 
adult skeletal muscle almost all the enolase activ
ity is due to ~~, the smooth muscle and heart 
muscle retain larger proportions of aa [75, 127, 
151, 180]. The frog Xenopus laevis also has three 
types of enolase subunit but these show a tissue 
distribution different to that of the higher verteb
rates [227]. The enolase from Drosophila melano
gaster, which is the only invertebrate enolase to 
have been sequenced so far, is similar in sequence 
to the mammalian subunits a and y [15]. 
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14.9 Gluconeogenesis 

The glucose transported to cells via the blood is 
important for the energy metabolism of all cells 
and for some, e.g. erythrocytes, cells of the mam
malian brain and the retinal cells of birds, it is 
indispensable. Glucose is also required in the 
structural metabolism of all cells for the biosyn
thesis of glycolipids and glycoproteins. In the ver
tebrates, the blood-sugar level is maintained con
stant by the activity of the liver, usually by glyco
gen formation and degradation, and during peri
ods of starvation it is maintained by gluconeoge
nesis from amino acids, lactate or glycerol. Glu
coneogenesis is the reverse of glycolysis, minus 
the non-reversible reactions of PK and PFK, for 
which other reactions are substituted. In the ver
tebrate liver and kidney, during gluconeogenesis 
from pyruvate, lactate or alanine, the reverse of 
the PK reaction is achieved by the combined 
actions of pyruvate carboxylase (PC) and phos
phoenolpyruvate carboxykioase (PEPCK), and 
the reverse of the PFK reaction is achieved by the 
hydrolytic activity of fructose-1,6-bisphosphatase 
(see Figs. 14.1 and 18.2). The PC is a purely mito
chondrial enzyme, whereas PEPCK shows wide 
species-specific differences in its compartmental
ization; in the rat and mouse it is almost exclus
ively cytoplasmic but in the other vertebrates it is 
predominantly mitochondrial (p.692). Thus, 
whilst glycolysis is restricted to the cytoplasm, 
gluconeogenesis requires the interaction of two 
cell compartments [100]. Serine is important 
amongst the glucose-forming (glucoplastic) 
amino acids, and there are two metabolic path
ways leading from serine to 2-phosphoglycerate 
and then to glucose (Fig. 14.4). The pathway via 
serine dehydratase, PC and PEPCK predomina
tes in the liver of the adult rat, and the pathway 
via serine: pyruvate aminotransferase, glycerate 
dehydrogenase and glycerate kinase predomina
tes in the liver of newborn rats. Whereas both 
pathways are usually active in mammalian liver, 
the aminotransferase is lacking in amphibian 
liver, and the dehydratase is absent from the liver 
of the rainbow trout Salmo gairdneri [270]. 

Gluconeogenesis is especially important for 
ruminants and other mammals with cellulose
fermenting stomach symbionts, where more than 
90 % of the glucose present in the diet is con
verted to acetate, propionate and butyrate before 
absorption. The importance of gluconeogenesis 
for eels, salmon and other fish that do not feed 
during long migratory periods is equally obvious. 
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Fig.14.4. Gluconeogenesis from serine. 1, L-Serine dehyd
ratase; 2, pyruvate carboxylase; 3, phosphoenolpyruvate 
carboxykinase; 4, enolase; 5, serine: pyruvate aminotrans
ferase; 6, glycerate dehydrogenase; 7, glycerate kinase 

Lactate accumulating in muscles and other tissues 
is also processed by gluconeogenesis, the task 
being divided between the muscles and the liver. 
The lactate arising from glycogen during anae
robic energy production in muscles is transported 
in the blood to the liver, where it is partly 
degraded oxidatively and partly reconverted to 
glycogen. The glucose stored as liver glycogen is 
transported as blood sugar to the muscle, where it 
is used in the resynthesis of muscle glycogen. The 
whole cycle is named after its discoverer, Cori 
[100]. Gluconeogenesis from lactate has been 
demonstrated by tracer experiments and enzyme 
determinations in the liver of all classes of verteb
rates. Only in the case of the cyclostome liver, 
which is very small and contains negligible glyco
gen, is gluconeogenesis of no significance [220]. 

In the mammals, the kidneys and the liver are 
capable of gluconeogenesis. In the toad Bufo 
marinus, the stomach mucosa has the appropriate 
complement of enzymes and can produce glucose 
from pyruvate, alanine and other precursors [57]. 
Whereas, in general, the nervous system has a 
low capacity for gluconeogenesis, in the retina of 
the frog Rana catesbeiana it is unusually high [79]. 
The muscles of most vertebrates and invertebra
tes contain no PC and their capacity for gluconeo
genesis is usually denied. However, tracer exper-
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iments have demonstrated the formation of glu
cose from lactate in the muscles of fish, amphibi
ans and mammals. Here, the PC reaction is 
replaced by a combination of malic enzyme and 
malate dehydrogenase (Fig. 14.1). Muscle gluco
neogenesis in the vertebrates is restricted to cer
tain types of fibre, and in fish, amphibians and 
reptiles it is probably only significant in the red 
muscles [78, 170]. PC has been detected in the 
muscles of some teleosts, the only case known in 
the vertebrates, and otherwise is found at high 
activities only in insect flight muscles [170]. 

Lactate also reaches high levels in the haemo
lymph of malacostracan crustaceaus during brisk 
muscle activity but, in contrast to the situation in 
the mammals, it is removed only very slowly from 
the blood. For example, in the lobster Homarus 
gammarus and in the crayfish Cherax destructor it 
requires about 6 h, compared with 30 min in 
humans. The hepatopancreas, which as a central 
organ for metabolism is often compared with the 
liver, has no capacity for gluconeogenesis from 
lactate. 

14.10 Anaerobiosis 

14.10.1 Activity- and Habitat-Dependent 
Anaerobiosis 

In the presence of an adequate supply of oxygen, 
carbohydrates are completely catabolized to CO2 

and H20 with the production of energy, the theo
retical yield being 38 ATPs per glucose residue of 
glycogen. However, in their natural habitats 
many animals experience a transient or long-term 
deficiency of oxygen (hypoxia), or the complete 
absence of oxygen (anoxia), and must therefore 
be capable of anaerobic energy production 
(habitat-dependent anaerobiosis). An anaerobic 
energy-yielding process is also necessary when 
the energy requirement of the muscles during act
ive locomotory effort exceeds the capacity of the 
aerobic process (activity-dependent anaerobio
sis). The various anaerobic mechanisms for 
obtaining energy in the animal kingdom are inter
esting examples of biochemical adaptation. They 
have, therefore, been widely investigated and 
extensively reviewed [21, 83, 102]. 

Activity-dependent anaerobiosis occurs only as 
a consequence of sudden, transient enhanced 
muscle activity, e.g. in fleeing from predators or 
catching prey. In contrast, muscles that operate 
continuously at high activity, e.g. the flight musc-

les of insects or birds, are dependent upon 
aerobic energy production. Activity-dependent 
anaerobiosis is widely found in the animal king
dom. A typical example is the white muscle of 
vertebrates, especially of amphibians and fish, 
and also of some invertebrates. The cephalopods 
achieve high swim-velocities by the rapid ejection 
of water from the mantle cavity by the contraction 
of mantle muscles; however, the musculature is 
usually exhausted after 10-20 such contractions. 
The scallops (Pectinoidea) can escape attack from 
starfish by swimming; they clap their shells toge
ther by contracting the shell-closing muscles 
(adductors), thereby propelling themselves. In 
this case, the muscles are also exhausted after 
30-50 contractions. The cockle Cardium tubercu
latum executes jumping movements to escape 
starfish. The closely related species C. edule, like 
other mussels, only uses the foot musculature to 
bury itself. This occurs particularly rapidly in the 
case of the razor shell Ensis directus. The com
mon whelk Buccinum undatum escapes from pre
dators by executing rotating movements brought 
about by the columellar muscle. The worms 
Sipunculus nudus and Arenicola marina bury 
themselves rapidly in the mud; in experiments, 
they perform this action several times until the 
muscles of the body wall become exhausted. In 
the characteristic defence reaction of the crayfish, 
the posterior body section is thrust forward by 
contraction of the abdominal muscles, and the 
animal springs backwards. Several types of insect 
muscle, e.g. the jumping muscles of the locust, 
also show activity-dependent anaerobiosis. In 
most vertebrates, anaerobic metabolism in musc
les is only necessary at the commencement of 
locomotory activity, and continues until the oxy
gen supply to the muscle is adequately reinforced. 
However, in many terrestrial and all aquatic 
amphibian species the energy requirements for 
locomotion are always predominantly derived 
from anaerobic processes [161, 198]. 

At the onset of sudden muscle activity, the rate 
of ATP cleavage increases manyfold without a 
concomitant increase in the oxygen supply. 
RephosphoryJation of ADP at first makes use of 
the energy-rich phosphate stored in phosphagen. 
Only when this is exhausted does the muscle 
revert to degradation of glycogen to cover its 
energy requirements. This occurs anaerobically 
only to the extent to which the aerobic process is 
insufficient. For example, in the swimming scal
lop Placopecten magellanicus glycogen catabol
ism is about 3 % aerobic, but because of its far 
greater effectiveness this covers about one-third 
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of the energy requirement [68]. The maximal rate 
of ATP production in muscle is reached during 
utilization of the energy-rich phosphates of ATP 
and phosphagen; the second highest rate is 
achieved during anaerobic glycogen catabolism; 
and the lowest rate occurs during the aerobic 
process. However, the reserves of energy-rich 
phosphate are used up in a relatively short time, 
and the anaerobic supply of energy, because of its 
lower effectiveness, leads more rapidly to exhaus
tion than does the aerobic process (Table 14.4). 

Extreme examples of habitat-dependent anae
robiosis are supplied by the endoparasitic nema
todes, trematodes, cestodes and ancanthocepha
lans that infest the intestines and bile ducts of ver
tebrates; their specific adaptation to this extreme 
environment caught the attention of biochemists 
quite early on. It has become obvious only rela
tively recently that many free-living animals also 
possess highly specialized mechanisms for anae
robic energy production. This is true, for exam
ple, for the free-living nematode Panagrellus redi
vivus, the African swamp oligochaete Alma 
emini, and the oligochaetes and insect larvae 
from the low-oxygen mud zone of stagnant water. 
Goldfish can survive for several days at low tem
perature without oxygen. Sea anemones, mus
sels, snails, crabs and worms of the tidal zones 
may experience hypoxia when, at low tide, the 
water level sinks below the habitat of sessile spe
cies, or water exchange in the tube inhabited by 
burying species is no longer possible. However, it 
must not be assumed that all species in the tidal 
zone experience hypoxia during the ebb. In fact, 
oxygen uptake by the limpet Patella vulgata does 
not change at all when the tide is out. With its 
shell open, the cockle Cardium edule can take up 
from the air 28-78 % of the oxygen that it nor-

Table 14.4. Energy-yielding substrates in human skeletal 
muscle [102]: concentration, effective energy and the maxi
mal rate of energy production 

ATP 
Creatine 
phosphate 
Glycogen 

Triacyl 
glycerol 

Concentration Effective 
energy 

(flmoUg fro wt.) (flmol ATP/g 
fro wt.) 

Rate 

(flmol ATPI 
g fro wt. per 
min) 

25 10 96-360 
75 

370 

50 

60 

aerob. 14 200 30 
anaerob. 1120 60 
24520 2004 

mally obtains from water; the edible mussel Myti
Ius edulis manages only 4-15 % [18]. 

The species Mytilus galloprovincialis, living in 
the sublittoral zone of the Mediterranean coast, 
never experiences hypoxia but is, nevertheless, 
able to obtain energy anaerobically, although less 
than M. edulis obtains [269]. This example shows 
that the capacity for habitat-dependent anaerobi
osis is primarily an adaptation to hypoxia, but is 
also found in animals that never experience oxy
gen deficiency in their natural habitats. This is 
therefore a biochemical character, selected for 
during evolution, which has been retained despite 
the disappearance of the selective pressure. There 
are, of course, further examples of transient or 
persistent oxygen shortage. Air-breathing animals 
have, in principle, no problem with oxygen sup
ply, but species living underground, e.g. the 
earthworm, may be subjected to hypoxia after 
heavy rain. Most cells of the insects are directly 
supplied with oxygen by terminal branches of the 
trachea, independent of the blood supply, and 
therefore have a purely aerobic metabolism. A 
notable exception are the haemocytes that are 
suspended in the low-oxygen haemolymph; these 
are completely adapted to hypoxia and can surv
ive in tissue culture without oxygen, where they 
produce succinate, acetate and alanine, the typ
ical end products of highly specialized anaerobic 
metabolism [129]. 

Very few animal species experience simultane
ously activity-dependent and habitat-dependent 
anaerobiosis; the few that do include marine 
annelids (Arenicola marina), sipunculids (Sipun
culus nudus) and bivalves (Ensis directus). For 
the other marine mussels, there is either activity
dependent anaerobiosis following fleeing reac
tions (as seen in the pectinids, Lima hians and 
Cardium tuberculatum) or habitat-dependent 
anaerobiosis (e.g. in Mytilus edulis and freshwa
ter mussels) [288]. It is, of course, possible to 
generate experimentally hypoxia or anoxia with 
such species, i.e. to produce conditions that they 
would not normally encounter in their natural 
environments. All the results indicate that the 
two forms of anaerobiosis are fundamentally dif
ferent processes. In the activity-dependent proc
ess, a transient high energy demand is satisfied by 
anaerobic glycolysis, which is uneconomic but 
rapidly available. In contrast, the habitat
dependent process persists for hours or days, 
rather than for minutes; it may even continue for 
the lifetime of the animal. This requires the 
highest possible economy in both the utilization 
and production of ATP [83]. In fact, it is observed 



in many molluscs that the intensity of energy
yielding metabolism is drastically reduced during 
habitat-dependent anaerobiosis; for example, in 
Mytilus edulis it is reduced to 5 % and in isolated 
adductor muscles of various species it is reduced 
to 12.5-20% [68,83,155,289]. Whilst there is a 
lO-fold increase in energy turnover during 
activity-dependent anaerobiosis in Cardium 
tuberculatum, this is reduced 20-fold during the 
habitat-dependent process [156]; the contribu
tions of the two processes to energy-yielding 
metabolism in the same tissue may differ by as 
much as 500: 1 [68]. The goldfish also reduces its 
energy turnover to 20 % during persistent anoxia 
[102]. The mechanisms regulating the reduction in 
metabolism in hypoxic and anoxic conditions are 
not completely understood. The crustaceans 
appear to have a much less efficient regulatory 
mechanism; for example, ATP production in the 
isopod Cirolana borealis is reduced by only 25 % 
during experimental anoxia. The basic difference 
between activity- and habitat-dependent anaero
biosis also shows itself in the metabolic pathways 
and end products involved. 

14.10.2 End Products of Anaerobic 
Metabolism 

The end product of anaerobic glycolysis in ver
tebrate muscle is L-Iactic acid, which Berzelius 
first discovered in the meat of hunted deer. Lact
ate is the main product of activity-dependent 
anaerobiosis in the vertebrates and the arthro
pods, but is also produced in the body-wall musc
les of the leech Hirudo medicinalis and other 
annelids, and following experimental irritation of 
the foot muscle of the cockle Cardium edule 
[70, 71, 83, 155, 288]. L-Lactate or D-Iactate is 
produced according to the stereo-specificity of 
the lactate dehydrogenase involved (see Tab
le 14.6, p. 542). The reduction of pyruvate to lact
ate by lactate dehydrogenase results in the reoxi
dation of NADH from the GAPDH reaction, and 
restoration of the redox balance of glycolysis; 
three ATPs are produced per glucose residue of 
glycogen. Invertebrates, however, possess other 
enzymes that reduce pyruvate and thereby 
reoxidize NADH. These catalyze the reductive 
condensation of pyruvate with arginine, glycine, 
alanine, taurine or ~-alanine to so-called opines, 
and they are, therefore, known as opine dehydro
genases [70, 84, 140]. To date, five opines are 
known together with their corresponding dehyd
rogenases (Fig. 14.5; Table 14.5). The main prod-
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Table 14.5. Activities (U/g fro wt.) in various animals of D-

and L-Iactate dehydrogenase (LDH), strombine dehydro-
genase (StrDH), alanopine dehydrogenase (AloDH) and 
octopine dehydrogenase (ODH) [84] 

LDH StrDH AloDH ODH 

Porifera 
Halichondria panicae (total) 0 0.1 0 0 

Nemertina 
Cerebratulus lacteus 0.5 0 3.0 50 
(proximal end) 

Mollusca 
Littorina littorea (foot) 14.2 0 2.4 0 
Nassa mutabilis (foot) 10.7 2.4 29 186 
Buccinum undatum (various 3.1 0 9.3 69 
muscles) 
Mytilus edulis (adductor) 13.3 4.9 2.7 17.5 
Cardium edule (adductor) 9.0 9.7 7.5 30.6 
Cardium edule (foot) 11.2 3.3 2.5 15.6 
Cardium tuberculatum 4.0 18.1 22 117 
(foot) 
Lima hians (adductor) <0.1 4.1 4.6 60 
Ensis siliqua (foot) 0.9 6.1 13.6 167 
Sepia officinalis (mantle) 0.3 0 0 97 

Annelida, Sipunculida 
Nephthys hombergi (body 0 44 50 0 
wall) 
Nereis diversicolor (total) 49 0 0 (} 

Arenicola marina (body 0.2 4.0 45 0 
wall) 
Glycera convoluta (total) 52 171 
Sipunculus nudus (body <0.05 9.2 49 445 
wall) 

-, not determined 

uct of activity-dependent anaerobiosis from 
pyruvate and arginine is octopine; this was the 
first-discovered opine, detected in 1927 in the 
cephalopod Octopus sp. In addition to its occur
rence in the cephalopods (Loligo, Octopus, Nau
tilus), it is formed by various mussels (Pectinidae, 
Cardium tuberculatum, Solen marginatus, Ensis 
sp.), the common whelk Buccinum undatum, and 
the sipunculid Sipunculus nudus. Some scallops 
(Pectinidae) produce octopine during swimming, 
whilst others (Chlamys opercularis) produce it 
only during the recovery period. In the lugworm 
Arenicola marina, the end product of activity
dependent anaerobiosis is alanopine. The proso
branch snails of the genus Strombus produce 
mainly octopine during muscle activity, and then 
strombine during the recovery period [68, 70, 
71, 84, 102, 140, 288]. Activity-dependent anae
robiosis and a general oxygen deficiency lead to 
the production of tauropine in the adductor 
muscle of the sea snail Haliotis lamellosa, 
whereas the anoxic foot muscle produces D
lactate [72]. 
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Fig. 14.5a, b. Opines. a The reactions of lactate and opine 
production. b The structural formulae of the most import
ant opines. A further opine, ~-alanopine, has since been 

It is not quite clear why many invertebrates 
produce opines instead of lactate during anae
robic metabolism in the muscles; the ATP yield of 
anaerobic glycolysis is not increased in any way 
(three ATPs per glucose residue). Octopine 
formation binds the arginine released by cleavage 
of the phosphagen arginine phosphate, and octo
pines disturb the enzyme functions of cells much 
less than does arginine. However, in Sipunculus 
nudus octopine production during activity
dependent anaerobiosis cannot compensate com
pletely for the increasing free arginine concentra
tion in the muscle [83]. One important advantage 
of the synthesis of octopine and other opines is 
that lower values of the redox coefficient NADHI 
NAD+ are attained at the reaction equilibrium of 
pyruvate reduction [56, 84]. 

During the recovery period after muscle activ
ity, the end products of anaerobic glycolysis must 
be either further metabolized oxidatively or used 
in gluconeogenesis. These processes can take 
place in the same muscle in which the end prod
ucts are formed. This has been shown for the lact
ate of vertebrates and crustaceans and for the 
opines of the snails and mussels. On the other 
hand, there may also be a division of labour 
between organs, in which the end products 

COOH 
I 

HC- N -CH 
I H I 2 

CH3 CH 2 
I 
S03H 

Tauropine 

discovered and this is synthesized from ~-alanine and 
pyruvate [263] 

formed in the muscle are transported in the blood 
to other organs where they are then further meta
bolized; at least part of the sugar produced by 
gluconeogenesis is then returned to the muscle 
via the bloodstream. In such cases, organ-specific 
dehydrogenases are found; these are adapted to 
the relative activities of the forward and reverse 
reactions. The best-known example of such a divi
sion of labour between organs is the oxidation of 
lactate in vertebrate heart, lung and brain and its 
utilization for gluconeogenesis in liver and 
kidney. An analogous situation is found in the 
cephalopods with octopine, which is released 
from the muscle into the haemolymph and is fur
ther metabolized in the heart, brain and gills 
[52, 68, 70]. However, the proportion of anae
robic end products transported via the blood to 
other organs is only 20-45 % in the rat and 
15-20 % in the cephalopod Sepia [102]. 

In many animals, energy extraction during 
habitat-dependent anaerobiosis also occurs via 
the Embden-Meyerhof pathway; pyruvate is 
reduced to balance the redox coefficient and 
three ATPs are formed per glycogen glucose. The 
end products are D- or L-Iactate or opines, and in 
some cases also ethanol (Fig. 14.6). Lactate as an 
end product of habitat-dependent anaerobiosis is 
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Fig.14.6. The end products of anaerobic meta
bolism 

found, for example, in all terrestrial and freshwa
ter gastropods, in several marine snails (Littorina 
littorea) and mussels (Cardium tuberculatum), in 
all crustaceans, in Limulus and in spiders, in some 
annelids (Hirudo medicinalis), and in fish [37, 68, 
70, 84, 168, 288]. Octopine is the end product of 
both anaerobic processes in the cuttlefish Sepia 
officinalis, but otherwise does not play an import
ant role in habitat-dependent anaerobiosis 
[70, 71]. Strombine, often together with small 
amounts of alanopine, is found at least during the 
initial phases of habitat-dependent anaerobiosis in 
the sponge Halichondria panicea, in Mytilus edulis 
and other mussels (Crassostrea, Nucula, Mercena
ria, Ensis, Solen), in Arenicola marina and other 
polychaetes (Nephthys, Pectinaria), and in Sipun
culus nudus. Alanopine is the predominant prod
uct in several molluscs (Littorina littorea, Nucella 
lapillus) and polychaetes of the genus Glycera 
[68, 70, 84, 231, 288, 289]. Investigations of 25 
marine invertebrates have revealed the reason 
why many species produce different opines during 
activity- and habitat-dependent anaerobiosis. 
During the habitat-dependent process, all opine 
dehydrogenases function close to the reaction 
equilibrium, and the relative amounts of the dif
ferent end products are determined by the con
centrations of the corresponding amino acids. 
During the activity-dependent process, only those 
opine dehydrogenases with activities high enough 
to keep pace with the increased glycolysis flux 
attain the reaction equilibrium [173]. Ethanol as 
the main end product of habitat-dependent anae
robiosis is found in the common carp and goldfish, 
the bitterling Rhodeus amarus, larvae of the non
biting midge Chironomus thummi, the free-living 
nematode Panagrellus redivivus and certain Pro
tozoa [24, 177,201,276]. 

I ~ 
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In many animals, particular metabolic path
ways invoked during habitat-dependent anaerobi
osis have a significantly better ATP yield (seven 
ATPs per glucose) than does anaerobic glycolysis. 
The main end products here are succinate, pro
pionate and/or acetate, and in free-living species 
almost always alanine (Fig. 14.6). These processes 
have been demonstrated and investigated in 
nematodes, trematodes, cestodes, acanthocepha
lans, annelids, echiurids, sipunculids, lamel
libranchs and gastropods [71, 103, 112, 158, 197, 
225,288]. Branched fatty acids are also produced 
in the nematodes Ascaris lumbricoides and Paras
caris equorum, the trematode Paragonimus wes
termanni and the oligochaete Alma emini 
[205, 221]. Most of the results have been 
obtained under experimental conditions of 
anoxia in the laboratory, but data from free-living 
Mytilus edulis and the polychaetes Arenicola mar
ina and Nereis diversicolor are essentially in 
agreement [225, 289]. 

The main substrate of energy-yielding meta
bolism in habitat-dependent anaerobiosis is gly
cogen (Fig. 14.6). Thus, animals adapted to a 
chronic or temporary oxygen deficiency usually 
have large reserves of glycogen. Glycogen as a 
proportion of dry weight is usually 10-20 % in 
parasitic worms, over 40 % in some cestode lar
vae, and up to 50 % in the hepatopancreas of the 
edible mussel Mytilus edulis. Anoxia-tolerant ver
tebrates, like the goldfish and turtles, have glyco
gen reserves in the liver of about 16 % o~ the fresh 
weight (1000 !-tmol glucose equivalents p'er g fresh 
weight); in the trout or in mammals it is only 
about 3 % (200 !-tmol per g fresh weight) [102]. 
Especially during the initial phases of habitat
dependent anaerobiosis, aspartate may be con
verted to succinate to yield ATP. This metabolic 
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route was first discovered in 1977 in the heart of 
the oyster Crassostrea gigas and is, in fact, of rela
tively great importance for the mussel heart; it 
occurs in other tissues of the molluscs but not at 
all in the arthropods [68, 199]. Succinate produc
tion from aspartate has also been detected during 
hypoxia in heart and skeletal muscle of mammals 
and fish. Malate, which is an intermediate of suc
cinate synthesis from glycogen or aspartate, is 
found at such high concentrations in the tissues of 
several oligochaetes, leeches and the larvae of 
non-biting midges that it is a significant substrate 
at least during the initial phase of habitat
dependent anaerobiosis; the concentration is 
14-20 fLmol/g in Eisenia foetida, 30-40 fLmol/g in 
Hirudo medicinalis, about 50 fLmol/g in the tubifi
cid Lumbriculus variegatus, and 40-50 fLmol/g in 
Chaoborus fiavicans [288]. 

Activity-dependent anaerobiosis and (natural 
or experimental) anoxia can lead to different end 
products in the same animal, or even in the same 
muscle tissue. The products of the activity
dependent process are mainly those of pyruvate 
reduction, such as lactate or opine, whereas in the 
habitat-dependent process succinate, volatile 
fatty acids and alanine are also produced. There 
are some well-investigated examples: The mussel 
Ensis directus synthesizes octopine during rapid 
digging movements but produces mainly strom
bine, together with succinate, propionate, acetate 
and alanine, under anoxic conditions. Spinuncu
Ius nudus also produces octopine during activity
dependent anaerobiosis but synthesizes the prod
ucts of the succinate pathway together with 
strombine during the habitat-dependent process. 
The burying action of Are nicol a marin us results in 
alanopine but the initial phases of the habitat
dependent process produce strombine. Cardium 
tuberculatum accumulates octopine in its foot 
during fleeing jumps, but produces lactate under 
conditions of experimental anoxia [71, 84, 156, 
225, 231, 288]. It is of particular interest that dif
ferent pyruvate reductases are quite often 
involved in the two types of anaerobiosis (p. 537). 

The accumulation of the acidic end products of 
anaerobic glycogenolysis leads to alterations in 
the proton balance of the cells and of the whole 
animal. One proton arises per carboxyl group 
produced, i.e. 1 mol H+ per mol end product, 
irrespective of its chemical nature (lactate, opine, 
alanine, acetate, propionate); succinate synthesis 
yields two protons per mole. This has led to the 
hypothesis that the proton stoichiometry of anae
robiosis is independent of the prevailing meta
bolic pathway [102]. In fact, the situation is com-

plicated by further metabolic processes, and the 
proton balance of anaerobiosis may vary greatly 
depending upon the substrate consumed and the 
end product formed. For example, the number of 
protons produced in the succinate-propionate 
pathway is lower when aspartate is the substrate 
than when glycogen is used. The cleavage of 
phosphagen consumes protons, whereas dephos
phorylation of MgATp2- generates protons; fur
thermore, the Pi released from phosphagen or 
ATP acts as an intracellular buffer. Analysis of the 
proton balance of a tissue or of a whole organism 
must also take into account the excretion of H+ 
and NH\ ions [195]. Anoxia occurring in the 
presence of enhanced CO2 in the environment 
(hypercapnia) leads to increased acidosis [116]. 
The degree of acidosis is reduced in some animals 
by excretion of part of the end products. In this 
case, the possibilities for exploiting fully the 
remaining energy content of the end products by 
oxidation to CO2 and water, or for using them in 
gluconeogenesis, are forfeited after the return to 
normal conditions. Excretion of lactate is found, 
for example, in the crustaceans and also occurs to 
a limited extent in the tadpoles of Rana catesbei
ana [198]. Many molluscs and annelids secrete 
propionate, acetate and sometimes succinate 
[103, 105, 187,225]. Another way of reducing 
anaerobic acidosis, namely the further metabol
ism of the acidic end products to ethanol, has 
been adopted only by the larvae of the non-biting 
midge Chironomus thummi, the free-living nema
tode Panagrellus redivivus, and the goldfish. 
Ethanol is particularly easily disposed of by secre
tion into the aqueous environment [24,201,276]. 

In many free-living animal species several pha
ses of anaerobiosis may be distinguished during 
persistent anoxia. This is to be expected because 
substrates such as aspartate are gradually used up 
during the time needed for regulation of the 
switch from aerobic to anaerobic energy produc
tion, and because the accumulation of various 
metabolites alters the conditions for further cell 
metabolism. In the initial phase, phosphagen is 
consumed and aspartate is converted to succin
ate; during the subsequent reactions, propionate 
(and sometimes also acetate) is produced as the 
main product [83, 225, 288]. These changes with 
time have been especially well investigated in 
Arenicola marina. During the first 3 h, the phos
phagen phosphotaurocyamine is used up, aspart
ate is metabolized to succinate and volatile fatty 
acids, and pyruvate is metabolized to strombine 
and L-alanine; the latter is racemized to a mixture 
of L- and D-alanine. After 3 h, glycogen catabol-



ism at the PEP branch point gradually switches 
from PK to PEPCK and the metabolic rate dec
reases. The degree of phosphorylation of aden
osine (energy charge) declines drastically during 
the first 9 h and then becomes stable. It would 
appear that a new stable metabolic state is 
reached only with some difficulty. From 12 h, the 
succinate and alanine concentrations in the ani
mal show no further increase; only propionate 
and acetate are produced and these are mainly 
excreted into the surroundings. A very similar 
metabolic process is also observed in the errant 
polychaetes Nephthys hombergii and Anaitides 
mucosa, and in the sedentary forms Scoloplos 
armiger and Scololepis foliosa [225, 288]. 

Different metabolic reactions are found in the 
various species of the polychaete genus Nereis; 
during experimental anoxia, these produce D
lactate as well as succinate, propionate, acetate 
and alanine, but no strombine. Nereis diversico
lor, which as an inhabitant of the higher eulittoral 
may also experience hypoxic conditions in nature 
and is particularly anoxia resistant, on balance 
produce more succinate and propionate than lact
ate during long-lasting anaerobiosis. In contrast, 
lactate predominates in N. pelagica from the sub
littoral, and this species tolerates only short peri
ods of anoxia. N. virens, which extends from the 
sublittoral to the lower eulittoral, exhibits inter
mediate behaviour [288]. Apart from the changes 
in metabolic pathways and end products with 
time during long-lasting habitat-dependent anae
robiosis in free-living animals, there are other 
complications that render more difficult the scien
tific analysis of anaerobic energy metabolism. 
Distinct seasonal differences have been observed 
in the edible mussel Mytilus edulis, which in 
nature is exposed to air during low tides. There 
are, of course, also organ-specific differences in 
enzyme complement and the end products of 
anaerobic metabolism. For example, the body
wall muscles, the nervous system and the scales of 
the polychaete Aphrodite aculeata contain an ala
nopine dehydrogenase of broad specificity, 
whereas the gut has a highly specific strombine 
dehydrogenase [242]. In Cardium edule, more L

lactate than succinate is produced in the muscles 
during habitat-dependent anaerobiosis, and the 
reverse is true for the gills [155]. Organ-specific 
differences in anaerobic end products have also 
been reported in Mytilus edulis. 

The far-reaching changes in energy-supplying 
cell metabolism during habitat- and activity
dependent anaerobiosis point to complex regulat
ory processes and interactions which are as yet 
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only poorly understood. The targets of the regu
latory mechanisms are probably mainly PFK, 
hexokinase and PK, perhaps also PEPCK, and in 
some animals lactate dehydrogenase. The most 
important regulatory factors are the relative con
centrations of ATP, ADP and AMP (and also the 
energy charge) as well as arginine phosphate 
[53, 68, 71, 84]. Octopine is thought to have 
important regulatory functions in the cephalopod 
Sepia, as has pH in the crustaceans and bivalves 
[53, 224]. The activities of the various dehydroge
nases depend very much, of course, on the 
NADH:NAD+ ratio [71]. Information about 
regulatory mechanisms is provided by the rela
tionships between the kinetic-regulatory proper
ties of the enzymes and changes in the metabolic 
rate and metabolite concentrations during anae
robiosis; such data are available for various bival
ves [68, 70, 71, 105, 155, 289], gastropods [51, 68, 
190], cephalopods, annelids [103, 225, 288] and 
crustaceans [71]. The mechanism contributing to 
the reduction in metabolism during habitat
dependent anaerobiosis is still something of a 
mystery. 

14.11 Pyruvate Reductases 

The NADH produced by the GAPDH reaction 
can be reoxidized in various reactions with pyruv
ate as the hydrogen acceptor (Fig. 14.5a). There 
are several types of pyruvate reductase in the ani
mal kingdom whose phylogenetic relationships 
have not yet been defined. The lactate dehydro
genases (LD Hs) catalyse the reversible reduction 
of pyruvate to lactate with NADH as the coen
zyme. The LDHs are more-or-less ubiquitous; 
they are absent from, for example, some proto
zoans of the genera Trypanosoma and Leish
mania. They are especially active in muscles with 
a marked capacity for activity-dependent anaero
biosis. The highest recorded LDH activity of 
5000 U/g at 25°C was for the white musculature 
of the tuna fish Euthynnus pelamis, which is one 
of the fastest swimmers in the animal kingdom 
[102]. Animals have either L- or D-specific LDH 
according to their systematic positions (Tab
le 14.6). The opine dehydrogenases catalyse the 
reductive condensation of pyruvate or other keto 
acids with the a-amino group of an amino acid, 
using NADH as the coenzyme. Such enzymes 
have been detected in various groups of marine 
invertebrates. 
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Table 14.6. The distribution of L- and D-specific lactate 
dehydrogenases in animals [9, 67, 144, 224] 

L-specific LD H 

Cnidaria 
Nematoda 
Echinodermata 
Trematoda 
Cestoda 
Cephalopoda 
Polychaeta e.g. 

(Arenicola marina) 
Clitellata 
Crustacea Malacostraca 

Insecta (inc. Tracheata) 
Tunicata 
Vertrebrata 

D-specific LDH 

Rhizopoda 
Acanthocephala 

Gastropoda 
Bivalvia 
Polychaeta e.g. 

(Nereis virens) 

Crustacea 
(excl. Malacostraca) 
Chelicerata 

14.11.1 Lactate Dehydrogenases 
of Vertebrates 

The vertebrate LDHs are tetramers of about 
140 kDa which appear as tissue-specific isoenzy
mes with different catalytic properties. In the 
mammals (whose LDHs are a well-known model 
for isoenzymes) there are always five isoenzymes 
that exist in organ-specific proportions, desig
nated in order of decreasing anodic mobility as 
LDH-1 to -5. These arise by all possible combina
tions to homo- and heterotetramers of two differ
ent subunits known as A and B or, according to 
the tissue showing the highest expression, as M 
(muscle) and H (heart) (Fig. 14.7). Subunits A 
and B vary characteristically throughout the 
whole of the vertebrates. In all mammals, almost 
all birds and most reptiles and amphibians B is 
more negatively charged than A. In the fish, 
there is a much greater variation in net charge, 
even to the point that A is more negative than B 
[38]. In the mammals and birds, A and B can 
associate freely to form heterotetramers; in many 

Isoenzyme Quaternary Organ 
structure distribution 

Heart Kidney Eryth· eNS Leuko-
rocyte cyte 

LDH 1 B, -- -- -
LDH 2 AB3 -----
LDH 3 A2B2 -- - -- --LDH 4 A3 B -- -- -- -- -
LDH 5 A, -- -- -- -- --

fish, and probably also in amphibians and repti
les, the possibilities for isoenzyme formation by 
association are restricted. The absence of hetero
tetramers may be due to synthesis of the subunits 
in different cells or at different times, or to prop
erties of the polypeptides that prevent associ
ation. Only in the former case is association pos
sible in vitro. Most elasmobranchs, as well as 
several teleosts from the orders Cypriniformes, 
Siluriformes and Clupeiformes, possess the com
plete set of five isoenzymes, but most fish have 
only the two homotetramers A4 and B4 or three 
isoenzymes including the heterotetramer A2B2 
[38, 61, 126, 149]. All orders of the lampreys 
(Petromyzontoidea) have a single LDH subunit; 
in the more primitive common hagfish Myxine 
glutinosa and Eptatretus cirrhattts both subunits 
are present but do not form heterotetramers [8]. 
Various salamanders of the genus Triturus have 
only A4 and B4 [149]. In the Pleuronectiformes, 
Tetraodontiformes and the family Cottidae from 
the order Perciformes, almost all tissues have 
only A4; B is suppressed apart from traces in the 
eye and brain [149]. In contrast, A is partially 
repressed in Gambusia affinis and Oryzias lati
pes. 

The two subunits and the derived homotetra
mers show characteristic differences in their enzy
matic properties. The predominant LDH-5 of 
skeletal muscle (A4) has the activity of a pyruvate 
reductase, and the LDH-1 (B4) of the heart is a 
lactate oxidase. ~ has a lower affinity for pyruv
ate but a higher turnover than B4; the latter is 
much more strongly inhibited by pyruvate than is 
A4 due to the formation of an abortive complex 
enzyme-NAD+-pyruvate. This clear difference 
between the two subunits and their organ-specific 
distribution may be interpreted as functional 
adaptations to the specific requirements of differ
ent tissues. However, comparative observations 
that reveal many irregularities in the organ distri
bution of the two LDH types throw some doubts 
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on this interpretation. It is in many cases not pos
sible to explain why one tissue preferentially con
tains A and another tissue contains B. For exam
ple, the ratio of A:B in mammalian liver varies 
with the species from 10:90 to 90:10. B predomi
nates in bovine eye lens but A is the predominant 
type in both rat and rabbit lenses. Embryonal 
mammalian tissues contain almost exclusively ~, 
although lactate is preferentially oxidized [102]. 

Like other enzymes, the LDHs may also be 
adapted to particular internal or external condi
tions. The homotetrameric LDHS ~ and B4 of 
the common hagfish Myxine glutinosa and Eptat
retus cirrhatus have almost identical kinetic prop
erties, corresponding to those of ~ from the ske
letal muscles of other vertebrates. The isoenzyme 
B4, present in the heart, is apparently specifically 
adapted to the necessity for anaerobic glycolysis 
in the heart muscle [8]. In turtles of the genus 
Pseudemys, the B4 of the heart has all the charac
teristics of muscle type ~; this may be interpre
ted as an adaptation to the diving habit of this 
animal. But, despite similar behaviour, the spe
cies Caretta caretta has a typical B4 in its heart 
muscle [5]. In marine elasmobranchs that retain 
urea in order to regulate their osmolality, A4 
shows only the low pyruvate affinity and inhibi
tion typical of the muscle enzyme in the presence 
of physiological urea concentrations of about 
400 ""mol/l; the LDHs from the freshwater ray 
Potamotrygon sp. or marine teleosts do not have 
this property. The muscle LDH of teleosts is very 
suitable for investigating adaptation to a high 
hydrostatic pressure. Compared with the muscle 
enzyme of the coastal species Sebastodes alasca
nus, the A4 of the deep-sea species S. altivelis has 
a much lower pressure sensitivity for substrate 
and cosubstrate binding. This is most likely due to 
the fact that the LDH of the coastal species has a 
histidine at position 115, the ionization of which is 
pressure sensitive, whereas the LDH of the deep
sea species has an asparagine in this position 
[230]. 

The primary spermatocytes of mammals and 
birds contain LDH-X, which is made up tetramer
ically from a third type (C) of LDH subunit. C4 
makes up more than 80 % of LDH in mammalian 
sperm; it is present in much lower amounts in 
avian sperm, and is completely absent from 
turkey sperm. The sperms of the monotrome 
mammals also lack C4 [211, 278]. LDH-C4 differs 
in many specific ways from A4 and B4; it is local
ized in the mitochondria and involved in the 
transport of reduction equivalents through the 
mitochondrial membrane. It can also process a-
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keto acids or a-hydroxy acids with more than 
three C atoms. A similar broad specificity is found 
in only one B4, that of the lizard Gecko gecko. C4 
shows large species-specific differences in its cata
lytic properties: bovine, guinea-pig and rabbit C4 
are only active with a-ketobutyrate; the human, 
pig, goat and pigeon enzyme also metabolizes 
acids with five or six C atoms, but only with a low 
affinity; the C4 from the rat and mouse has a high 
affinity for Cs and C6 acids and also a high affinity 
for branched a-keto acids. The pyruvate inhibi
tion of C4 of the rat, mouse and pigeon exceeds 
that of B4, is about the same in humans, guinea
pigs and rabbits, and is absent in the cow, goat 
and pig [39]. 

An LDH-C subunit is found in addition to A 
and B in all Actinopterygii, i.e. the Chondrostei, 
Polypteri, Holostei and Teleostei, but is absent 
from the agnathans, elasmobranchs, dipnoans 
and crossopterygians. It appears also that the C 
subunit is lacking in the reptiles and amphibians 
[149]. The C subunit is present in many different 
tissues of the ancient Actinopterygii, i.e. the 
Chondrostei, Polypteri and Holostei, and in 
primitive teleosts such as the Elopiformes, 
Anguilliformes and Osteoglossiformes; in the 
remaining teleosts it is found only in neuronal tis
sues such as the retina and brain and less often in 
the liver (Table 14.7) [104, 118, 149, 202]. The C4 
from cod liver, like that of mammalian sperm, is 
also active with mono- and bicarbonic acids with 
five C atoms [202]. Fish liver C4 always has a net 
positive charge and lies cathodic of A4 and B4. 
The retina-brain enzyme is usually the most neg
atively charged but may also be found between ~ 
and B4 or even cathodic to them [38, 149]. Fish C 
can form heterotetramers with A and B; the fre
quently observed restriction of A and B hybrid
ization in fish is sometimes loosened in the pres
ence of the C subunit. Thus, the eye and mesen
cephalon of Poecilia latipinna and P. velifera con
tain CA, CB and CAB heterotetramers in addi
tion to ~, B4 and C4, but they contain no AB 
hybrids. 

The amino acid sequences are known for a 
series of vertebrate LDHs: Squalus acanthias A, 
chicken A and B, and all three subunits of various 
mammals. These sequences have identical amino 
acids at 60-90 % of their 330 positions, are thus 
clearly homologous, and probably arose via 
duplications of the same ancestral gene. The 
greater similarity between subunits of the same 
type in different species than between different 
subunits in the same species indicates that the 
isoenzymes arose very early in the evolution of 
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Thble 14.7. The localization of type-C LDH subunits in 
the bony fish [149]. Only those organs that contain medium 
or high activities of LDH-C are listed. Where no species is 
given, the results were similar in all species examined 

LDH-C in various organs 

Chondrostei 

Holostei 

Thleostei 

Acipenseriformes 
Scaphirhynchus Liver> gill 
albus 
Polyodon spathula Kidney > spleen 
Amiiformes 
Amia calva Brain > eye 
Elopiformes 
Albula vUlpes Kidney > spleen 
Anguilliformes Kidney, spleen, gill 
Osteoglossiformes 
Pantodon Kidney> heart, 
buchholzi stomach 
Osteoglossum Brain, eye 
bicirrhosum 
Xenomystus nigri Liver 

LDH-C in the eye and brain 

Teleostei 

LDH-C in the Dver 

Teleostei 

Clupeiformes 
Salmoniformes 
Myctophiformes 
Percopsiformes 
Atheriniformes 
Beryciformes 
Perciformes 
Pleuronectiformes 
Tetraodontiformes 

Cypriniformes 
Gadiformes 

the vertebrates. Contrary to earlier conclusions, 
the agreement between A and B is greater than 
between either of them and C, and it appears, 
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therefore, that C separated earlier than A and B 
[41, 101]. In agreement with this conclusion is 
the fact that the only LDH of the lampreys (Pet
romyzontoidea) and the B4 from the heart of the 
common hagfish Myxine glutinosa is immunolo
gically more similar to the C4 of the teleost Pseu
dophycis barbata than to the B4 of the latter 
[6,45]. Similarly, the LDH of the ascidian 
Pyura stolonifera corresponds to the vertebrate 
~ in its kinetic properties, and shows more 
similarity to the LDH-C4 of the teleosts in its 
amino acid composition and immunological cha
racteristics than to their ~ or B4 [7]. The spatial 
stmcture of all vertebrate LDHs is very much 
the same; in addition to the substrate-binding 
domain there is a nucleotide-binding domain, as 
found in all dehydrogenases, and this has a typ
ical Rossmann fold structure (Fig. 14.8). The 
genes of the human and murine LDH subunits 
A, Band C have the same intronlexon structure, 
with six introns lying in random-coil regions or 
near the ends of secondary structures on the sur
face of the molecule [65, 212, 251]. The prod
ucts of additional LDH genes are found in the 
tetraploid salmonids and cyprinids, although 
they do not show the expected twofold increase; 
this is probably the result of silencing of duplic
ated genes or a failure to detect similar gene 
products with minor differences in electro
phoretic mobility [96, 149]. Polymorpbism of 
LDH subunits has been observed in many ver
tebrates, leading to very complicated electro
pherograms in, for example, fish and amphibi
ans [96, 268]. 
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14.11.2 Lactate Debydrogenases 
of Invertebrates 

In comparison with the vertebrate enzymes, the 
L-specific LDHs of the invertebrates have no spe
cial features. They are almost all tetramers of 
about 140 kDa [63, 70]. A dimeric L-specific 
LDH of 70 kDa has been isolated from a squid 
(Loligo vulgaris) which, due to a genetic defect, 
had no octopine dehydrogenase in the mantle but 
showed high LDH activity [67]. The assumption 
that all these enzymes are homologous to verteb
rate LDH awaits confirmation by sequence com
parisons. In substrate affinity and pyruvate 
inhibition, most invertebrate LDHs are inter
mediate between the muscle and heart types of 
the vertebrates [63, 67]. Isoenzymes of L-specific 
LDH have been reported for only a few inverteb
rates. The LDH from the brain of the lobster 
Homarus americanus gives a five-banded electro
phoretic pattern; a B-like type predominates in 
the tail muscle, and an A-like type predominates 
in the leg muscle. The crayfish Orconectes limo
sus, in contrast, has no LDH isoenzymes [70]. In 
the cephalopod Sepia officinalis, B-like forms 
with marked pyruvate inhibition are found in the 
heart, gill, brain, nidamental gland and ovary, 
and an A-like form with little substrate inhibition 
is found in the mantle muscle, hepatopancreas 
and skin [70]. The five-banded pattern found in 
the mosquito Aedes aegyti probably arises by ran
dom combination of two different subunits, one 
of which predominates in the head and the other 
in the thorax and abdomen. Two LDHs are pre
sent in the tapeworm Hymenolepsis diminuta, 
one being expressed in all tissues and the other 
only in the ripe ovary and eggs. The small liver
fluke Dicrocoelium dendriticum possesses six 
LDH isoenzymes and the larger Fasciola hepatica 
has four [137]. The allosteric activation by fruc
tose bisphosphate shown by the L-specific LDH 
of the turbellarian Polycelis nigra is a peculiarity 
which otherwise probably occurs only in some 
parasitic platyhelminths. 

The first D-specific LDH of the animal king
dom was discovered in 1968 in the xiphosuran 
Limulus polyphemus [27]. Since then, many sys
tematic studies have shown that D- or L-specific 
enzymes are present in all animal groups. The dis
tribntion of tbe two enzyme types is extraordi
narily sporadic (Table 14.6). The conclusions 
reached are that L- and D-specific LDHs are 
homologous, that few amino acid substitutions 
are required to change the stereo-specificity, and 
that an LID switch has occurred many times in 
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LDH evolution [144]. However, comparisons of 
the tryptic digest patterns of D-specific Limulus 
LDH and L-specific vertebrate LDH show such 
large differences that only a comparison of the 
amino acid sequences will determine whether or 
not the two LDH types are homologous [229]. In 
any case, D-Iactate can be metabolized in some 
circumstances even in animals that possess only L
specific LDH. Mammalian liver, in fact, can turn 
over D-Iactate IS-fold faster than L-Iactate. This is 
of particular importance in the ruminants, where 
the D-Iactate produced in the rumen by symbi
ontic bacteria is oxidized with the help of 
mitochondrial D-2-bydroxy-acid dehydrogenases, 
which are found especially in the brain cortex but 
also in the heart and liver [92]. 

D-Specific LDHs have been isolated from vari
ous animals and have been characterized: from 
the xiphosuran Limulus polyphemus, the bar
nacle Balanus nubilis, the polychaete Nereis 
virens, the cockle Cardium edule and the snails 
Helix pomatia, H. aspersa, Haliotis cracherodii 
and Achatina achatina [27,70,261]. The majority 
of D-specific LDHs are dimers of 70-80 kDa. The 
enzyme from Helix aspersa was described earlier 
as a tetramer but, more recently, was described as 
a dimer. The D-specific LDHs of the barnacle 
Balanus nubilis and the snail Achatina achatina 
are, however, tetrameric [261]. In their general 
catalytic properties, most of the D-specific inver
tebrate LDHs lie intermediate between the heart 
and muscle types of the vertebrates. Some, e.g. 
from Limulus, Haliotis and Achatina, are inhi
bited by pyruvate but others, e.g. from Cardium 
and Helix aspersa, are not [27, 261]. At least the 
enzymes from Balanus, Haliotis and Helix 
aspersa show relatively high activity against 2-
keto- and 2-hydroxybutyrate. 

Limulus polyphemus has a complicated system 
of tissne-specific isoenzymes which must be con
sidered in relation to processing of the end prod
ucts arising from activity-dependent anaerobiosis. 
Altogether, there are four different LDH subun
its, A-D, which form six dimeric isoenzymes: a 
"heart-type triad" (AA, AB, BB) and a "muscle
type triad" (CC, CD, DD). The muscle-type triad 
predominates in the skeletal muscles, and the 
heart type predominates in the hepatopancreas; 
the heart contains more of the muscle-type LDH 
than of the heart type. The lactate affinity and the 
pyruvate sensitivity decrease in the order AB > 
BB > CD > DD. Under physiological condi
tions, lactate prodl).~tion is clearly preferred by 
the muscle type, whereas the predominant heart 
type of the hepatopancreas is active in both direc-
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tions and can easily switch from lactate produc
tion to lactate oxidation. This distribution of 
isoenzymes of D-specific LDH allows a division of 
labour between the musculature and the other tis
sues just like that found for the L-specific LDHs 
of the vertebrates and the isoenzymes of octopine 
dehydrogenase in the cephalopods [27, 70]. 
Isoenzymes of D-specific LDH are also found in 
various gastropods but probably not as part of a 
complex adapted system like that of Limulus 
[183]. 

14.11.3 Opine Dehydrogenases 

To date, five different opine dehydrogenases have 
been described (Fig. 14.5). The first to be charac
terized, in 1959, was the opine dehydrogenase 
from various molluscs and Sipunculus nudus; this 
was followed in 1976 by the alanopine/strombine 
dehydrogenase of the oyster Crassostrea gigas, in 
1985 by the tauropine dehydrogenase of the snail 
Haliotis lamellosa, and in 1987 by the ~-alanopine 
dehydrogenase of the mussel Scapharca brough
tonii. It is quite possible that further enzymes of 
this type exist. As well as in the molluscs, octo
pine dehydrogenases (ODH) have since been 
reported in sea anemones, nemertines, sipuncu
lids, and brachiopods and have, in part, been cha
racterized; in the annelids, they have as yet been 
detected only in the polychaete Glycera lapidum. 
The distribution of ODH amongst the molluscs is 
by far the best documented. They are probably 
present in all cephalopods. In the gastropods, 
they are widely found in the prosobranch neo
gastropods as well as in several aracheo- and 
mesogastropods, but not in the opisthobranchs or 
pulmonates. ODHs are widely distributed in both 
marine and freshwater mussels with the excep
tions of the families Ostreidae and Myidae. Ala
nopine and strombine dehydrogenases are usually 
found together in the poriferans, cnidarians, 
nemertines, sipunculids, brachiopods, annelids 
and mussels; in the molluscs, they are absent 
from the cephalopods, gastropods, nudibranchs 
(opisthobranchs) and all freshwater species 
[68, 84, 140]. Tauropine dehydrogenase not only 
is found in all species of the genus Haliotis but has 
also recently been isolated from the stem of the 
brachiopod Glottidia pyramidata [47, 69, 218]. ~
Alanopine and the corresponding dehydrogenase 
are only known so far in the mussel Scapharca 
broughtonii [219]. 

All known opine dehydrogenases are mono
meric proteins of about 35-40 kDa [47, 69, 

70, 190, 242]. The similarities of the molecular 
masses and catalytic properties make it likely that 
all opine dehydrogenases are homologous, 
although this awaits confirmation from sequence 
data. It is already clear that there is no immunolo
gical relationship between ODH and other pyruv
ate dehydrogenases, and that ODH apparently 
has a very high rate of evolution; antibodies 
against ODH of the eight-armed cephalopod 
Haplochlaena maculosa cross-react with the 
ODH of all octopods but react only weakly with 
the enzyme of all other cephalopods and not at all 
with the enzyme of mussels and snails [70]. 

The reactions of the ODHs from the marine 
molluscs Pecten maximus and Concholepas con
cholepas have been examined in detail. In the for
ward reaction, NADH is bound first, followed 
randomly by arginine and pyruvate, whereas in 
the reverse reaction first NAD+ is bound and 
then octopine [28]. In the substrate specificities, 
the opine dehydrogenases present a rather con
fusing picture. All can metabolize 2-oxobutyrate 
as well as pyruvate, but they metabolize keto 
acids with five or six C atoms much less, and only 
a few of them can react with oxaloacetate. All 
possibilities of amino acid specificity are found, 
from the high specificity for glycine as the only 
substrate, shown by strombine dehydrogenase 
from the sponge Halichondria panicea, to the 
broad specificity of the enzyme from the sea ane
mone Bunodosoma cavernata, which apart from 
arginine and lysine metabolizes alanine, glycine 
and other neutral amino acids; the latter enzyme 
is classifiable as a real ODH only from the fact 
that the Michaelis constants for all amino acids 
other than arginine have high, non-physiological 
values. 

The octopine dehydrogenases can be ordered 
according to their activities against OJ-amino sub
strates such as lysine or ornithine. First comes the 
enzyme from the sea anemone Calliactis parasi
tica, which reacts with lysine as well as with argi
nine, and with lysinopine as well as with octo
pine; the activity with lysine among various spe
cies declines in the order Mytilus edulis > Glyci
meris glycimeris > Sipunculus nudus > Sepia 
brain> Sepia mantle. At the end come the ODHs 
that are absolutely specific for OJ-guanidine sub
strates such as arginine, homo arginine or canava
nine, e.g. from the mussels Arctica, Pecten, and 
Anodonta [241]. A similar situation exists for the 
a1anopine and strombine dehydrogenases. The 
alanopine dehydrogenases of Littorina littorea 
and Busycotypus canaliculatum and the strom
bine dehydrogenase of Halichondria panicea are 



highly specific. Between these two are enzymes 
that metabolize alanine and glycine, and these 
are better described as alanopine/strombine 
dehydrogenases, e.g. from the mussels Crassost
rea gigas, Mytilus edulis and Mercenaria mercena
ria and from the polychaete Arenicola marina 
[190, 242]. The tauropine dehydrogenases are 
also active with alanine [69]. All opine de
hydrogenases are stereo-specific. Of all possible 
octopine isomers, only N-(S)-I-carboxy-4-gua
nidinobutyl-(R)-alanine occurs naturally; meso
alanopine arises from alanine. The enzymes from 
Halichondria panicea and Crassostrea gigas are 
only active against N-carboxymenthyl-(R)
alanine and not against the (S)- isomer [70]. 

Critical for the regulation of opine debydroge
nases is the fact that the affinity for one of the 
substrates is positively influenced by the other 
two. Thus, for example, the affinity of the ODHs 
of sea anemones and cephalopods for arginine 
and pyruvate is increased by NADH. Similarly, 
alanine enhances the pyruvate affinity of the ala
nopine dehydrogenase of Littorina littorea and 
vice versa. The affinity of the Littorina enzyme 
for alanine and pyruvate is also increased by a 
decrease in pH, and in this way alanopine produc
tion is stimulated by the anoxia-related acidosis 
[190]. A marked product inhibition is typical of 
most opine dehydrogenases, e.g. the effect of 
octopine on the ODH of sea anemones and 
cephalopods, and the effect of alanopine on the 
enzyme of the polychaete Aphrodite aculeata 
[70, 242]. Allosteric inhibition by ATP, ADP and 
AMP has been reported for the alanopine dehyd
rogenase of the oyster Crassostrea gigas. 

The biological role of the different pyruvate 
reductases is by no means always obvious. For 
example, both the sea anemones and the cockle 
Cardium edule possess an ODH but do not pro
duce octopine [155]. Opine dehydrogenases are 
usually found together with LDH, and a not 
insignificant number of species contain more than 
one type of opine dehydrogenase; the relative 
proportions of the individual pyruvate reductases 
vary from tissue to tissue [70]. The species- and 
organ-specific spectrum of the pyruvate reducta
ses and the differences in their substrate specific
ity and kinetic-regulatory properties can probably 
be looked upon as adaptations to the species
specific spectrum of free amino acids or the differ
ent physiological functions of the enzymes. In the 
polychaete Aphrodite aculeata, each tissue con
tains only one opine dehydrogenase: longitudinal 
muscles, nervous tissue and scales have a broad
specificity alanopine dehydrogenase and the gut 
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has a highly specific strombine dehydrogenase; 
LDH and ODH are both absent [242]. The snail 
Busycotypus canaliculatum possesses alan opine 
dehydrogenase, ODH and LDH. Alanopine 
dehydrogenases are to be found in all the organs 
and are important especially during habitat
dependent anaerobiosis; ODH occurs mainly in 
the muscle, and links phosphagen cleavage and 
glycolysis during activity-dependent anaerobio
sis; LDH is restricted to the heart ventricle and 
the continuously active proboscis muscle [191]. In 
the edible mussel Mytilus edulis, the opine dehyd
rogenase of the gut is alanine specific, whereas 
the muscle enzyme, which has a particularly high 
glycine concentration, can also efficiently meta
bolize glycine [190]. 

Many animals possess different pyruvate 
reductases that are active in different physiologi
cal situations [84] (Table 14.5). This is of biolo
gical advantage when both hypoxic conditions 
and the need to escape predators occur in the life 
of an animal. The presence of multiple pyruvate 
reductases ensures that the products formed in 
one reaction do not inhibit the enzymes of the 
other reactions [70]. Cardium tubercula tum has 
altogether aD-specific LDH, two ODHs, four 
alanopine dehydrogenases and a strombine 
dehydrogenase. However, activity-dependent 
anaerobiosis gives rise exclusively to octopine, 
whereas habitat-dependent anaerobiosis produ
ces mainly D-Iactate (in addition to alanine) but 
only a little octopine, very little alanopine and no 
strombine. This ratio of end products is in accord
ance with the kinetic-regulatory properties of the 
enzymes and the intracellular concentrations of 
substrates and co substrates [156]. 

For the alanopine/strombine dehydrogenase of 
Arenicola marina, the ratio of the activities 
against alanine and glycine shifts with decreasing 
NADH concentration in favour of the latter, so 
that during activity-dependent anaerobiosis with 
a high rate of glycolysis mainly alanopine is pro
duced, and in habitat-dependent anaerobiosis 
with reduced metabolism mainly strombine is 
produced, in addition to succinate, propionate 
and alanine [231]. Sipunculus nudus produces 
mainly octopine during activity-dependent anae
robiosis but strombine during anoxia. However, 
the octopine/strombine dualism is not fully 
explained by the kinetic properties of ODH and 
strombine/alanopine dehydrogenase and by the 
concentrations of the substrates and cosubstrates. 
There are further cases in which the adjustments 
in metabolism are not completely understood: 
The activity of the pedal retractor muscle of the 
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snail Nassarius coronatus, as in Cardium tubercu
latum, produces octopine, and during anoxia pro
duces n-Iactate. The razor shell Ensis directus 
produces octopine during activity-dependent 
anaerobiosis and strombine during the habitat
dependent process [288]. The snail Strombus 
luhuanus produces octopine during excessive 
muscle activity, mainly strombine during the sub
sequent recovery period, but alanopine during 
anoxia [68, 102]. 

The cephalopods Sepia officinalis and Loligo 
vulgaris possess tissue-specific isoenzymes of 
octopine dehydrogenase which resemble the ver
tebrate LDH isoenzymes in the differences 
between their properties and their biological 
roles. The enzyme from the brain has higher 
affinities for octopine and NAD+ than does the 
enzyme from the mantle musculature, and it is 
more strongly inhibited by pyruvate and octo
pine. According to this, the muscle isoenzyme is 
preferentially involved in octopine formation and 
that from the brain in octopine oxidation. In 
agreement with this is the fact that arginine is 
released from 14C-Iabelled octopine in the brain 
and other organs but not in muscle. The octopine 
produced in the mantle muscle during activity
dependent anaerobiosis is transported in the hae
molymph to other tissues, where it is oxidized 
[70]. The bivalves and the gastropod Strombus 
luhuanus have only one ODH locus; however, 
this is highly polymorphic, e.g. there are eight 
alleles in Cardium edule [70]. The two alleloenzy
mes of ODH in the sea anemone Metridium senile 
not only differ in their kinetic properties to the 
same extent as the cephalopod isoenzymes, but 
also show large frequency differences between 
populations. This has been interpreted as adapta
tion to different living conditions. Three tissue
specific isoenzymes of alan opine dehydrogenase 
can be distinguished in the snail Busycotypus 
canaliculatum. The enzyme from the hepatopanc
reas has a high affinity for alanopine; there is 
marked product inhibition of alanopine forma
tion but not of its oxidation. In contrast, alano
pine production is clearly favoured in the case of 
the muscle enzyme, and the enzyme of the gill is 
intermediate between these two extremes [191]. 

14.12 Special Pathways of Anaerobic 
Energy Production 

14.12.1 Synthesis of Ethanol and Acetic Acid 

Ethanol production has been described for acan
thocephalans, cestodes, nematodes, some insect 
larvae and carp-like fish. In the cyprinids, how
ever, it is found in the crucian carp Carassius 
carassius, the goldfish C. auratus and the bitter
ling Rhodeus amarus but not in the common carp 
Cyprinus carpio [276]. None of these species pos
sesses a cytoplasmic pyruvate carboxylase as 
occurs in yeast. According to investigations of the 
goldfish, the larvae of the non-biting midge Chi
ronomus thummi and the nematode Panagrellus 
redivivus, the pyruvate dehydrogenase complex is 
responsible for the decarboxylation of pyruvate 
to acetaldehyde. The aldehyde is then reduced to 
ethanol by NADH-dependent alcohol dehydro
genase. In C. carassius this has its highest activity 
in the skeletal muscles and not in the liver, as in 
the carp, the rainbow trout Salmo gairdneri and 
the rat. On the other hand, the NAD-specific 
aldehyde dehydrogenase of the common carp has 
a much lower activity in the skeletal muscle than 
in the gill, kidney or heart. Probably the most 
important function of this enzyme is the oxidation 
of aldehyde produced from biogenic amines by a 
monoaminooxidase. The musculature of the cru
cian carp is highly specialized for ethanol produc
tion by the high activity of alcohol dehydrogenase 
and its separation from the aldehyde dehydroge
nase [177]. Other pathways are utilized in the Pro
tozoa. The flagellate Crithidia fasciculata, like 
yeast, possesses an ethanol-forming system that 
comprises a cytosolic pyruvate decarboxylase and 
an alcohol dehydrogenase which mainly reduces 
aldehyde [31]. In contrast, Entamoeba histolytica 
lacks a pyruvate decarboxylase; in this case, 
acetyl-CoA is reduced by an acylating aldehyde 
dehydrogenase to acetaldehyde, and further to 
ethanol by the NADPH- or NADH-specific alco
hol dehydrogenase [141]. Glycerol has been 
shown to be the main metabolite of Trichomonas 
vaginalis [32]. 

The rumen ciliates produce acetate, butyrate, 
lactate, COz and H2• The metabolism of pyruvate 
to acetate and Hz takes place in special cell orga
nelles that are about 0.5 !lm in diameter, the so
called hydrogenosomes, which were found ini
tially in Tritrichomonas foetus and related flagel
lates. Isotricha species have been found to con
tain not only all four enzymes involved in the 
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Pyruvate 

Fig.14.9. The production of acetate and 
hydrogen by rumen ciliates [284]. 1, 
Pyruvate synthase; 2, phosphate acetyl
transferase; 3, acetate kinase; 4, hydroge
nase 

H2XXOX ~COA 
2H+ Xred ® ADP AIP ® CD ~ 

Acetyl-CoA Acetyl- \..@,) .. Acetate 

formation of acetate and Hz (Fig. 14.9) but also 
the enzyme activities required in the formation of 
butyrate from acetyl-CoA [114,284,285]. 

14.12.2 Synthesis of Succinate, Volatile Fatty 
Acids and Alanine 

The highly specialized energy-extraction path
ways which lead to succinate, propionate, 
acetate, methyl fatty acids and alanine as end 
products were discovered in the 1960s in Ascaris 
and other endoparasitic worms. Their presence in 
free-living animals, in particular mussels and 
annelids, was confirmed in the 1970s. The synthe
sis of succinate and volatile fatty acids occurs via 
oxaloacetate as intermediate. This is reduced by 
malate dehydrogenase (MDH) to malate, which 
is then transported from the cytoplasm into the 
mitochondria. There follows a complex dismuta
tion reaction which produces succinate, propion
ate or branched fatty acids on the one hand, and 
pyruvate or acetate on the other hand 
(Fig. 14.10). The oxaloacetate is produced either 
from the glycolysis intermediate PEP by phos
phoenolpyruvate carboxykinase (PEPCK) or 
from aspartate by the action of aspartate amino
transferase (GOT). The cleaved amino groups are 
transferred to pyruvate by alanine aminotransfe
rase (GPT); the GOT and GPT reactions are lin
ked by the cosubstrate 2-ketoglutarate/glutamate 
[289]. Alanine is an important end product of 
anaerobic metabolism, particularly during the 
initial stages of the process. It was shown in the 
polychaete Arenicola that more alanine is formed 
than aspartate is used. This suggests the existence 
of other pathways of alanine production in addi
tion to the GOT/GPT link, both in Arenicola and 
in the edible mussel Mytilus edulis, although the 
origin of the amino nitrogen remains unclear 
[224, 287, 289]. Strangely enough, about equimo
lar amounts of D- and L-alanine arise in, e.g. Are
nicola marina, Sipunculus nudus and the razor 
shell Ensis directus [225, 288]. With the help 
of the specific enzyme inhibitors 3-mercapto
picolinate for PEPCK and aminooxyacetate 
for the transaminase, it is possible to estimate 

phosphate 

Pi 

what proportion of the anaerobically formed suc
cinate originates from glycogen or from aspart
ate. In the adductor muscle of Mytilus edulis, suc
cinate arises exclusively from aspartate but in 
other organs it is derived partly from glycogen 
[289]. The aspartate pathway is especially import
ant in the hearts of marine mussels, where in fact 
it was discovered, but it is also important in the 
heart of the snail Busycon contrarium [51, 68, 
70]. 

The formation of the C4 compound succinate 
from the C3 intermediate of glycogen catabolism 
requires a carboxylation reaction. There are, in 
principle, three relevant enzymes (see Fig. 18.2; 
p. 689): PEPCK, malic enzyme (ME) and pyruv
ate carboxylase (PC). PEPCK is always active in 
the succinate pathway of both endoparasitic and 
free-living anaerobes. The enzyme isolated from 
Ascaris suum is a monomer of about 80 kDa; the 
polypeptide has bound Mn2+ but not Mgz+, 
although the Mg2+ complexes of GDP or IDP are 
as efficient as substrates as are the Mnz+ com
plexes [207]. PC is absent from the polychaete 
Arenicola and Nereis and most endoparasitic 
worms. The inhibition of PEPCK with 3-
mercaptopicolinate stops anaerobic succinate 
formation in both polychaete species; lactate is 
formed as the alternative, with L-Iactate occurring 
inArenicola and D-Iactate in Nereis [225]. PEPCK 
competes with pyruvate kinase (PK) for their 
common substrate, and the ratio of the PEPCK 
and PK activities is a good indicator of the overall 
capacity for anaerobic energy production in the 
succinate pathway. This is illustrated very nicely 
by a series of Haliotis species whose habitats 
range from the tidal zone (H. rufescens, H. cra
cherodii) to purely aerobic conditions at depths of 
20 m (H. corrugata) (Table 14.8). 

The mechanism that switches from PK 
(aerobic) to PEPCK (anaerobic) at the PEP 
branch point is not yet completely understood. A 
decrease in pH, an increase in HC03- or a rise in 
the alanine concentration are possible triggering 
factors. In marine mussels, a decrease in pH 
simultaneously inhibits PK and stimulates 
PEPCK [105, 224]; the same effects are brought 
about by bicarbonate ions in the oligochaete 
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Fig.14.10. The production of alanine, 
succinate, propionate and acetate in 
anaerobic metabolism [287]. The oxa
loacetate produced from glycogen or 
aspartate is reduced to malate by the 
cytosolic malate dehydrogenase (MDH) 
and is transported into the mitochond
rion ; in a complicated dismutation reac
tion it is then either reduced to succin
ate via fumarate or oxidized to pyruvate 
and then converted to acetate. See the 
text for further explanation. The pro
duction of propionate from succinate is 
shown in Fig. 14.12 

J CO2 CO2 HP- l 
Fumarate 

NAOH+ H+~ 
=) ATP 

NAO+ 

Succinate 

~=> ATP 
~ 

Propionate 

Table 14.8. The relative activities of pyruvate kinase (PK) 
and phosphoenolpyruvate carboxykinase (PEPCK) in vari
ous animals 

Ascaris lumbricoides 
Dicrocoelium dendriticum 
Moniezia expansa 
Strongyluris brevicaudata 
Hymenolepis diminuta 
Trichinella spiralis 
Busycon contrarium: heart 
Cardium edule: foot muscle 
Schistosoma mansoni 
Dirofilaria immitis 
Mytilus edulis: adductor 

adductor 
heart 

Crassostrea virginica: 
tonic adductor 
phasic adductor 

Anodonta cygnea:adductor 
heart 

Cardium tuberculatum: foot 
Haliotis rufescens 

H · fulgens 
H. cracherodii 
H . corrugata 

PKlPEPCK Refer
ences 

0.04 
0.05 
0.1 
0.19 
0.20 
0.3 
0.6 
4.6 

5-10 
10.6 
19.7 
3.6 
8.7 

8.8 
24.4 
38 
90 

500 
5.9 

10.3 
15.8 
24.3 

[9] 
[9] 
[9] 

[260] 
[9] 
[9] 

[51] 
[155] 

[9] 
[9] 

[68] 
[105] 
[105] 

[289] 
[289] 
[105] 
[105] 
[68] 
[17] 
[17] 
[17] 
[17] 

Tubifex and the cestode Hymenolepsis diminuta 
[103]. Alanine inhibition of PK has been 

observed in various cnidarians, bivalves and crus
taceans, but does not occur in TUbifex or the frog. 
Alanine relieves the inhibition of PEPCK by the 
PEPCK product ITP in jellyfish and mussels, but 
is without effect in crustaceans and amphibians. 
This fits the concept that PEPCK in the cnidari
ans and bivalves is adapted for the conversion of 
PEP to oxaloacetate in anaerobic energy produc
tion, whilst in the crustaceans and amphibians it 
functions in the reverse reaction for gluconeoge
nesis [105,224]. The PEPCK of endoparasites 
like the roundworm Ascaris lumbricoides or the 
tapeworm Hymenolepsis diminuta can only be 
active in the decarboxylation mode because the 
almost complete absence of PK results in high 
concentrations of PEP, whereas oxaloacetate is 
rapidly reduced by the high activity of MDH 
[221]. The fact that the PKJPEPCK switch in Are
nicola and other animals requires several hours is 
probably related to modifications of PK by such 
processes as phosphorylation and dephosphoryla
tion [224] . 

The oxaloacetate produced from PEP or 
aspartate is reduced to malate by the cytoplasmic 
MDH, and the NADH from the GAPDH reac
tion is reoxidized in the process. The malate is 
introduced into the mitochondria where, on the 
one hand, it is reduced to succinate and, on the 
other hand, it is oxidized to pyruvate and acetate 
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(Fig. 14.10). In the reduction pathway, malate is 
converted to fumarate by fumarase, and further 
to succinate with the formation of ATP. These 
processes were discovered in 1961 in the round
worm Ascaris lumbricoides and studied initially in 
these and other endoparasitic worms [9,221]; 
since 19n they have been characterized in free
living animals such as Arenicola marina and Myti
Ius edulis [224]. The fumarate reductase includes 
part of the electron transport system of the inner 
mitochondrial membrane. Inhibitor experiments 
have shown that the enzyme complex consists of 
an NADH:coenzyme Q oxidoreductase coupled 
to phosphorylation site I (Fig. 14.11). The fumar
ate reductases of endoparasitic as well as of free
living animals are NADH specific, although the 
enzyme from the cestode Spirometra mansonoi
des has been reported to be active with NADPH. 
The chemical nature of coenzyme Q is not yet 
known, and the relationship between the succi
nate: coenzyme Q oxidoreductase from fumarate 
reductase and the succinate dehydrogenase acting 
in the reverse direction is not understood. There 
is some indication that these are two different 
enzymes, at least in the case of the nematode 
Nippostrongylus brasiliensis [64, 224]. 

A large part of the reducing equivalents needed 
for fumarate reduction arises from the oxidative 
decarboxylation of malate to pyruvate by malic 
enzyme. In contrast to the NADP-specific cyto
plasmic ME of mammalian liver, the ME of Asca
ris is mitochondrial and NAD specific. One par
ticular problem is that 80 % of the fumarase and 
60 % of the ME activity of Ascaris mitochondria is 
located in the intermembrane space. How then do 
fumarate and NADH reach the fumarate reduc
tase in the inner mitochondrial membrane? The 
NADH:NAD+ transhydrogenase of the mito
chondria is probably responsible for the NADH 
transport [9, 205, 221]. The ME ofthe tapeworm 
Spirometra mansonoides is more active with 
NAD+ than with NADP+, whereas ME, for exam
ple from the cestode Hymenolepsis diminuta and 

the annelids Arenicola marina and Tubi/ex sp., is 
NADP specific. The production of NADH for the 
fumarate reductase involves an NADPH:NAD+ 
transhydrogenase [103, 153, 224]. As well as the 
ME reaction, both endoparasitic and free-living 
animals have in the mitochondria further reac
tions of anaerobic metabolism which can yield 
NADH for fumarate reduction. The most import
ant of these is the oxidative decarboxylation of 
pyruvate to acetyl-CoA, which is catalysed by the 
pyruvate dehydrogenase complex. In Ascaris, this 
complex produces NADH as in mammals, but in 
contrast to the mammalian enzyme it is not inhi
bited by very low NAD+:NADH ratios. The ratio 
in Ascaris mitochondria, which are specialized for 
anaerobic energy production by the almost com
plete absence of cytochrome b, cytochrome c and 
cytochrome oxidase, and therefore lack a func
tional respiratory chain, is only 0.07-0.7 com
pared with 10 in mammalian mitochondria [9]. 
The release of acetic acid from acetyl-CoA is 
apparently the responsibility of CoA transferase 
which transfers CoA to succinate. Free succinate 
is recovered from the resulting succinyl-CoA by 
the action of succinyl-CoA synthetase, in the 
course of which GDP is phosphorylated to GTP 
[225]. 

In both endoparasitic and free-living animals, 
the mitochondrial production of NADH also 
involves the oxidation of malate by MDH, whe
reby the resulting oxaloacetate is decarboxylated 
to pyruvate either non-enzymatically or through 
the weak decarboxylating activity of ME [153]. 
Finally, it has been shown in Arenicola that ace
tyl-CoA is condensed with oxaloacetate to citrate 
under anaerobic conditions, and is introduced 
into the citric acid cycle; this produces succinate 
as well as two NADH for fumarate reduction. 
Stoichiometrically, five-sixths of the anaerobic
ally produced succinate should be formed here by 
fumarate reductase and one-sixth should come 
from the citrate cycle [225]. In Ascaris mito
chondria there is no citrate formation [9, 221]. 

NADH) 

NAD+ 

ATP 

Flavo- 1i' - Q 

ATP ATP 

11' 1r' 1 _ Cyt.b _Cyt.c _ Cyt.a _ V:102 
protein I 

! 
Flavoprotein II 

~ 
Fumarate Succinate 

Fig.14.11. Fumarate reductase is a part of the electron 
transport system. The reaction includes NAD:ubiquinone
oxidoreductase and succinate: ubiquinone-oxidoreductase; 

in the latter reaction the hydrogen is transferred anaerobic
ally from coenzyme Q to succinate. The reaction produces 
one ATP per NADH [287] 
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SUCCina~SUCCinYI-COA _ Methylmalonyl-CoA 

( JE_Biotin.:[co, CoA 
ADP +Pi 

E-Biotin-CO, proPiona~ Propionyl-CoA ATP 
Fig.14.12. The production of pro
pionate from succinate [226] 

Particularly during prolonged anaerobiosis, 
succinate is further converted to propionate, 
which is more easily excreted. This reaction 
chain, which has been examined in some detail 
in, for example Ascaris lumbricoides, Fasciola 
hepatica, Arenicola marina and Mytilus edulis, 
apparently corresponds to that in mammals by 
which propionate is introduced into the citrate 
cycle, albeit in the opposite direction (Fig. 14.12). 
The substrate for propionate synthesis is succinyl
CoA, which is converted via L-malonyl-CoA to D

malonyl-CoA by methylmalonyl-CoA mutase and 
methylmalonyl-CoA racemase; it is further de car
boxylated to propionyl-CoA by propionyl-CoA 
carboxylase [9, 221, 225]. Of the enzymes 
involved, only the methylmalonyl-CoA mutase 
from Ascaris mitochondria has, as yet, been isol
ated. Like the mammalian liver enzyme, it is a 
homodimer of 147 kDa with tightly bound adeno
sylcobalamin [89]. Because of the vitamin depen
dency of the mutase activity, cestodes like Spiro
metra mansonoides, which can reabsorb cobala
min, are able to produce propionate, whilst 
cobalamin-deficient species, such as Hymenolep
sis diminuta, are not [221]. It has not yet proved 
possible to isolate the Ascaris enzyme required 

CH3 
I 2 NADH+2H+ 2NAD+ 

COOH CH3 

""- « I 
+ CH, 

I 
CH3-CH, CH3-CH 

I 

for the synthesis of succinyl-CoA. A dimeric, 
2 x 50-kDa acyl-CoA transferase purified from 
muscle mitochondria was found to be specific for 
short-chain substrates and inactive with succin
ate. At the most, it could be involved in the 
formation of propionate from succinate if sup
plied with catalytic amounts of propionyl-CoA 
[154]. 

In Ascaris, 70-80 % of the secreted volatile 
fatty acids consists of a mixture of racemic 
methylbutyrate and methylvalerate. These 
branched-chain fatty acids arise by condensation 
of a propionyl-CoA with either an acetyl-CoA or 
a second propionyl-CoA with the formation of 
NADH; the course ofthe reaction at the moment 
can only be presented theoretically (Fig. 14.13), 
but is apparently coupled to a site-I phosphoryla
tion. As the production of methylvalerate and the 
corresponding phosphorylation, unlike in succin
ate synthesis, are not inhibited by malonate, the 
methylvalerate synthesizing system and the 
fumarate reductase are apparently linked to phos
phorylation site I by various terminal reductases 
[205]. 

The metabolic pathways from PEP or aspartate 
to succinate or volatile fatty acids include five 

2H,D I COOH COOH 

Acetate + Propionate 2 -Methylbutyrate 

CH3 
I 

CH, CH3 
I 2 NADH+2H+ 2NAD+ I 

COOH 

"'- < CH, 
I Fig.14.13. A hypothetical scheme for the pro-

+ CH, duction of branched-chain fatty acids in the I 
CH3 -CH, CH3-CH roundworm Ascaris [9]. For clarity, the formulae 

I 2H,O I of the free acids are shown; however, the reac-
COOH COOH 

tions probably start from acetyl- and propionyl-
Propionate + Propionate 2 -Methylbutyrate CoA [205] 



ATP-forming steps. PEPCK primarily produces 
ITP or GTP, the terminal phosphate residue of 
which, however, is transferred to ADP by a nucle
oside diphosphate kinase [9]. The fumarate 
reductase reaction is accompanied by a phospho
rylation in all invertebrates, but not in the gold
fish. One further ATP arises from each step of the 
conversion of succinate to propionate and of 
acetyl-CoA to acetate, and from the formation 
of branched-chain fatty acids by condensation 
of two acyl-CoA residues [83, 102, 225, 226] 
(Figs. 14.11-14.13). Thus, the complete conver
sion of a glycogen-bound glucosyl residue to vola
tile fatty acids yields seven ATP, i.e. more than 
twice the number (three ATP) arising during the 
production of lactate or opines. The synthesis of 
methyl fatty acids, instead of unbranched volatile 
fatty acids, in Ascaris and some other animals 
does not increase the ATP yield and must, there
fore, have some other biological importance 
[205]. One ATP per mole amino acids arises dur
ing succinate formation from aspartate [102]. 
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15.1 Chemistry and Metabolism of the Fatty Acids 
15.1.1 Structure and Nomenclature of the Fatty Acids 
15.1.2 Biosynthesis of Fatty Acids 
15.1.3 Conversion of Fatty Acids 
15.1.4 Oxidation of Fatty Acids 
15.1.5 Ketone Body Formation and Degradation 
15.2 Reserve Lipids and Lipid-Rich Secretions 
15.2.1 Triacylglycerols (Triglycerides) 
15.2.2 Energy Substrates in Muscles and Other Tissues 
15.2.3 Wax Esters, Hydrocarbons and "Ether Glycerides" 
15.2.4 Fat-Rich Secretions 
15.3 Lipids of the Body Surface 
15.3.1 Epidermal Lipids of Terrestrial Vertebrates 

The term lipid is applied to a multitude of sub
stances of differing chemical structure and biolo
gical function whose only common feature is that 
they are insoluble in water but readily soluble in 
organic solvents such as chloroform, benzene, 
diethyl ether or hot ethanol. A large proportion 
of the lipids of living organisms are bound to pro
teins and these are normally extracted using a 
chloroform:methanol mixture; the alcohol com
ponent takes up water from the tissue, denatures 
the proteins and releases the lipids, and the 
chloroform solubilizes the lipids. The hydro
phobic nature of the lipids is the basis for their 
main biological functions as energy reserves, as a 
critical part of the water-repellent surfaces of ter
restrial organisms, and as a component of cellular 
membranes. Some individual lipids or lipid-like 
substances have special functions, e.g. as phero
mones or hormones Quvenile hormone, steroid 
hormones), as regulators of hormone action 
(prostaglandins), as precursors of secondary mes
sengers (phosphatidylinositol), or as recognition 
signals on the cell surface (glycolipids) [76]. 

The water insolubility of the lipids presents the 
organism with serious problems of lipid digestion 
and absorption in the gut, of intra- and extracellu
lar lipid transport, and of the mobilization of lipid 
reserves. The lipases only express their hydrolytic 
activity at the interphase between lipid and 
water; thus, dietary fats are finely emulsified 
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prior to digestion, in the vertebrates by bile acids 
and alcohols and in the invertebrates by emulsi
fiers with a rather different chemical structure 
(p.646). The resulting hydrolysis products, ion
ized fatty acids (soaps), 2-monoacylglycerol and 
lysophosphatides, amplify the emulsification. The 
end products of fat digestion in the mammalian 
gut are liquid-crystalline vesicles, which are 
80-120 mm in diameter, and smaller micelles. 
Just how these vesicles and micelles come into 
contact with the microvilli of the gut mucosa and 
how their components penetrate the membranes 
of the gut cells is not yet completely known, even 
for the vertebrates. In the mammals, a large part 
of the absorbed fatty acids are incorporated back 
into triacylglycerol in the gut cells, combined with 
cholesterol, phospholipids and proteins into "chy
lomicrons", and released into the lymph [34, 
142]. Lipid absorption in the insects appears to 
follow a completely different scheme. The fatty 
acids in the larvae of the butterfly Pieris brassicae 
are incorporated into polar lipids before being 
absorbed by the gut [266]. 

Lipid transport in vertebrate blood or lymph 
and in arthropod haemolymph is carried out by 
specific lipoproteins (as described in Chapter 5). 
In vertebrate blood, triacyglycerol, phospholipids 
and cholesterol are bound to plasma lipoproteins, 
and free fatty acids are bound to serum albumin. 
The lipophorins of insects carry diacylglycerols as 



well as sterols, hydrocarbons and carotinoids. 
The precursors of the yolk proteins in vertebrates 
and invertebrates (vitellogenins) aid in lipid 
transport. There are also specific transport prote
ins, e.g. for steroid hormones and vitamin D, in 
the blood of vertebrates and arthropods. Cellular 
lipid-binding proteins have so far mostly been 
investigated in the mammals, but are certainly 
ubiquitous in their distribution. The fatty acid
binding proteins (FABPs) of the mammals are 
small proteins of 12-15 kDa that bind fatty acids 
and acyl-CoA thioester with high affinity. They 
are found in all tissues that are able to metabolize 
fatty acids, e.g. the liver, gut wall, fat tissue, milk 
glands, and heart and skeletal muscle. There are 
tissue-specific isoforms of FABPs which are 
encoded by different genes. I-FABP occurs only 
in the gut wall, L-FABP occurs in the liver and in 
the gut wall, and H-FABP (or M-FABP) has its 
highest concentration in heart muscle but also 
occurs in skeletal muscle, brain and other tissues. 
The protein super-family of the FABPs further 
includes the adipocyte-FABP, the cellular retinol
and retinoic acid-binding proteins, the mammary
derived growth factor, and the myelin protein P2. 
Thus, this protein family not only is responsible 
for intracellular fatty acid transport but also is 
involved, via the binding of prostaglandins and 
retinoids, in the regulation of cell growth and dif
ferentiation. However, other known lipid-binding 
proteins do not belong to this super-family, e.g. 
an FABP that occurs together with H-FABP 
in the kidney, the acyl-CoA-binding protein 
(ACBP) of the liver, and membrane-bound 
FABPs that are probably involved in fatty acid 
transport across cell membranes [96, 117, 268]. 
FABPs similar to those of the mammals have also 
been found in the chicken and various teleosts 
[47, 231, 255]. The flight muscles of the migratory 
locus Schistocerca gregaria contain an FABP 
which is comparable with mammalian H-FABP in 
many properties but is present at a much higher 
concentration in accordance with the extremely 
high rate of fatty acid oxidation during extended 
flight [87]. 

The lipids are extraordinarily variable in their 
structural and functional characters, and this 
leads to problems in their classification and 
nomenclature. Different lipid classes are distingu
ished by the type and number of their compon
ents; these are listed in Table 15.1. Representat
ives of these classes are found in all animal spe
cies but vary widely in their relative proportions 
according to the species, the developmental stage 
and the physiological state of the animal. Even 
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Table 15.1. The structural variety of lipids 

a Structural variability of the fatty acids 
Number of C atoms 

Chain length 
Even or odd number 

Double bonds 
Number (up to 6) 
Location in the chain 
Number of -CH2- between the double bonds 
Steric configuration (almost always cis- in animals) 

Substitution by methylation 
Number 
Location 
on the last-but-one C atom (iso-) (Fig. 15.1a) 
on the last-but-two C atom (anteiso-) (Fig. 15.1b) 
on internal C atoms 

Substitution with ethyl, propyl or butyl groups 
Cyclopropane fatty acids (cis-methyl substituted) 
(Fig. 15.1 d) 
Hydroxy fatty acids (hydroxy substituted) 

Location of the hydroxy group 
Keto acids (oxo- substituted) (Fig. 15.16b) 
Dicarbonic acid 

b The main classes of lipids 

Non-hydrolysable lipids 
Fatty acids (variable in structure, as above) 
Long-chain aldehydes (arise from plasmalogens) 
Long-chain alkanols (fatty alcohols) 

Number of C atoms, double bonds and methyl 
branches vary as in the fatty acids 

Long-chain diols with different locations of the two 
hydroxyl groups 
Aliphatic hydrocarbons 

Number of C atoms, double bonds and methyl 
branches vary as in the fatty acids 

Squalene and pristene (Fig. 15.1Z), dolichols 
(Fig. 15.Z8), sterols (Chapter 16), and carotinoids 
(Chapter 19) 

Neutral fats 
Mono-, di-, and triester waxes (Fig. 15.Z0a-j) 
Mono-, di-, and triacylglycerols 
1-Alkyl-Z,3-acylglycerol 
(Sterol ester) 

Phospholipids 
Glycerophospholipids (Fig. 15.Z0a-j) and 
glycerophosphonolipids (Fig. 15.Z3a-b) 
Sphingophospholipids (sphingomyelins) (Fig. 15.Z0k-l) 
and sphingophosphonolipids (Fig. 15.Z3 c-d) 

Glycolipids 
Glyceroglycolipids, e.g. serninolipid (Fig. 15.Z5b) 
1-Alkyl-Z-acyl-3-(Z,3-diacylglycerol)-glycerol 
Neutral glycosphingolipids = glycosyl ceramides 
(cerebrosides) (Fig. 15.Z5a) 
Acidic glycosphinoglipids 

Sulphatides (sulphoglycosyl ceramides) 
Gangliosides (contain sialic acid) 

Glycosyldolichols (Fig. 13.17) 
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the different organs of an animal may have widely 
different lipid compositions. The aliphatic lipid 
components, i.e. the fatty acids and derived long
chain alcohols and hydrocarbons, also exist in 
various forms with differences in chain length, 
the number and position of double bonds, bran
ches and substituents. Because the components 
of lipids can occur in almost any combination, 
each class of lipids contains an almost astronom
ical number of molecular species. This large 
variety of possible lipid structures allows each 
organism to adapt its lipid spectrum to specific 
conditions. However, as only a part of the neces
sary components can be produced by the animal 
itself, the composition of lipids in the body is 
strongly influenced by the diet. 

One or more lipid classes is involved in each of 
the three main functions of the lipids referred to 
above. The fat stores that serve as an energy 
reserve consist in most animals of triacylglycerols, 
although in some marine species they may also 
include large amounts of ether glycerides, wax 
esters or the hydrocarbon squalene. The lipid
containing secretions used to nourish young ani
mals, e.g. mammalian milk, the crop milk of the 
pigeons or the corresponding secretions of some 
insect species, are, in principle, similar in com
position, although they may differ quite specifi
cally in detail. Wax esters and other hydrocarbons 
are typical of the water-repellent lipid layers of 
mammal, bird and arthropod body surfaces. In 
addition to sterols, the construction of cellular 
membranes involves, above all, glycerophospho
lipids, sphingophospolipids and glycolipids. 

Thus, the subdivisions of this Chapter are 
based upon these three main functions without 
losing sight of the structural classification. How
ever, we will consider only lipids that are directly 
related metabolically to long-chain fatty acids, 
i.e. the fatty acids themselves, the eicosonoates, 
fatty alcohols and hydrocarbons derived during 
metabolism, and the lipids with fatty acids as 
components. The sterols and sterol esters will be 
discussed in Chapter 16 and the non-polar sub
stances that act as pheromones, the carotinoids 
and the terpenes will be considered in Chap
ter 19. 

15.1 Chemistry and Metabolism 
of the Fatty Acids 

15.1.1 Structure and Nomenclature 
of the Fatty Acids 

The fatty acids found in the body are in part taken 
up in the diet, either unaltered or mostly changed 
by metabolism, and in part synthesized de novo. 
Thus, the structure of the fatty acids becomes 
clear by considering their metabolism. The bio
synthesis normally begins with acetyl-CoA as the 
"primer" ; acyl-CoA is extended at each cycle by a 
C2 unit and is usually released from the synthase 
complex only on reaching a length of 14-18C 
atoms. The fatty acids obtained in the diet or by 
de novo synthesis can be further extended in an 
elongation system by one or more C2 units. This 
process explains why typical animal fatty acids 
have chain lengths of C14 to Cz2 and an even num
ber of C atoms (Table 15.2). 

Fatty acids with an odd number of C atoms 
arise from propionyl-CoA as primer. Methyl
branched fatty acids (Table 15.1 and Fig. 15.1a-c) 
are formed by fatty acid synthase using methyl
substituted primers of elongation substrates. 
Isovaleryl-CoA (from leucine) as the primer gives 
rise to iso- fatty acids with an odd number of C 
atoms; iso-butyryl-CoA (from valine) produces 
iso- fatty acids with an even number of C atoms· 
and 2-methyl-butyryl-CoA (from isoleucine) 

Table 15.2. Numerical symbols, systematic names and tri
vial names of some important fatty acids 

Symbol 

4:0 
5:0 
6:0 
8:0 

10:0 
12:0 
14:0 
16:0 
16: 1 (n-7) 
18:0 
18:1(n-7) 
18: l(n-9) 
18:2(n-6) 
18:3(n-3) 
18:3(n-6) 
20:0 
20:4(n-6) 
22:0 
24:0 
24:1 

Systematic name 

Butanoic 
Pentanoic 
Hexanoic 
Octanoic 
Decanoic 
Dodecanoic 
Tetradecanoic 
Hexadecanoic 
9-Hexadecanoic 
Octodecanoic 
I-Octadecenoic 
9-0ctadecenoic 
9,12-0ctadecadienoic 
9,12,15-0ctadecatrienoic 
6,9,12-0ctadecatrienoic 
Eicosanoic 
5,8,1l,14-eicosatetraeneic 
Docosanoic 
Tetracosanoic 
15-Tetracosenoic 

Trivial name 

Butyric 
Valeric 
Caproic 
Caprylic 
Capric 
Lauric 
Myristic 
Palmitic 
Palmitoleic 
Stearic 
Vaccenic 
Oleic 
Linoleic 
a-Linolenic 
y-Linolenic 
Arachidic 
Arachidonic 
Behenic 
Lignoceric 
Nervonic 
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a> 

COOH 

Fig.15.1a-d. The structure of unusual fatty acids in ani
mals. a Iso-heptadecanoic acid; b anteiso-heptadecanoic 
acid; c 2,4,6,8-tetramethyl-hexadecanoic acid from the 
uropygial gland of the goose [108]; d cyclopropane fatty 
acid (17-methyl-cis-9,1O-methylene octadecanoic acid) 
from the parasitic flagellate Herpetomonas megaseliae [97] 

results in anteiso-fatty acids with an odd number 
of C atoms (Fig. 15.6). Methylmalonyl-CoA, 
instead of malonyl-CoA, as the elongation sub
strate gives rise to internal methyl branches; 
methyl transfer from methionine to fatty acids, as 
known from the bacteria, apparently does not 
occur in animals. Ethyl-, propyl-, and butyl
substituted fatty acids, as found in lipids of the 
uropygial gland, are derived from the corre
sponding substituted elongation substrates [108]. 
Double bonds can be introduced into the fatty 
acid chain by specific desaturases (Fig. 15.7). 
These always have the cis configuration; trans iso
mers are only produced in bacteria and plants but 
may find their way into animal lipids via the diet 
or as products of gut symbionts. The house 
cricket Gryllus domesticus is reported to contain 
6 % elaidic acid, the trans isomer of oleic acid 
[144]. Each cis double bond results in a kink in 
the hydrocarbon chain. 

The fatty acids have systematic names and the 
most common also have trivial names. Many tables 
and texts use a digital code in which the first digit 
gives the number of C atoms and the second digit 
gives the number of double bonds (Table 15.2). 
The localization of the double bonds is also indi
cated for unsaturated fatty acids, e.g. 18:3(6,9,12) 
for y-linolenic acid, where (6,9,12) represents the 
numbers of C atoms relative to I-carboxyl from 
which double bonds extend. Because the elonga
tion of the fatty acids occurs at the carboxyl end, 

the elongation of 18:3(6,9,12) gives rise to 
20:3(8,11,14). This complicated change in the num
bering is avoided if the position of the double 
bonds is expressed relative to the methyl end. 
Because the double bonds in the majority of unsa
turated animal fatty acids are almost always separ
ated by a CH2 group, notation of the double bond 
closest to the methyl end is sufficient. Thus, y
linolenic acid and its elongation product are 
described by 18:3(n-6) and 20:3(n-6); these are 
sometimes written as 18:30)6 and 20:30)6. This 
nomenclature system is especially useful in that 
mutual conversion of the (n-3) , (n-6) and (n-9) 
families is not possible in animal metabolism. 

Typical animal fatty acids are unbranched, 
even-numbered with 14-22 C atoms, and satur
ated or unsaturated with one to six double bonds. 
Most frequent are the CI6 and CIS fatty acids, with 
palmitic acid 16:0 being the predominant CI6 form 
and oleic acid 18: l(n-9) and polyunsaturated fatty 
acids (PUFA) constituting the predominant CIS 
species. Also commonly found is vaccenic acid 
18:1(n-7), which arises by elongation of palmi
toleic acid 16:1(n-7) and in some invertebrates is 
equivalent to, or exceeds, oleic acid in concentra
tion [101]. Species-specific differences in the sub
strate specificity of the ~9-desaturase probably 
determine whether stearic acid 18: 0 is desaturated 
to oleic acid 18: l(n-9) rather than palmitic acid 
16:0 to palmitoleic acid 16:1(n-7). Noteworthy in 
this context is the large proportion of the unusual 
fatty acid 20:1(n-11) in the triacylglycerols of the 
cockchafer Melolontha vulgaris [251]. 

The proportion of nnsaturated fatty acids, 
which determines the melting point of body fat, is 
dependent upon the diet but also varies greatly 
with the species (Table 15.3). The storage fat of 
the ruminants is high in saturated fatty acids, 
especially stearic acid (18:0), because the unsa
turated fatty acids in the diet are completely 
saturated by the rumen symbionts. Compared 
with the mammals, the teleosts have a signifi
cantly higher proportion of polyunsaturated fatty 
acids, in particular 18:2(n-6), 20:4(n-6), 20:5(n-
3), 22:5(n-3) and 22:6(n-3) [14]. The body fats of 
the amphibians, reptiles and birds are intermedi
ate in this respect. Large amounts of polyunsatur
ated fatty acids are also found in many inverteb
rate animals, e.g. the molluscs, echinoderms, 
ascidians and free-living nematodes (Table 15.3) 
[101, 103]. There are many interesting connec
tions between habitat and fatty acid spectrum, 
probably based upon differences in the composi
tion of the diet. For example, marine mussels 
always have more (n-3) than (n-6) fatty acids, 
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Table 15.3. Fatty acid composition (%) of the total lipids 
of some animals 

Fatty acid 1 2 3 4 5 6 7 

14:0 1.9 6.8 2.1 16 1.0 
14:1 0.4 
15:0 0.3 0.4 0.7 0.1 
16:0 6.8 22 14.8 23 2.4 7.9 8.0 
16:1 11 5.6 5.0 29 4.6 1.4 
16:2 0.2 0.5 0.8 
17:0 0.5 0.2 0.6 
17:1 0.4 0.6 0.2 
18:0 0.9 1.5 3.5 3.4 8.1 13.0 11.8 
18:1 30 23.2 3.6 26 32.4 16.0 29.0 
18:2 0.9 6.0 1.7 3.2 8.5 22.9 46.7 
18:3 0.1 3.5 1.5 0.2 3.1 
18:4 0.5 2.0 1.8 
20:0 0.7 2.3 
20:1 13.8 0.7 12.3 0.7 0.3 
20:2 0.2 0.6 0.8 2.5 1.0 
20:3 0.8 8.4 0.7 
20:4 0.8 1.4 3.9 11.5 3.3 
20:5 6.5 9.7 14.5 8.7 
22:0 10.9 
22:1 2.7 0.2 0.3 
22:2 4.6 0.8 
22:4 0.7 0.8 0.1 
22:5 7.8 0.2 1.8 0.6 
22:6 12.6 12 23 14.1 
24:1 0.4 0.2 2.1 
Branched 0.9 8.5 
Odd 1.2 1.2 0.9 0.7 
Saturated 10 32 21 42 21 34 20 
Monoenic 59 31 21 55 38 19 30 
Polyenic 30 37 55 3 40 44 50 

1, Seal Phoca vitullina, subcutaneous fat tissue [280]; 2, 
herring Clupea harengus [152]; 3, edible mussel Mytilus 
edulis [292]; 4, Drosophila melanogaster, 38 hold [146]; 5, 
Caenorhabditis elegans [101]; 6, larvae of the tapeworm 
Taenia crassipes [174]; 7, Trypanosoma cruzi [262] 

whereas the (n-6) family predominates by two- to 
fourfold in freshwater mussels and by six- to nine
fold in the pulmonate snail Cepaea nemoralis 
[78]. In the insects, the saturated, monoenic and 
dienic acids are by far the most common [146], 
but higher unsaturated CIS, ~o and C22 fatty acids 
are also present. Their accumulation in specific 
organ lipids indicates some special functions. 
Thus, for example, the phosphatidylethanol
amine from the retina of the moth Deilephila 
elpenor contains 40% 20:5(n-3), and the phos
phatidylcholine from the spermatophores of the 
cricket Teleogryllus commodus contains 25 % 
20:4(n-3) [252]. 

In addition to, or instead of, the typical acids, 
many animal lipids contain fatty acids of unusual 
structure; this is a particularly interesting subject 
for comparative biochemistry. Fatty acids with an 

odd number of C atoms are usually found in only 
trace amounts in animal fats (Table 15.3), and 
probably originate in bacteria. However, the stor
age fat of the teleost Mugil celphalus contains no 
less than 25 CIS and C17 acids. The fatty acid 
23: 1(n-9) is found in various echinoderms in 
amounts of up to 5 % of the total fatty acids, and 
may arise from the a-oxidation of 24: 1(n-9) [119]. 
Short-chain fatty acids of Cs to C12 are found in 
the milk fat of all terrestrial mammals, and 
butyric acid C4 occurs only in the ruminants (Tab
le 15.4). Very long-chain fatty acids (VLCFAs) 
are widely found in animals. In the marine inver
tebrates, they originate in the algae of the diet. In 
beeswax, 25 % of the fatty acids have more than 
30 C atoms. VLCFAs are also present in the skin 
fats of the mammals, and very long-chain polyun
saturated fatty acids (VLCPUFAs) are found in 
the retina of mammals and teleosts. For example, 
the cod retina contains 15 % 32:6(n-3) in addition 
to 65 % 22:6(n-3) [220]. Unusually large satur
ated or monounsaturated fatty acids are found in 
the glycosphingolipids of mammalian brain: 22: 0 
(behenic acid), 24:0 (lignoceric acid), 24: 1(n-9) 
(nervonic acid) and the hydroxy acid 2-0H-24:0 
(cerebronic acid). Human testis tissue and sper
matozoa predominantly contain two- to fourfold 
unsaturated fatty acids with up to 32 C atoms, 
and those of bulls, boars and rams have five or six 
double bonds with as many as 34 C atoms; lipid 
analysis of ram spermatozoa indicates that these 

Table 15.4. The fatty acid spectra of various milk fats 
[66, 73, 159]. The data are expressed as percent by weight 
of the total fatty acids 

Fatty acid Echidna Cow Horse Mouse Seal" 

Saturated 
4:0 3-4 Tr 
6:0 1-2 1 
8:0 1 3 0.6 

10:0 2-3 5 5 
12:0 2-4 6 8 
14:0 1 8-13 7 11 3 
16:0 26 25-32 16 23 16 
18:0 7 8-13 3 1.8 3 

Unsaturated 
14:1 1 2 0.2 2 
16:1 9 2-5 7 1.8 13 
18:1 38 27-34 18 17 }37 
18:>1 9 3-4 24 28 
20: ;;.1 } 1 } 5 2.5 14 
22: ;;.1 <0.1 13 

" Horsehead seal, Halichoerus grypus 
Tr, trace 



15.1.1 Structure and Nomenclature of the Fatty Acids 567 

are located exclusively in the sphingomyelins 
[207]. The glycerophospholipids of the photore
ceptor membranes in the vertebrate retina, in 
contrast to those of other cell membranes, mostly 
contain two highly unsaturated fatty acids. These 
are similar in structure from the mammals to the 
fish and have up to 36 C atoms and six double 
bonds [227]. Mammalian brain contains unusual 
molecular species of phosphatidylcholine which 
carry fatty acids with 32-38 C atoms and four to 
six double bonds at position sn-l, and may play 
some as yet undefined role in brain physiology 
[226]. The fatty acid spectrum of the Porifera 
appears to be fundamentally different to that of 
all eumetazoans. The Demospongia examined 
predominantly contain long-chain CZ4 to C30 fatty 
acids which are all 5,9-unsaturated and someti
mes branched. It could be shown in Jaspis stelli
fera that 26:2(5,9), iso-27:2(5,9) and anteiso-
27:2(5,9) arise from 16:0, iso-15:0 and anteiso-
15 :0, respectively, by elongation. The unusual 
de saturation apparently occurs only after elonga
tion [33]. Cliona celata also contains 30:4(n-6) 
and 30:5(n-3), i.e. fatty acids with double bonds 
at normal locations. The fatty acids of several 
sponge species carry unusual substituents such as 
cyclopropyl, methoxy, acetoxy or cyclic peroxide. 
The marine species Dictyonella incisa has furan 
fatty acids esterified with sterols which release 
histamines; their inflammatory effect probably 
serves to deter predators [46]. 

Animals also occasionally have PUFAs in 
which neighbouring double bonds are not inter
spersed with CHz groups, as is usually the case. 
Fatty acids with conjugated double bonds are 
found only in plants, whereas fatty acids with 
widely separated double bonds, known as NMI 
fatty acids (non-methylene interrupted), have 
been detected in various animals. In marine gast
ropods and bivalves, fatty acids such as 
20:2(5,11),20:2(5,13),22:2(7,13) and 22:2(7,15) 
make up more than 15 % of the total [102, 292]. 
These include the 5,9-unsaturated fatty acids of 
the sponges, as mentioned above [33]. Whole 
series of 5-unsaturated fatty acids in propor
tions of up to 6.5 % are present in starfish and 
other echinoderms, e.g. 20:1(5), 20:2(5,11), 
20:2(5,13), 20:3(5,11,14), 20:4(5,11,14,17) and 
20:5(5,11,14,17,20), together with 7-unsaturated 
fatty acids like 22:2(7,13) and 22:2(7,15) [134]. 
The fatty acid 20:3(5,11,14), found in the 
domestic cat and related species, the echidna and 
some insects, arises from linoleic acid 18:2(n-6) 
when reduced activity of the ~6-desaturase prohi
bits the normal pathway via 20:3(n-6) to arachi-

donic acid 20:4(n-6) (Fig. 15.7). Linoleic acid 
18:2(9,12) is in these animals elongated to 
20:2(11,14), and ~5-desaturated to 20:3(5,11,14) 
[187]. The fatty acid spectra of the marine inver
tebrates are all particularly complex. For exam
ple, 56 different fatty acids have been identified 
in the amphipod Themisto gaudichaudii and 55 
have been identified in a holothurian [68, 119]. 

Fatty acids with branched chains (Fig. 15.1a-c) 
are produced by many bacteria and are taken up 
by animals in their diet. Quite considerable 
quantities of iso- and anteiso- fatty acids have 
been found in some animal fats, e.g. over 6 % in 
the body fat of the teleost Fundulus heteroclitus 
[50], 3-7 % in different phospholipids of the 
nematode Turbatrix aceti, and more than 20 % in 
the lipids of rat faeces. The endogenous forma
tion of branched fatty acids may be detected in 
some animal tissues. This is true, for example, for 
the tissues of the forehead projection (melon) of 
the toothed whale, the avian uropygial gland and 
the sebaceous glands of the mammals. The melon 
functions as a "sound lens" in echo navigation in 
that differences in concentration and composition 
of the lipid components result in a higher velocity 
of sound transmission in the inner layers of the 
melon compared with the outer layers (Tab
le 15.5). The triacylglycerols and wax esters ofthe 
melon in the dolphins (Delphinidae), bottle
nosed dolphins (Phocaenidae) and narwhales 
(Monodontidae) contain considerable quantities 
of isovaleric acid iso-5:0, but this is not the case 
for the river dolphins (Platanistidae), sperm wha
les (Physeteridae) and beaked whales (Ziphiidae) 
[180]. The avian uropygial glands and the skin fats 
of mammals contain an extraordinarily complex 
mixture of branched fatty acids and derived long
chain alcohols. In addition to iso- and anteiso
methyl-branched fatty acids and fatty alcohols, 

Table 15.5. The content and composition of the lipids in 
the forehead projection ("melon") and subcutaneous tissue 
("blubber") of the dolphin Inia geoffrensis [153] 

Inner melon Outer melon Blubber 

Lipid content 
(% fresh weight) 48-95 24-66 13-43 
Composition (% ) 

triacylglycerols 36-68 80-95 96-99 
wax esters 32-64 5-20 1- 4 

Number of C atoms 
triacylglycerols 40-42 42-44 46-48 
wax esters 28-29 30-31 32-34 

Velocity of sound 
transmission declining 
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there are also molecules which carry up to four or 
five methyl groups on internal C atoms of the 
chain; titmice (Paridae) have fatty acids with one 
or two ethyl substitutions, and owls possess 2-
propyl- and 2-butyl- substituted fatty acids [108]. 

Cyclopropane fatty acids (Fig. 15.1 d) are 
formed in bacteria by the attachment of an acti
vated methyl group from S-adenosylmethionine to 
a fatty acid double bond, and they are taken up 
into animal lipids in the diet. This explains the 
presence of cyclopropane fatty acids in ruminants, 
and the detection of 0.2 % cis-9,10-methylene-
16: 0 and -18: 0 in the body fat of the teleost Fun
dulus heteroclitus [50]. In contrast, endogenous 
production of cyclopropane fatty acids has been 
demonstrated in several Kinetoplastida, e.g. a 
cyclopropane- and methyl- substituted stearic acid 
(Fig. 15.1 d) in Herpetomonas megaseliae [97]. 
Remarkable in this respect is the large amount of 
cyclopropane fatty acids with 17, 18 or 19 C atoms 
in millipedes of the order Spirostreptida. They 
constitute as much as 30 % of the total fatty acids 
in female animals of the species Graphidostreptus 
tumuliporus, as high as 35 % in the eggs, and 
about 20 % in the related species Orthopterus 
ornatus. Males of both species, on the other hand, 
show no trace of these unusual fatty acids and 
their significance in the female is unknown. 

Hydroxy fatty acids are found only occasion
ally in the animal kingdom. Cerebronic acid (2-
OH-24:0) from the glycosphingolipids of mam
malian brain was mentioned earlier. 2-Hydroxy 
and 3-hydroxy fatty acids (earlier known as u
and j3-hydroxy acids) are constituents of diester 
waxes in the uropygial gland lipids [108]. C30 to 
C34 fatty acids with terminal hydroxy groups (w
hydroxy fatty acids) have been detected in the 
epidermial fats of various mammals [278]. 3,7,13-
Trihydroxy- and 2,3,7,13-tetrahydroxystearic acid 
are components of the unusual taurolipids 
(Fig. 15.19a) from the ciliate Tetrahymena [125]. 

The fatty acid spectrum of all tissues includes a 
very large number of different molecular species, 
the complete description of which is an almost 
impossible task even with present-day highly soph
isticated analytical methods. The spectrum varies 
widely not only between animal groups and spe
cies and between the organs of anyone animal, 
but also between the different lipid classes of the 
same organ. For example, phosphatidylcholines 
are often rich in C16 acids, whereas arachidonic 
acids, which are important as precursors of pros
taglandins, are mainly bound to phosphatidylinosi
tol [14]. Differences in the fatty acid spectrum are 
even found between the molecular positions 

within the same class of glycerolipids. A descrip
tion of these relationships is given by the stereo
specific (sn-) numbering system of the glycerol C 
atoms. For this purpose, the molecule is orientated 
such that the secondary OH- group is on the left, 
and the uppermost C atom is labelled sn-l 
(Fig. 15.2). As a rule, the primary sn-l-0H of the 
glycerophospholipids is esterified with a saturated 
fatty acid, and the secondary sn-2-0H is esterified 
with an unsaturated fatty acid [63, 89]. In the tele
osts, with their high content of unsaturated fatty 
acids, glycerophospholipids are found with two 
unsaturated acids [14]. The triacylglycerols may 
show differences not only between the primary 
and secondary hydroxyls but also between sn-l 
and sn-3. For example, the triacylglycerols of the 
larvae and adults of the Mediterranean fruit fly 
Ceratitis capitata are markedly asymmetrical with 
saturated fatty acids on sn-l, unsaturated fatty 
acids on sn-2 and both saturated and unsaturated 
fatty acids on sn-3. In contrast, the triacylglycerols 
of the eggs are more often symmetrical with unsa
turated fatty acids also present on sn-1. 

Random distribution amongst the lipids of the 
many fatty acids present in each cell would result 
in an astronomical number of different molecular 
species. For example, n2 different molecules of 
the glycerophospholipids with their two ester 
bonds would result from n different fatty acids, 
and, correspondingly, n3 triacylglycerols would be 
produced. The restrictions described above limit 
the variety of lipid molecular species but the 
range is still enormous. Each species, organ and 
cell type has a unique spectrum of lipid molecu
les. Here again - as always when one considers 
the confusing molecular variety of different orga
nisms - the question arises whether the observed 
differences are adaptations to specific internal 
and external conditions or are simply the result of 
chance combinations of factors, e.g. diet, the 
availability of structural components, or variation 

sn-Glycero-3-P 

Fig.15.2. For the stereo-specific (sn-) numbering of the C 
atoms of glycerol the molecule is orientated so that the sec
ondary hydroxyl group is on the left; the first C atom above 
then receives the number sn-1. The natural phosphoric acid 
ester (formerly a-glycerophosphate) should accordingly be 
referred to as glycerol-sn-3-phosphate 



in the enzymes of lipid metabolism. In some cases, 
the lipid molecules must satisfy very specific func
tions with corresponding structural specifications, 
whereas in other cases their biological importance 
only involves simple physicochemical properties 
found in molecules of very different structure. 

15.1.2 Biosynthesis of Fatty Acids 

The de novo synthesis of fatty acids can take 
place in various organs of the mammals: in par
ticular, in the fat tissues of the cow, sheep, goat, 
pig, dog, cat and guinea-pig, in the human liver, 
and in both tissues in the rat, mouse and rabbit. 
Acetate is more important than glucose as a 
starting substance in the ruminants, as it is also in 
the pig, dog and cat [223, 250]. Biosynthesis fol
lows more-or-Iess the same scheme in all orga
nisms (Fig. 15.3). In the primer reaction, an acyl 
residue (usually acetyl) is transferred from acyl
CoA to the acyl-binding protein (ACP) and fur
ther to the SH group of ~-ketoacyl-CoA synthe
tase (condensing enzyme) (reactions 1 and 2). 
This acyl group forms the methyl end of the fin
ished fatty acid. In reactions 3 and 4, the CoA
bound elongation substrate (usually malonyl
CoA) binds to ACP and is linked to the primer 
acyl with cleavage of a CO2 • The resulting ~
keto acyl residue is converted by two reduction 
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steps and a dehydration (reactions 5-7) to an 
acyl, which is now two C atoms longer than the 
primer. Transfer of the extended acyl residue to 
the condensing enzyme (reaction 2) initiates the 
next synthesis cycle. The long-chain acyl residue 
that results from several passages of the cycle is 
released by the action of thioesterase (reacti
on 8). ACP and the enzyme activities described 
are found in E. coli and plants as single, mono
functional subunits. In animals, the fatty acid syn
thase (FAS) is a multi-enzyme complex in which 
ACP and all seven enzyme activities are localized 
on one polypeptide. The FAS of yeast is also com
plex but is composed, according to the formula 
a6~6' of two different subunits encoded by differ
ent genes. The a subunit (1894 amino acids) con
sists of ACP and two enzyme activities in the 
order ACP-KR-KS (see Fig. 15.4 for the abbrevi
ations), and the ~ subunit (1980 amino acids) is 
made up of the remaining five enzyme activities 
in the order ER-AT-DH-MT-TE [42, 177]. 

The animal FASs are homodimers with mole
cular masses of 450-500 kDa in the vertebrates 
and invertebrates [195, 219 272]. The complete 
sequences are known for the FAS subunits from 
rat milk glands (2505 amino acids) and chicken 
liver (2446 amino acids), and partial sequences 
are known for the FAS from the mouse and goose 
[98, 118, 203,284]. The sequence agreement 
between the chicken and rat is 67 % and between 

Fig.15.3. Biosynthesis of the fatty acids 
[195]. The fatty acid synthase complex E 
carries two reactive SH- groups: -ScH on 
the acyl-binding protein (ACP), and -SpH 
on the condensing enzyme. The individual 
reaction steps are: 1 and 2, acyl transfer; 
3, malonyl transfer; 4, condensation; 5, 
keto reduction; 6, dehydration; 7, enoyl 
reduction; 8, thioester cleavage 

.......-SpH CD /,S H 
E ......... S -CO-(CH -CH ) -CH + H20 --E....... p +CH3-(CH2-CH2)n-COOH 

c 2 2 n 3 ScH 
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Acetyl-GoA Malonyl-GoA 

~ 
Palmitate 

'~I ___ / II 

Malonyl-GoA 

III 

TE ......". Palmitate 

\ 
Acetyl-GoA 

Fig.15.4. The fatty acid 
synthase complex of the 
chicken is a dimer of two 
identical, oppositely orient
ated (head-to-tail) subunits. 
The seven enzyme functions 
and the acyl-binding protein 
function (ACP) are distrib
uted amongst three domains: 
domain I (elongation) of each 
subunit interacts functionally 
with domains II (reduction) 
and III (paLmitate release) of 
the other subunits [264]. 
AT, Acetyl transacylase; 
MT, malonyl transacylase; 
KS, ~-ketoacyl synthase; 
KR, ~-ketoacyl reductase; 
DR, dehydratase; ER, enoyl 
reductase; TE, thioesterase; 
ACp, acyl carrier protein 

different FAS subdomains of chicken and yeast it 
is 14-31 % [36]. The polypeptide chain is subdi
vided into three domains (Fig. 15.4). Domain I 
(127 kDa) includes the activities of ~-ketoacyl 
synthase (KS) and the acetyl and malonyl trans
acylases (AT and MT). This is the attachment 
point for the primer and elongation substrate, and 
is responsible for the elongation reactions. 
Domain II (107 kDa) includes the ~-ketoacyl and 
enoyl reductases (KR and ER), the dehydratase 
(D H) and ACP; the acyl residue remains bound to 
ACP during the reduction reactions on this 
domain. Binding is via the same 4' -phospho
pantetheine structure found in CoA (Fig. 15.5). 

When the growing chain reaches a length of 
16-18 C atoms, it is released by the thioesterase 
activity (TE) localized on domain III (33 kDa). 
The two subunits are arranged head-to-tail such 
that the pantetheine SH of one subunit lies oppos
ite the cysteine SH of KS on the other subunit. 
Thus, the functional unit of fatty acid biosynthesis 
is composed of domain I of one subunit and 
domains II and III of the other subunit [264]. Dis
sociation to monomers inactivates the whole reac
tion but this is reversible [195, 246]. Immunolo
gical comparisons show that FASs from liver, milk 
gland and fat tissues of the same species are ident
ical, that the FASs of different mammals are parti-

Asp; OH CH3 OH : 
1 : 1 1 I : 

Ser--<-O-P-O-CH -C----CH-G-NH-CH -CH -G-+-NH-CH -CH -SH 
1 : II 2 1 II 2 2 II: 2 2 

Leu l 0 CH3 0 0 l 
I I 
I I 
I I 
I I 
I I 
I I 

OH OH CH OH : 
I; 1 1 3 1 : 

Adenine H2C- O-P +O-P-O-CH2-C----CH-C- NH-CH2-CH2-C+NH-CH2-CH2-SH 

~ 
11:11 1 II II: 

o 0 l 0 CH3 0 0 l 
: 1 

H H H H : : 
: • 4'·Phosphopantothenic acid ... : 

HO 0 : : 
I : I 

O=P-OH : 
1 : .. 4'-Phosphopantetheine------------

OH i , 
Fig.15.5. The acyl-binding proteins (ACP) of fatty acid synthase (above) and CoA (below) contain the same 4'
phosphopantetheine structure [195] 



ally identical, and that little cross-reactivity exists 
between FASs from birds and mammals [195]. 

FAS is localized in the cytosol; the necessary 
acetyl-CoA, however, arises predominantly in the 
mitochondria, the inner membranes of which are 
impermeable to acetyl-CoA. Transport of acetyl 
residues out of the mitochondria into the cytosol 
in the rat is about 80 % in the form of citrate, 
which is produced in the mitochondria by citrate 
synthase and cleaved in the cytoplasm by citrate 
lyase. This mechanism has also been demonst
rated in the fat bodies of the locust Locusta mig
ratoria. Acetyl carnitine as a transport form is of 
relatively minor importance [63]. There are char
acteristic species-specific differences in the origin 
of the acetyl-CoA and NADPH required for fatty 
acid synthesis in the milk glands of various mam
mals. In contrast to other species, ruminants do 
not incorporate 14C-glucose into fatty acids; free 
acetate that can be turned over by acetyl-CoA 
synthetase is apparently more important in this 
case. Furthermore, the NADPH-dependent iso
citrate dehydrogenase here is cytosolic and not 
mitochondrial as in other mammals. In termites, 
acetate delivered by symbionts can be converted 
to acetyl-CoA, but pyruvate dehydrogenase, by 
means of which carbohydrates can be introduced 
into fatty acid synthesis, is missing [196]. 

The elongation substrate malonyl-CoA is pro
vided by acetyl-CoA carboxylase, which has been 
isolated from fatty acid-synthesizing tissues of the 
mammals and birds as well as from higher plants, 
yeast and bacteria. The enzyme is localized in the 
cytoplasm and contains one biotin per mO'lf)r 
The monomeric form is iJ1~~' 
form is filamentous wit' 
enzyme from ch i ,-) 

acids, corres' 
nificiP-t' 
J,. 
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the pigeon and goose, to 60:40 in the chicken. 
Insect FAS also produces shorter fatty acids, e.g. 
in the Mediterranean fruit fly Ceratitis capitata 
there are fatty acids of 10-18 C atoms, and in 
Drosophila melanogaster 14:0 occurs as well as 
16:0 and 18:0 [219]. Pulse-labelling experiments 
in Leishmania donovani have shown that the pri
mary products are 12:0, 14:0 and 16:0 [112]. In 
the species-specific very variable fatty acid spect
rum of milk (Table 15.4), the rat, rabbit and goat 
have considerable quantities of intermediate
length fatty acids (8: 0-12: 0). However, isolated 
milk-gland FASs of the rat and rabbit only pro
duce short- and long-chain fatty acids; those of 
intermediate length arise by premature release 
from the FAS complex through the action of a 
soluble, 29-kDa thioesterase II. This soluble 
enzyme is absent from the milk glands of the goat 
and other ruminants, and in this case the forma
tion of intermediate-length fatty acids involves 
deviations in the specificity of the FAS thioeste
rase domain itself [195]. 

Soluble thioesterases that react only with acyl
CoA are widely found in animals and plants. In 
contrast, a second type of enzyme that can also 
cleave FAS-bound fatty acids is found in the milk 
glands of some mammals and, in particular, in the 
uropygial glands of many avian species. Here, 
they are also responsible for the release of shorter 
fatty acids from the FAS complex [40, 195]. Thus, 
the uropygial gland of the pigeon contains no 
fewer than four TE activities: the relevant FAS 
domain, an acyl-FAS specific enzyme and two 
~f)1""'1e acyl-CoA hydro lases [40]. The sequence 

lJle :>~yl-FAS TE from the mallardAnas 
at least in the region follow

about 60 % with the TE 
l-ole TE has also been 
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Fig.lS.6. Leucine, valine and isoleucine provide the pri
mers for the biosynthesis of iso- and anteiso- fatty acids 
with an even or odd number of C atoms 

acids (Fig. 15.6); this has been demonstrated in 
tracer experiments with tissue slices of the melon 
from the toothed whale Stenella caeruleo-alba 
[180]. Internal methyl branching is produced with 
methylmalonyl-CoA as the elongation substrate; 
this has been shown by tracer experiments on the 
Harderian glands of the guinea-pig and on the 
uropygial glands of the goose and duck [108, 
132, 195]. Methylmalonyl-CoA is formed from 
propionyl-CoA by acetyl-CoA carboxylase. The 
ethyl-, propyl- or butyl-branched fatty acids found 
in the uropygial glands of some birds probably 
arise in a similar way with the corresponding sub
stituted elongation substrates [108]. The fatty acid 
precursors of hydrocarbons with internal methyl 
branching, widely found in the cuticular lipids of 
insects, are produced in a comparable process. 
For example, tracer experiments with the termite 
Zootermopsis angusticollis and the cockroach 
Periplaneta americana demonstrated the. incor
poration of propionate and succinate into 
branched hydrocarbons, probably via methyl
malonyl-CoA as the intermediate [81]. Drosophila 
FAS can utilize acetyl-CoA or propionyl-CoA, 
but neither butyryl-CoA, isobutyryl-CoA nor 
isovaleryl-CoA, as primer. The enzyme is abso
lutely specific for the elongation substrate 
malonyl-CoA and is inactive with methylmalonyl
CoA. However, the presence of both elongation 
substrates simultaneously results in methyl-

branched fatty acids; methylmalonyl-CoA acts as 
a competitive inhibitor to malonyl-CoA [219]. 

The uropygial glands of the goose Anser anser 
and of the duck Anas platyrhynchos produce large 
quantities of multiply methyl-branched fatty acids, 
despite the fact that the affinity of the FAS for 
malonyl-CoA is significantly higher than its affinity 
for methylmalonyl-CoA. The explanation lies in the 
reduction of the concentration of malonyl-CoA by a 
very active maionyl·CoA decarboxylase which does 
not attack methylmalonyl-CoA. This enzyme is pre
sent in mammalian mitochondria, where it prevents 
inhibition of methylmalonyl-CoA mutase and 
pyruvate decarboxylase by malonyl-CoA. The 
enzyme of the uropygial gland is located in the cyto
plasm, where fatty acid synthesis occurs. The goose 
enzyme (462 amino acids) has been sequenced via 
the cDNA [113]. When the enzyme is absent, as 
from the uropygial gland of the chicken or from the 
liver of the goose, no methyl-branched fatty acids 
are produced [108, 195]. 

15.1.3 Conversion of Fatty Acids 

Fatty acids that are synthesized de novo in ani
mals or are taken in with the diet can be altered in 
many ways, in particular by elongation and shor
tening, desaturation and hydrogenation of the 
double bonds, substitution to, for example, 
hydroxy acids, reduction to long-chained alcohols 
(fatty alcohols), decarboxylation to hydrocarbons 
and incorporation into lipids. Most of these proc
esses, like the oxidative catabolism of the fatty 
acids, require activation by CoA. Depending 
upori the order in which the individual conversion 
processes occur, very different intermediates and 
end products can arise from the same fatty acid. 
As the reactions of fatty acid metabolism take 
place in different cell compartments, the produc
tion of any particular end product may require 
several transport events through different perme
ability barriers. 

In the vertebrates, the binding of long-chain 
fatty acids (Cu to C24) to CoA and their incor
poration into phospholipids or triacylglycerols 
occurs mainly in the cytoplasm; their elongation 
and desaturation occurs in the endoplasmic reti
culum; their shortening by partial ~-oxidation 
takes place in the peroxisomes; and their com
plete oxidation and ketone-body formation 
occurs in the mitochondria. Short-chain fatty 
acids (up to ClO) are activated by acyl-CoA syn
thetases, which are located mainly in the mito
chondrial matrix [195]. The carnitine-dependent 



transport of acyl residues through the inner mito
chondrial membrane (Fig. 15.9) also plays a role in 
the conversion process, but will be discussed only 
in connection with ~-oxidative degradation. The 
processes of lipid metabolism in invertebrates 
appear to be distributed in a similar fashion 
amongst various cell compartments, although 
desaturation in insects has been demonstrated in 
both microsomes (Locusta) , and mitochondria 
(Drosophila), and even at different rates in both 
cell organelles (Ceratitis) [63]. The enzymes 
involved in the formation and hydrolysis of acyl
CoA have, up to now, been examined in detail only 
in the mammals, where there are acyl-CoA synthe
tases and hydrolases with varying chain-length 
specificity and intracellular localization [195]. 

Chain elongation is the most important reac
tion of fatty acid metabolism after desaturation. 
Thus, the palmitic acids initially formed by the 
FAS of all animals are mostly converted into 
unsaturated fatty acids with 18-22 C atoms. The 
mammalian elongation systems are localized in 
the microsomes or mitochondria, and catalyse a 
reaction sequence analogous to that of FAS, 
except that cytochrome bs is involved together 
with NADH as hydrogen donor. The rate-limiting 
condensing enzyme of this process exists in at 
least three different forms in the rat liver, with 
specificity for saturated, mono- or polyunsatur
ated fatty acids [195, 209]. Tracer experiments 
have shown a capacity for elongation in all inves
tigated invertebrates, but nothing is known about 
the enzymes involved. Of particular interest is the 
formation of extremely long fatty acids from pal
mitic acid, as seen in the sponge Jaspis stellifera 
[33], and as is assumed to be the case for the long
chain fatty alcohols and acids in wax esters. The 
shortening of long-chain fatty acids occurs by par
tial ~-oxidation in the peroxisomes. 

The first double bond is introduced into positi
on 9 in animals and most other eukaryotes, i.e. 
the desatnrase begins counting from the carboxyl 
C. Further double bonds usually arise between 
existing bonds and the carboxyl end in animals, 
and the methyl end in plants; the flagellate Eug
lena carries out both processes. The desaturases 
are both position- and chain-length specific. The 
stearoyl-CoA-il9-desaturase from the microsomes 
of mammalian liver is the only such enzyme to 
have been characterized in detail so far. This is, in 
principle, an electron transport chain which utili
zes O2 and electrons from reduced cytochrome bs 
to introduce a double bond into stearoyl-CoA or 
another acyl-CoA substrate. The system consists 
of an NADH:cytochrome bs reductase, cyto-
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chrome bs and the actual desaturase; the 
sequence of the latter, determined from the 
cDNA, consists of 358 mostly non-polar amino 
acids. Phospholipid stabilizes the structure and is 
indispensable for the enzyme activity [195, 260]. 
The importance of the phospholipid component 
has also been demonstrated for the microsomal 
desaturase of insects, e.g. for the palmitoyl-CoA
specific enzyme from the Mediterranean fruit fly 
Ceratitis capitata [168]. Mammalian liver appar
ently contains two il9-desaturases which attack 
acyl-CoAs of different chain length. In mammals, 
further double bonds can be introduced at positi
ons 6, 5 and 4 (Fig. 15.7), but much less is known 
about the corresponding specific desaturases than 
about the il9-desaturases [124, 195]. 

The stearoyl-CoA-il9-desaturase of rat liver 
microsomes is specific for acyl-CoA and inactive 
against phosphatidylcholine-bound acids. In con
trast, the ils - and il6 -desaturases of the mammals 
can process both acyl compounds, although it is 
not clear which is the natural substrate. The plant 
desaturases are specific for phospholipid-bound 
fatty acids. In the ciliate Tetrahymena pyriformis, 
palmitic acid can only be desaturated in the form 
of a CoA derivative; the desaturation of oleic 
acid to linoleic acid, which is not found in higher 
animals, occurs in this case with phosphatidylcho
line or oleoyl-CoA [137]. Bacteria desaturate 
their fatty acids already during de novo synthesis 
and cannot produce polyunsaturated fatty acids 
(PUFAs). Desaturation of fatty acids still 
attached to the FAS was described some time ago 
for the dipterans Calliphora erythrocephala and 
Drosophila melanogaster but has not been further 
investigated [63]. 

Polyunsaturated fatty acids (PUFAs) are 
essential components of membrane lipids and the 
precursors of prostaglandins. It is claimed in 
many textbooks that the specificity of their des a
turases prevents all animals from producing lino
leic acid 18:2(n-6) and a-linolenic acid 18:3(n-3); 
these are therefore essential in the diet. On the 
other hand, as the starting substance of the (n-6) 
and (n-3) families, these can be further desatur
ated and elongated in animals, just like the (n-9) 
fatty acids can be (Fig. 15.7). However, the situa
tion is not quite so straightforward. The require
ment for both fatty acids has been shown clearly 
in the rat. The absence of both fatty acids from 
the diet results in deficiency symptoms such as 
dermatitis, slower growth and kidney damage. 
However, rats can be normally reared through 
two generations with linoleic acid alone, and lino
lenic acid alone only partially prevents the sym-
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Fig. IS. 7. Desaturation and elongation of 
animal fatty acids. PG, prostaglandin 

ptoms. In humans, only a requirement for linoleic 
acid has been demonstrated. Arachidonic acid 
20:4(n-6), important as a precursor of prostaglan
dins, can be produced by most mammals by desa
turation and elongation of linoleic acid 18 :2(n-6) 
(Fig. 15.7). The domestic cat and other felines 
lack the required desaturase, and for these ani
mals arachidonic acid is essential. 

The requirements of fish for essential fatty 
acids varies greatly with the species. The trout 
(Salmo gairdneri) requires only a-linolenic acid 
18:3(n-3) or another (n-3) fatty acid. In contrast, 
carp (Cyprinus carpio), eels (Anguilla japonica) 
and salmon (Onchorhynchus kisutch) also require 
linoleic acid 18:2(n-6). In marine fish (Chrysoph
rys major, Pleuronectes platessa, etc.), the PUFA 
requirement is only satisfied by long-chain highly 
unsaturated fatty acids such as 20:5(n-3) or 
22:6(n-3). The difference in requirement for (n-3) 
fatty acids probably results from the fact that the 
trout rapidly converts 18:3(n-3) into 22:6(n-3), 
whilst the marine species are unable to do so. 
Thus, the trout is very suitable for the study of 
animal desaturases. In fish farming, the problem 
of species-specific differences in PUFA require
ment is avoided by the use of feedstuffs that are 
rich in 20:5(n-3) and 22:6(n-3) [82]. The require
ment for essential fatty acids demonstrated in the 
prawn Penaeus japonicus is satisfied more effect
ively by linolenic acid than by linoleic acid. 

PUFAs also serve as precursors for prostaglan
dins and other eicosanoids in the insects (p. 612). 
Insect species can be assigned to one of four 
groups according to their requirements for 
PUFAs. Many species, in particular the herbivo
res, require linoleic acid 18:2(n-6) or a-linolenic 
acid 18:3(n-3) in their diet. Tracer experiments 
show that the wax moth Galleria melon ella can 
elongate and des at urate linoleic acid to 20:4(n-6) 
and a-linolenic acid to 20:5(n-3), i.e. their PUFA 

metabolism corresponds to that of many verteb
rates. According to nutritional experiments, the 
growth of G. melonella is optimal with a-linolenic 
acid; similarly effective are 20:3(n-3) or 22:3(n-
3), which can be shortened to 18:3(n-3). Linoleic 
acid 18:2(n-6) is an order of magnitude less effec
tive than 18:3(n-3). In tracer experiments with 
linoleic acid, labelled 20:5(n-3) appeared in phos
pholipids, probably through the activity of gut 
symbionts. The insect species of the second group 
require in their diet arachidonic acid 20:4(n-6) or 
eicosapentaenoic acid 20:5(n-3) in addition to 
linoleic acid and a-linolenic acid because they are 
unable to elongate CIS fatty acids. This group 
includes Culex pipiens and other mosquito spe
cies, and the moth Platynota idaeusalis [23]. 

The species of the third group have the unique 
ability in the animal kingdom to synthesize lino
leic acid de novo with further elongation and 
de saturation to 20:3(n-6) and 20:4(n-6). They 
therefore have no requirement for fatty acids in 
their diet. This ability to synthesize linoleic acid 
has been demonstrated in tracer experiments with 
15 species, including cockroaches (Periplaneta 
americana), orthopterans (Acheta domestica, 
Teleogryllus domesticus) , homopterans (Myzus 
persicae) , termites (Zootermopsis angusticollis) 
and neuropterans (Chrysopa carnea). The biosyn
thesis of 18:2(n-6) by these species does not 
involve the activity of symbionts but is entirely 
due to the animal's own metabolism. These 
insects possess a ~ 12-desaturase, which is other
wise unknown in the animal kingdom, and with 
this enzyme they can convert oleic acid 18: 1(n-9) 
to 18:2(n-6). The ~12-desaturases ofA. domestica 
and P. americana have been examined in some 
detail and compared with the analogous enzymes 
of plants. They are localized in the microsomes 
and have their highest activity in the fat bodies. 
The plant enzyme uses 18: 1 fatty acid esterified 



with phospholipid as the substrate and prefers 
NADH as the cosubstrate. In contrast, the insect 
~lz-desaturase uses acyl-CoA as the substrate, 
like all animal desaturases, and is more active 
with NADPH than with NADH [23, 52]. Droso
phila melanogaster appears to represent a fourth 
group of insects which neither synthesize nor 
require PUFAs. Fruit flies reared for ten genera
tions on a PUFA-free diet still contained polyun
saturated Czo fatty acids [23]. 

Just how sponges and molluscs produce the 
PUFAs described above, whose double bonds are 
separated by more than one CHz group (non
methylene interrupted), has not been defined in 
detail [293]. The marine sponge Microciona proli
fera synthesizes 26:3(5,9,19) from 16:1(9) by 
elongation and de saturation at positions 5 and 9, 
and the freshwater sponge Ephydatia ftuviatilis 
can convert 26:2(5,9) to 26:3(5,9,19) by means of 
a ~ 19-desaturase. This is the first evidence for a 
~19-desaturase in a living organism [80]. The 
metabolism of unsaturated fatty acids by the Pro
tozoa shows even greater deviation from the 
metabolic patterns of the Eumetazoa. However, 
there is also large variation between the different 
groups, indicating once again how the so-called 
protozoans are an extremely heterogeneous col
lection from a comparative biochemistry stand
point. Oleic acid is essential for the ciliate Para
mecium aurelia but can be further metabolized to 
18:2(n-6), 18:3(n-6) and 20:4(n-6) [221]. The cili
ate Tetrahymena can not only desaturate stearic 
acid to oleic acid and further to linoleic acid 
18:(n-6) and y-linolenic acid 18:3(n-6) but can 
also elongate palmitoleic acid 16: l(n-7) to vac
cenic acid 18: l(n-7); Acanthamoeba and other 
amoeba species have a similar capacity [137]. 
Many of the Kinetoplastida, e.g. Crithidia, pro
duce mainly 18:0 and 18:1 and the (n-6) fatty 
acids 18:2, 18:3 and 22:5 from acetate. Other 
Kinetoplastida, like Trypanosoma lewisi, synthe
size mainly the highly unsaturated, long-chain 
fatty acids 20:5, 22:5 and 22:6; the predominant 
C16 and CIS fatty acids of their spectrum are appar
ently taken up from the blood of the host. 

In contrast to desaturation of the fatty acids, 
the hydrogenation of double bonds has been rela
tively little investigated. The utilization of fatty 
acids as hydrogen acceptors by rumen symbionts, 
and the resulting complete saturation of all unsa
turated fatty acids was referred to above. In this 
way, for example, oleic and linoleic acids are 
quantitatively converted to stearic acid. The cor
responding metabolism in animals has been 
demonstrated in the mitochondria of rat liver, 
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where the double bond at C-4 of 22:4(n-9) is 
hydrogenated by a specific 4-enoyl reductase. 

The reduction of free fatty acids to long-chain 
alcohols requires CoA and NADPH. The corre
sponding reductase activity has been investigated 
in, for example, the uropygial glands of the bunt
ing Zonotrichia leucophrys and the ovary of the 
gourami Trichogaster cosby, where intensive syn
thesis of wax esters occurs [108]. Traces of the 
presumed intermediate aldehyde have also been 
detected; the alcohols produced are simultane
ously incorporated into the wax esters. Because 
of differences in the specificity of the reductases 
and acyltransferases, the fatty acids and alcohols 
of the wax esters differ in their chain structure. 
The uropygial gland of Zonotrichia can also 
reduce 2-hydroxyacyl-CoA to the corresponding 
alkane-l,2-diols; 2-hydroxylase activity has been 
reported. As has been shown for the pheasant 
Phasianus colchicus, the alkane-2,3-diols in the 
uropygial gland secretions of the fowls arise from 
acyloins (Fig. 15.8), which themselves are pro
duced by the condensation of an aldehyde with 
hydroxyethylthiamine pyrophosphate [108]. The 
oxidation of long-chain alcohols to fatty acids has 
been demonstrated in the gut mucosa and other 
tissues of fish species that accumulate wax esters. 
In vitro preparations from the gourami catalyse 
the reaction with either NADP+ or NAD+ [94]. 

Decarboxylation of fatty acids gives rise to the 
corresponding hydrocarbons with one less C 
atom. This process has been examined in insects, 
where hydrocarbons are an important component 
of cuticular lipids. It has been shown in the ter
mite Zootermopsis angusticollis that 2-hydroxy-
24:0 is more rapidly decarboxylated than 24:0; 
thus, a 2-hydroxylation is apparently the first step 
of hydrocarbon synthesis. The 2-hydroxy fatty 
acids are probably oxidatively decarboxylated to 
aldehydes with one less C atom; these are then 
reduced to the alcohols, which are in turn con
verted to the alkenes by cleavage of water, and 
further reduced to the alkanes by the addition of 
hydrogen. The enzyme system is localized in the 
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Fig.15.8. Acyloins are precursors of erythro- and threo-
2,3-diols in the diester waxes of fowl uropygial glands [108] 
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endoplasmic reticulum and is stimulated in vitro 
by ascorbic acid, like the plant and mammalian 
enzymes, but is not stimulated by ATP, CoA, 
NADH or NADPH [44]. 

15.1.4 Oxidation of Fatty Acids 

~-Oxidation cleaves Cz fragments (acetyl-CoA) 
from acyl-CoA and these can then function as, for 
example, the starting material for the de novo 
synthesis of fatty acids and sterols, or energy
yielding substrates. The complete degradation of 
fatty acids occurs in the mitochondria, and partial 
~-oxidation in the peroxisomes. The order of the 
reactions is the same for both systems but the 
enzymes involved differ significantly. The peroxi
somal system brings about the shortening of long
chain fatty acids and also the ~-oxidation of other 
substances from the body's own metabolism or of 
xenobiotics. The two different ~-oxidation sys
tems are found only in animals; plants, lower 
fungi and yeast have only one type of peroxisomal 
system in the microbodies [235]. In addition to ~
oxidation of acyl-CoA, free fatty acids are subject 
to a-oxidation in the mitochondria and (D

oxidation in the cytoplasm. Because of its rela
tively large mass, the musculature contributes sig
nificantly to the ~-oxidation of fatty acids and to 
the metabolism of ketone bodies; the heart is also 
very active in this respect. In addition to ~
oxidation, the liver and kidney show considerable 
ketone-body formation, and the fat tissue also 
synthesizes triacylglycerols [195]. 

Prior to transport into the mitochondria, fatty 
acids must be bound to CoA by the activity of 
acyl-CoA synthetases of the cytosol or the outer 
mitochondrial membrane. An acyl-CoA synthe-

+ 
(CH3 \N-CH2CHCH2COO-

6-CO-R Acylcarnitine 

tase from the rat shows a surprising 36 % agree
ment with firefly luciferase in part (amino acids 
458-592) of its sequence of 699 amino acids 
[257]. A further acyl-CoA synthetase that is spe
cific for fatty acids with more than 22 C atoms is 
present in the peroxisomes of rat liver but not in 
the mitochondria [243]. Because the CoA
bound acyl residues cannot cross the inner mito
chondrial membrane, they must first be transfer
red to carnitine by the action of the external car
nitine acyltransferase. The acylcarnitine is trans
ported to the mitochondrial matrix by a specific 
translocase, and in the matrix is converted to 
acyl-CoA by the internal carnitine acyltransfe
rase; acyl-CoA is then completely degraded by 
~-oxidation (Fig. 15.9). Investigations of the 
mitochondria of mammalian heart suggest that 
outer and inner carnitine acyltransferases are 
identical; however, two enzymes exist with dif
ferent specificities for short- and long-chain acyl 
residues [17, 195]. The involvement of carnitine 
in mitochondrial fatty acid transport has also 
been shown in many insects. In the migratory 
locust Locusta migratoria, which consumes 
mainly lipids during sustained flight, the activity 
of carnitine acyltransferase is much higher than 
in the carbohydrate-utilizing Hymenoptera and 
Diptera. The flight-muscle mitochondria of the 
moth Prodenia eridania are specialized for fatty 
acid degradation and can oxidize palmitate 
in vitro without the addition of carnitine, 
whereas those of the related species Manduca 
sexta require carnitine. The carnitine acyltrans
ferase of the lepidopteran mitochondria may act 
to prevent the increase of acetyl-CoA to inhibit
ory concentrations when there is insufficient 
oxaloacetate present for its introduction into the 
citrate cycle [63]. 

CYTOPLASM -I . MITOCHONDRION --------

AMP+PPi 

RCOO-+ATP 
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Fig.15.9. Carnitine-dependent fatty acid 
transport across the inner mitochondrial 
membrane [195].1, Acyl-CoA synthetase 
of the outer mitochondrial membrane; 2, 
outer carnitine acyltransferase; 3, inner 
carnitine acyltransferase; 4, carnitine trans
locase 



The ~-oxidation of saturated fatty acids invol
ves four reaction steps per cycle (Fig. 15.10). 
Intermediate products are not released. Although 
individual active enzymes can be isolated, the sys
tem is apparently highly organized. It appears in 
fact that, in contrast to glycolysis or the citrate 
cycle, none of the intermediates are the starting 
points of other metabolic pathways. The enzymes 
of ~-oxidation have only been examined in detail 
in the mammals. In most cases, several isoenzy
mes of different substrate specificity are present. 
Thus, in the rat liver there are no less than five 
different acyl-CoA dehydrogenases, of which 
SCAD, MCAD and LCAD bring about the ~
oxidation of short-, medium- and long-chain fatty 
acids respectively, whereas isovaleryl-CoA 
dehydrogenase (IVD) is involved in the metabol
ism of leucine, and the 2-methyl-branched acyl
CoA dehydrogenase is involved in the metabol
ism of isoleucine and valine. Pairwise compari
sons of LCAD (400 amino acids), SCAD (388 
amino acids) and IVD (394 amino acids) show 
31-35 % sequence agreement [165]. There are at 
least two different enoyl-CoA hydratases (croto
nases), one each for short and long chains. Both 
are stereo-specific and convert the trans-2-enoyl
CoA resulting from acyl-CoA activity into L-3-
hydroxyacyl-CoA. The cis isomer results in D-3-
hydroxyacyl-CoA, which cannot be further pro
cessed by the next enzyme, L-3-hydroxyacyl 
dehydrogenase. The mitochondrial enoyl-CoA 
hydratase has a molecular mass of 161 kDa and 
consists of six identical subunits of 290 amino 
acids. The hydration reaction in the peroxisomes 
is catalysed by a monomeric, trifunctional 
enzyme that also has the activities of 3-
hydroxyacyl-CoA dehydrogenase and the ~3,~2_ 
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enoyl-CoA isomerase involved in the degradation 
of unsaturated fatty acids. The hydratase and 
dehydrogenase domains of the trifunctional poly
peptide show significant sequence agreement 
with the corresponding monomeric enzymes of 
the mitochondria [175, 235]. There are also two 
isoforms of acetyl-CoA acyltransferase (thiolase), 
the last enzyme of the series; one isoform is rela
tively unspecific and the other quite specific for 
acetoacetyl-CoA [195]. 

Problems arise in the p-oxidation of unsatur
ated fatty acids. Because the double bonds in 
natural fatty acids always have the cis configura
tion, stepwise degradation during ~-oxidation 
gives rise to either ~3-cis or ~2-trans-~4-cis com
pounds that cannot be effectively processed fur
ther by the stereo-specific enoyl-CoA hydratase 
(Fig. 15.10). The usual pathway involves the iso
merization of ~ 3 -cis-enoyl-CoA and the reduction 
of ~ 2-trans-~ 4-cis-dienoyl-CoA to ~ 2-trans-enoyl
CoA; the ~-hydroxyacylepimerase, which con
verts the otherwise unmetabolizable D-3-
hydroxyacyl-CoA to the L-isomer, seems to be 
absent, at least in the rat. On the other hand, 
there are at least three isoenzymes of ~3,~2_ 
enoyl-CoA isomerase, two in the mitochondria 
for short- and long-chain fatty acids, and a peroxi
somal form that occurs as part of a multi
functional protein [130]. Propionyl-CoA is pro
duced by the ~-oxidation of fatty acids with an 
odd number of C atoms; this compound cannot 
be metabolized by all cells, e.g. in mammals it 
can be metabolized by cells of the liver but not 
by those of the heart. Propionyl-CoA and 3-
hydroxy-3-methylglutaryl-CoA also arise from 
the ~-oxidation of methyl-substituted fatty acids 
[195]. In the vertebrates, propionyl-CoA is car-

Fig.l5.10. ~-Oxidation of saturated 
and unsaturated fatty acids [195]. The 
first C atoms of the chains are design
ated C and the remainder R; C* deno
tes the group -C-SCoA; c or t followed 
by a number indicates the configura
tion and position of a double bond, 
e.g. c9 = cis- /).9, t2 = trans- /).2. 1, 
Acyl-CoA dehydrogenase; 2, enyol
CoA hydratase; 3, 3-hydroxyacyl-CoA 
dehydrogenase; 4, 3-ketoacyl-CoA 
thiolase; 5, /).3 ,/). 2 -enyol-CoA isome
rase converts cis- or trans-3-enoyl
CoA into trans-2-enoyl-CoA; 6, 2,4-
dienoyl reductase (NADPH) converts 
2,4-dienoyl-CoA into 2-enoyl-CoA; 7, 
2-hydroxyacyl-CoA epimerase con
verts o-2-hydroxyacyl-CoA into L-2-
hydroxyacyl-CoA 
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boxylated to D-methylmalonyl-CoA, isomerized 
to L-methylmalonyl-CoA, and then converted 
by the cobalamin-dependent methylmalonyl-CoA 
mutase to succinyl-CoA, which then enters the 
citrate cycle. The same reactions but operating in 
the opposite direction are used by some inverteb
rates to produce propionate from succinate in 
anaerobic metabolism, so long as vitamin B12 is 
available (p. 552). Various invertebrates are rela
tively rich in cobalamin and catabolize propion
ate, just as the vertebrates do. In contrast, all 
insects, regardless of whether they have a lot of 
vitamin B12 (e.g. the termite Zootermopsis neva
densis) , a little (e.g. the cockroach Periplaneta 
americana) or none at all (e.g. the housefly 
Musca domestica) , degrade propionate by the 
same cobalamin-independent pathway: this invol
ves the formation of 3-hydroxypropionate by 
modified ~-oxidation and its decarboxylation to 
acetate. In the process, the C-2 of the propionate 
becomes the carboxyl group of acetate, and the 
C-3 becomes the methyl group [81]. 

The existence of a B-oxidation system in perox
isomes was first discovered in the endosperm of 
beans and in the ciliate Tetrahymena; it was later 
found in the rat liver and other vertebrate tissues 
and is probably also present in all invertebrates 
[65]. The ~-oxidation of fatty acids in Tetrahy
mena is restricted entirely to the peroxisomes. 
Although the reactions in the peroxisomes are the 
same as those which occur in the mitochondria, 
the enzymes are completely different. Whereas 
the first mitochondrial enzyme is a dehydroge
nase, which introduces electrons into the respira
tion chain and yields two ATPs, the first peroxiso
mal enzyme is an FAD-containing acyl-CoA oxi
dase which produces H20 2 and yields no ATP. The 
peroxide is removed by the catalase in the peroxi
somes. Because acyl-CoA oxidase is practically 
inactive against acyl residues with fewer than ten 
C atoms, the animal peroxisomes, in contrast to 
plant microbodies, cannot completely catabolize 
fatty acids [235]. Enoyl-CoA hydratase and 3-
hydroxylacyl-CoA dehydrogenase are combined 
with ~3,~2-enoyl-CoA isomerase to give a tri
functional enzyme. In contrast to the homotetra
meric enzyme of the mitochondria, the 3-
ketoacyl-CoA thiolase is a homodimer. How fatty 
acids reach the peroxisomes is still not known. 
Carnitine is not required; the carnitine acyltrans
ferase in the peroxisomes is possibly involved in 
the transport of short-chain fatty acids into the 
mitochondria [235]. 

The concept that by shortening long-chain 
fatty acids the peroxisomes prepare them for 

complete degradation in the mitochondria appar
ently does not hold for all vertebrates. Certain 
copepod species, which form the principal diet 
of herring, mackerel and other pelagic fish, are 
relatively rich in wax esters with the alcohol 
22:1(n-11); this is oxidized to the corresponding 
fatty acids in the gut mucosa. However, investiga
tions of the rainbow trout Salma gairdneri show 
that the fatty acids are not processed in the perox
isomes, the activity of which decreases with 
increasing chain length from C12 to CIS. The mito
chondria are in fact adapted to the particular fatty 
acid composition of the diet in that they can oxi
dize a wide fatty acid spectrum of 12: 0 to 22: 6 
[94]. 

The hydroxylation of lignoceric acid 24: 0 to 
cerebronic acid 2-0H-24:0, an important con
stituent of brain glycolipids, occurs by the action 
of a mixed-function oxygenase [195]. In the uro
pygial glands of many birds, fatty acids are 
hydroxylated at C-2, C-3 or terminal C atoms 
and are then metabolized further; for example, 
in the bunting Zonotrichia leucophrys the 2-
hydroxyacyl-CoA that is formed is immediately 
reduced to alkane-1,2-diol. 3-Hydroxy fatty acids 
probably arise by hydration of a 2-enoyl-CoA, 
and w-hydroxy fatty acids arise by the action of a 
microsomal cytochrome P-450 monooxygenase 
[108, 134]. a-Oxidation is the name given to the 
process whereby the C-1 of a fatty acid is cleaved 
off as CO2, and the C-2 is oxidized to a carboxyl 
group. For example, in the uropygial gland, shor
tening of 4-methyl fatty acids leads to 3-methyl 
fatty acids, the synthesis of which is otherwise 
difficult to imagine. This pathway allows the 
degradation of 3-methyl-branched fatty acids in 
mammalian liver and kidney; these fatty acids 
cannot be directly ~-oxidized. This is important, 
for example, in the degradation of phytanic acid 
(3,7,11,15-tetramethylpalmitinic acid) that arises 
from phytol in plant foodstuffs [195]. Oxidation 
of the last or penultimate C atom [00- or (00-1)
oxidation] leads to the formation of (D- or «(D-1)
hydroxy fatty acids and then to dicarbonic acid, 
which may be shortened still further by B
oxidation. These reactions involve the participa
tion of cytochrome P-450, require molecular oxy
gen and NADPH and, in addition to their occur
rence in the mammalian liver and kidney and in 
the uropygial gland, have been described in tr 
liver of the frog Rana catesbeiana [134, 1 ( 
188, 195]. PUFAs can be oxidized to hyCl-
acids by lipogenases and reduced 
hydroxy acids with internal substi' 
ent types of mammalian blood cell 
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mes that vary in their specificity for the C atom 
carrying the hydroperoxy or hydroxy group [188]; 
corresponding enzyme activities have also been 
reported in the gills ofthe trout Salmo trutta [69]. 

15.1.5 Ketone Body Formation 
and Degradation 

Hunger brings about within a few hours a switch 
in the mammalian liver from carbohydrate con
sumption and fatty acid biosynthesis to fatty acid 
oxidation and ketone body formation, the latter 
process predominating in diabetes. The term 
ketone bodies refers to acetoacetate, D-3-
hydroxybutyrate and acetone. The ketone bodies 
produced by the liver can be oxidized by many 
extra-hepatic tissues. Because of their high solu
bility in water, ketone bodies are preferentially 
consumed as respiratory substrates by cells during 
periods of hunger and in diabetes. The formation 
of ketone bodies occurs via 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) (Fig. 15.11). In 
principle, the enzymes of the HMG-CoA path
way are present in all organs; however, the rate
limiting enzyme HMG-CoA synthase only has a 
high activity in the liver, which is therefore the 
main site of ketone body production. The rate
limiting enzyme of ketone body degradation is 3-
ketoacyl-CoA-transferase. The liver lacks this 

enzyme and can produce, but cannot degrade, 
ketone bodies. Acetone arises from acetoacetate 
by spontaneous decarboxylation. Contrary to ear
lier assumptions, only part of the acetone pro
duced in humans during hunger or diabetes is 
excreted in exhaled air, urine and sweat; as much 
as two-thirds is metabolized to CO2 and glucose 
by an unknown process [5]. Ketone bodies in the 
liver and blood do not only increase in hungry 
mammals; high levels are also found in the 
ground-squirrel Spermophilus undulatus during 
hibernation (Table 15.6). This suggests their 
importance as an energy source [217]. Ketone 
body formation is found in the liver of all verteb
rates from the agnathans to the mammals. A 
hunger-associated increase in blood levels of ace
toacetate and 3-hydroxybutyrate has also been 
reported for the shark Scyliorhinus canicula (Tab
le 15.6). In contrast, there is no change in the 
acetoacetate content of the blood in the sunfish 
Dicentrarchus labrax, and 3-hydroxybutyrate is 
completely absent from this and other teleost spe
cies. In this case, free fatty acids apparently play 
a large role during hunger [290]. A large-scale 
study of the muscles of many vertebrates and 
invertebrates showed the presence of 3-ketoacyl
CoA transferase and acetoacetyl-CoA thiolase in 
all species examined. On the other hand, little 3-
hydroxybutyrate dehydrogenase was found in the 
muscles of marine teleosts, the snail Buccinum 
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Fig.IS.ll. Ketone body formation (order of 
reactions 1-2-3-4/5) and degradation (order of 
reactions 5-6-1). 1, Acetoacetyl-CoA thiolase; 
2, 3-hydroxy-3-methylglutaryl-CoA (HMG
CoA) synthetase; 3, HMG-CoA lyase; 4, spon
taneous decarboxylation; 5, 3-hydroxybutyrate 
dehydrogenase; 6, 3-ketoacyl transferase 
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Table 15.6. Changes in the ketone body concentration 
(llIIlol/l or llIIlol/kg fresh weight) during hunger in the rat 
[71], the ground-squirrel Spermophilus undulatus [217], the 
dogfish Scyliorhinus canicula [290], the cockroach Peripla
neta americana [236], and the snail Biomphalaria glabrata 
[170] 

Acetoacetate 3-Hydroxy-
butyrate 

Fed Hungry Fed Hungry 

Rat Blood 49 283 40 426 
Liver 86 244 107 957 

Squirrel Blood 29 248 54 1232 
Liver 39 247 116 906 

Dogfisch Blood 40 290 30 1610 
Cockroach Haemolymph 470 3000 1330 1100 
Snail Haemolymph 146 42 571 40 

Fed, fed animal; hungry, hungry animal (hibernating in the 
case of the squirrel) 

undatum, and various crustaceans and insects; 
however, it was consistently present in elasmob
ranchs, amphibians, birds and mammals. Muscles 
may be divided into three groups on the basis of 
the activity of 3-ketoacyl-CoA transferase. 
lYPe 1, with activities of less than 0.01 DIg fresh 
weight, probably covers its energy requirements 
mainly by glycolysis; examples of such muscles 
are the abdominal muscles of the lobster and the 
white muscles of several teleosts. Type 2, with 
activities of up to 5 DIg fresh weight, only turns 
over ketone bodies during periods of hunger. 
Type 3, with activities over 5 DIg fresh weight, 
probably continuously oxidizes ketone bodies so 
long as they are present; for example, the brain is 
able to utilize glucose or ketone bodies depend
ing upon their availability. Type 3 in particular 
includes continuously active muscles such as the 
red muscle of the teleosts, the heart muscle of all 
vertebrate classes, the muscular stomach of the 
chicken and the diaphragm of the mammals [13]. 

Little is known about the ketone body meta
bolism of the invertebrates. Only the crayfish 
Orconectes limosus, the snail Biomphalaria glab
rata and several insects have been investigated in 
any detail [63, 170]. All the organs of Orconectes 
can produce, as well as degrade, ketone bodies; 
the clear specialization associated with mamma
lian organs is not known. 3-Hydroxybutyrate 
dehydrogenase is not present in any organ, and 
thus there is no 3-hydroxybutyrate in the haemo
lymph. The acetoacetate content of the haemo
lymph increases only after prolonged periods of 
hunger. In Biomphalaria, the complete set of 
enzymes for ketone body synthesis is found only 

in the hepatopancreas; all other organs lack 
HMG-CoA synthase. 3-Hydroxybutyrate dehyd
rogenase also has its highest activity in the hepa
topancreas but is present in all other organs. 
The concentrations of acetoacetate and 3-
hydroxybutyrate are very high in the haemo
lymph of well-fed animals but drop considerably 
during hunger (Table 15.6). It is possible that dur
ing hunger ketogenesis is prevented by the lack of 
substrates [170]. All enzymes necessary for 
ketone body production and degradation have 
been detected in one insect species or another, 
although ketone body metabolism has not really 
been closely examined in any species. The blood 
of the desert locust Schistocera gregaria contains 
mainly acetoacetate and the fat bodies contain 3-
hydroxybutyrate; in the cockroach Periplaneta 
americana both are present in the haemolymph at 
very high concentrations and the acetoacetate 
concentration increases still further during hun
ger (Table 15.6). 

15.2 Reserve Lipids and Lipid-Rich 
Secretions 

Neutral lipids, such as triacylglycerols (fats), wax 
esters and hydrocarbons, have several advantages 
over glycogen as energy reserves. They not only 
have a higher energy potential (about 39 kJ/g 
compared with 17 kJ/g for glycogen) but also are 
not hydrated; thus, a fat reserve can deliver eight 
to nine times more energy than can a glycogen 
reserve of the same mass. The consumption of 
lipids is also advantageous for the water balance. 
The oxidative catabolism of 1 g trioleoylglycerol 
produces 1.06 ml metabolic water, compared with 
0.67 rnl from 1 g glycogen. Thus, high fat con
tents are mainly found in animals that need large 
energy reserves, e.g. in hibernating species, in 
migratory fish species such as eels and salmon, 
and, in particular, in long-distance fliers such as 
migratory birds, locusts and certain lepidopte
rans, for which the reduced weight and yields of 
water are of critical importance. The "fat index" 
ratio of fat: fat-free dry weight is usually about 0.3 
for non-migratory birds but reaches values of 
over 3.0 in migratory birds at the beginning of 
their journey. 

The advantages of fats as energy reserve sub
stances must be set against some disadvantages. 
Their water insolubility brings problems of trans
port from the storage tissue to the site of utiliza
tion and, in contrast to glycogen, they can only be 
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catabolized in the presence of sufficient oxygen. 
As well as their major importance as energy reser
ves, fat stores can have other biological functions, 
e.g. heat insulation in seals and whales, or the 
improvement of buoyancy in the elasmobranchs, 
which have no swim bladders [270], and also in 
some teleosts, whales and aquatic invertebrates. 
The lipid-rich forehead projection (melon) of dol
phins and toothed whales presents a very unusual 
function for lipids; it forms an ultrasound lens 
with which to focus the sounds emitted in echo 
navigation (p. 567; Table 15.5). Fats also serve as 
energy supplies in the secretions intended for the 
nutrition of young animals. The fat content of 
mammalian milk is particularly high in species in 
which the young have especially high energy 
requirements (see Table 13.2, p. 467); this is the 
case, for example, for young mice because of 
their small body size, and for young whales 
because of their unusual lifestyle. The nutritional 
secretions discussed in the following sections 
include the crop milk of pigeons, the stomach oils 
of petrels and the secretion from the Dufour 
glands of several hymenopterans. 

15.2.1 Triacylglycerols (Triglycerides) 

The most common reserve fats, the triacylglyce
rols (TAGs), have fatty acid compositions which 
vary widely with the species and diet. In mam
mals, the main site of TAG production and stor
age is the fat-tissue cells (adipocytes), but the gut 
mucosa, liver and milk glands are also capable of 
intensive TAG synthesis. In the insects, the gut 
wall and the fat-body cells are the main sites of 
TAG synthesis and storage. The biosynthesis of 
TAG can occur via one of three pathways. The 
glycerol-3-phosphate (GP) pathway and the 
dihydroxyacetone phosphate (DHAP) pathway 
proceed via phosphatidic acids, which are also 
the starting point for phospholipid synthesis 
(Fig. 15.22, p.603). The phosphatidic acids are 
dephosphorylated by an acidic phosphatase to 
1,2-diacylglycerol (DAG), which can then be con
verted to TAG by acyl transfer. The third possibil
ity, the monoacylglycerol (MAG) pathway, 
leads from the product of lipase activity 2-
monoacylglycerol via DAG to TAG. The DHAP 
pathway is of great importance in just a few mam
malian organs, e.g. the brain. The MAG pathway 
has been mainly investigated in the cells of the 
small intestine, in which the MAG and fatty acids 
extracted from the gut lumen are resynthesized to 
give TAG and are given up into the lymph as chy-

lomicrons after combination with phospholipids, 
cholesterol and proteins (p. 194). 

The fat tissues of the rat contain all three path
ways of TAG synthesis in the order GP > DHAP 
> MAG, but the existence of the MAG pathway 
in the milk glands is in some doubt. The acylation 
of 2-monoacylglycerol is not an unambiguous 
indication of this pathway, because in fact MAG 
can enter the GP pathway after hydrolysis to 
glycerol and phosphorylation to glycerol-3-
phosphate. Even the low acylation of 2-
monoacylglycerol without prior hydrolysis, 
observed in the milk glands of the goat, is no 
indication for the existence of the MAG pathway, 
as this can be explained by acyl transfer by lipases 
[85]. The GP pathway of TAG synthesis is widely 
found in plants and animals, and the MAG path
way has been clearly demonstrated in insects. In 
the microsomes of the Mediterranean fruit fly 
Ceratitis capitata, the acylation of glycerol-3-
phosphate (G-3-P) is inhibited by MAG, 
whereas, conversely, G-3-P has no effect on 
MAG acylation. In Periplaneta americana, the 
MAG pathway appears to playa larger role in the 
midgut than in the fat bodies; in Locusta migrato
ria, the MAG pathway serves primarily in the 
formation of DAG as a transport form, and the 
GP pathway serves for TAG storage [63]. 

15.2.2 Energy Substrates in Muscles 
and Other Tissues 

The greatest specialization in favour of particular 
energy-yielding substrates is found in the Oight 
muscles of the insects. Because of their tracheal 
system, they have a purely aerobic metabolism in 
which different species show preference for the 
utilization of carbohydrate, fat or proline. The 
muscles display corresponding characteristic dif
ferences in their complement of enzymes for 
energy-yielding metabolism (Table 15.7a). The 
flight muscles of hymenopterans and dipterans, 
which usually fly only short distances, and the 
thorax muscles of the non-flying cockroaches are 
specialized to use carbohydrates. The glycogen 
reserves of the flight muscles last for only a 
limited time; the haemolymph trehalose, which is 
made in the fat bodies from glycogen, is then 
respired. In contrast, the flight muscles of long
distance fliers, such as many lepidopterans and 
orthopterans can utilize fats. Several of these spe
cies also use mainly carbohydrates at the begin
ning of flight, but then gradually switch over to 
the oxidation of fatty acids; this has been inves-
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Table 15.7. Enzyme activities of energy-yielding metabol
ism in various muscles 

a Flight muscles of various insects 
Enzyme activities in !-tmol/mg muscle protein h-1 

Representatives of different insect orders [12]: 
1, Calliphora erythrocephala (uses carbohydrate); 
2, Locusta migratoria (uses carbohydrate and fat); 
3, Philosamia cynthia (uses fat); 
4, Leptinotarsa decemlineata (uses proline). 

Ants with different feeding habits [162]: 
5, Formica ulkei (sucks honeydew, uses carbohydrate); 
6, Pogonomyrmex califomicus (seed eating, uses fat); 
7, Atta colombica (fungus eating, uses carbohydrate 

and fat) 

1 2 3 4 5 6 7 

GAPDH 194 69 18 30 43 0.8 25 
LDH <0.05 0.3 0.6 0.1 
GPDH 48 33 13 17 21 2.1 2.7 
HOAD <0.05 66 98 11 <0.4 3.1 3.4 
CS 45 57 80 11 32 15.3 10.5 
GluDH 1 58 
GPT 4 80 

b Red and white musculature of the tuna fish Euthynnus 
pelamis [75] (data in U/g fresh weight) 

Phosphorylase 
Aldolase 
Lactate dehydrogenase 
Glycerol-sn-3-phosphate 
dehydrogenase 
Citrate synthase 
Glutamate dehydrogenase 
Aspartate aminotransferase 
Alanine aminotransferase 

Red muscle White muscle 

22 
36 

510 
22 

21 
5.9 

102 
7.7 

106 
269 

5500 
105 

2.1 
3.0 

43 
2.0 

GAPDH, Glyceraldehyde phosphate dehydrogenase; 
LDH, lactate dehydrogenase; GPDH, glycerol-sn-3-
phosphate dehydrogenase; HOAD, f3-hydroxyacyl dehyd-
ogenase; CS, citrate synthase; GluDH, glutamate dehyd

rogenase; G PT, alanine aminotransferase 

tigated in detail in the migratory locust Locusta 
migratoria [12]. In most insect species, the fatty 
acids oxidized in flight muscles originate from the 
DAG of the haemolymph, where they are bound 
to special transport proteins (lipophorins; p.195). 
The bug species Rhodnius prolixus and Triatoma 
infestans use mainly fatty acids in flight; in this 
case these come not only from haemolymph 
DAG but also from TAG in the flight muscles 
[273]. Based on the enzyme spectra, different ant 
species are specialized for different energy sub
strates (Table 15.7 a): Formica ulkei, which feeds 
on honeydew, is specialized to use carbohydrates; 
the fungus-eating species Atta colombica can 

apparently use both carbohydrates and lipids; 
and, somewhat surprisingly for a hymenopteran 
species, the grain-eating Pogonomyrmex calif or
nicus has an enzyme system completely adapted 
to fatty acid oxidation [162]. 

In the gut cells of insects, lipids are absorbed as 
free fatty acids, MAG and DAG in species
specific proportions, and are resynthesized in the 
cells to give TAG. In contrast to the gut epithe
lium cells of mammals, fat droplets are produced 
freely suspended in the cytoplasm; and unlike the 
chlyomicrons of mammals, the fat droplets are 
not subjected to exocytosis. Instead, fatty acids 
and DAG are released into the cytoplasm as indi
vidual molecules [135]. In insect haemolymph 
DAGs are apparently sn-l,2 in structure [158]. 
There are two possible mechanisms for their 
formation in fat bodies and the relative impor
tance of these mechanisms is controversial: (1) 
hydrolysis of TAG by an sn-3-specific lipase can 
occur or (2) there may be hydrolysis of TAG as far 
as 2-MAG, and then acylation by MAG acyltrans
ferase [12, 158]. DAG release from f~t bodies is 
hormonally regulated. Adipokinetic hormones 
from the corpus cardiaca have been found in 
many insects and have been isolated and 
sequenced from several orthopterans and lepi
dopterans (see Fig. 8.6 g, p. 306). They stimulate 
the fat-body lipase, although this does not hap
pen in all species; during the process a cAMP
dependent phosphorylation apparently occurs. 
The DAGs in haemolymph are bound to trans
port proteins, the lipophorins, which are removed 
again upon uptake of DAG into the flight muscle. 
This is significantly different to the situation in 
the vertebrates, where unaltered lipoproteins are 
taken up by endocytosis into different sorts of 
cells [12]. 

The brains of several insect species, e.g. Dro
sophila melanogaster and Bombyx mori, can also 
use fatty acids as energy substrates. They there
fore constitute an interesting exception to the 
other nervous systems examined, as these can 
only cover their energy requirements with glucose 
or, under certain conditions, partly with ketone 
bodies. This is true not only for the mammals but 
also for all other vertebrates, the edible snail 
Helix pomatia, the earthworm Lumbricus terre
stris, the crayfish Orconectes limos us and, 
amongst the insects, the bees and the fly Calli
phora erythrocephala [275]. Proline also partici
pates in the flight muscle metabolism of many 
insects; it provides oxaloacetate for the introduc
tion into the citrate cycle of eoA derived from 
pyruvate or fatty acids. Proline is the main sub-
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strate of flight muscle metabolism in the stable fly 
Glossina morsitans and the potato beetle Lepti
notarsa decemlineata. The proline metabolism of 
these species was described on p. 421. Proline addi
tionally plays a significant role as an energy sub
strate in the gut wall of the migratory locust and 
in the mantle muscles of the cephalopods [35]. 

Fkatty acids are also important energy substra
tes in many vertebrate muscles, including those of 
humans. The various energy substrates of human 
muscles differ, on the one hand, in the amounts of 
energy stored and, on the other hand, in the max
imal possible rates of energy production (see Tab
le 14.4, p.536). An adult male has an energy 
reserve of about 340 000 kJ in body fat and only 
about 7500 kJ in the liver glycogen and muscle 
glycogen. Thus, the 12000 kJ of energy required 
for a marathon run can only be obtained by oxi
dation of fatty acids in the muscles. The propor
tion of total energy used that is derived from fatty 
acids is limited by the rate at which these can be 
made available. In contrast to some birds and 
fish, human muscles contain only small amounts 
of fatty acids in the form of TAG; the muscle 
therefore oxidizes mainly exogenous fatty acids 
obtained from the fat tissues and transported in 
the blood as non-esterified fatty acids (NEFA) 
bound to albumin. The blood NEFA concentra
tion is regulated between 0.3 and 2.0 mmol/l, 
with the highest values being found during per
sistent muscle activity, during hunger and in the 
diabetic condition. The release of fatty acids from 
the fat tissues (lipolysis) is hormone controlled 
with cAMP acting as the second messenger to 
activate a protein kinase and bring about the con
version of lipase b to active lipase a. The fact that 
fatty acids can be so rapidly turned over, despite 
their low concentration in the plasma, is due to 
their short residence time in the plasma; they 
have a half-life of 2 min. 

The intensive utilization of fatty acids in 
muscle metabolism is a feature of the breast 
muscles of the pigeon and other long-distance 
fliers amongst the birds, and of certain fish musc
les. Vertebrate muscles are made up of different 
types of fibres which differ not only in their func
tional and contractile characteristics but also in 
their complement of enzymes for energy-yielding 
metabolism. The extremes are represented by the 
"fast-twitch white" type, which is specialized for 
anaerobic glycolysis production of energy for 
sudden, short-lived activity, and the "slow-twitch 
red" type, which is adapted for persistent activ
ity, has a high capacity for fatty acid and pyruvate 
oxidation, and owes its red colour to its myoglo-

bin content (Table 15. 7b). Most vertebrates pos
sess intermediate types with many muscles com
posed of several types of fibre. However, most of 
the body musculature of the primitive fish is 
made up exclusively of white fibres which are 
used only during fleeing or hunting movements; 
the thin red lateral muscles serve during continu
ous swimming. The red muscles of the salmon 
use mainly fatty acids at the start of spawning 
migration, and later use amino acids, with ala
nine being much more important than proline 
[178]. 

15.2.3 Wax Esters, Hydrocarbons 
and "Ether Glycerides" 

Certain animal groups contain l-alkyl-2,3-di
acylglycerols (ether glycerides), wax esters and 
hydrocarbons as storage lipids, either in addition 
to or instead of triacylglycerols. Glycerolipids 
with an alcohol (alkyl residue) instead of a fatty 
acid (acyl residue) at position sn-l are widely 
found in the phospholipids but occur much less in 
the neutral fats. Small quantities of l-alkyl-2,3-
diacylglycerols are found in the liver of mammals 
and amphibians; larger quantities are found in 
the preputial glands of the mouse and rat; and the 
largest quantities amongst the vertebrates are 
present in the elasmobranch. In fact, the trivial 
names chimyl, batyl and selachyl alcohols for 
I-hexadecyl-, l-octadecyl- and l-octadec-9-enyl
glycerol come from the elasmobranch Chimaeri
dae, Batoidei and Selachii, in which they were 
first discovered. Ether glycerides with alkyl resi
dues with 8-19 C atoms make up about 20-69 % 
of the total lipids in the hepatopancreas of several 
Japanese brachyurans. Almost 6 % of the body 
lipids of the cephalopod Octopus dofleini consist 
of ether glycerides, with the highest concentra
tions again occurring in the hepatopancreas. 
1(2' -Hydroxyalkyl)- and 1(2' -methoxyalkyl)-2,3-
diacylglycerols have also been found in some mar
ine animals [104]. 

Traces of wax esters arising from the diet are to 
be found in probably all animals. Larger 
amounts, constituting approximately 10 to over 
90 % of the total lipids, have been reported in 
more than 120 species of marine animals from 
seven phyla [133]; a selection of the data is shown 
in Table 15.8. Wax esters are particularly wide
spread in the crustacean groups Copepoda, 
Euphausiacea and Mysidacea, in the cartilagin
ous and bony fish, including the crossopterygian 
Latimeria chalumnae, and in the toothed whales. 
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Table 15.8. Wax esters of marine animals (% total lipid) 
[133] 

Cnidaria 
Ctenophora 
Chaetognatha 
Mollusca 
Ann. Polychaeta 
Crustacea 

Elasmobranchii 
Teleostei 

Crossopterygii 

Odontoceti 
(Toothed whale) 

Conylactis gigantea 40 
Beroe cucumis 12 
Eukronia hamata 12 
Cranchiidae squids 32 
Alciopidae 76 
Cyphocaris chalengeri 69 
Calanus helgolandicus 33 
C. hyperboreus 92 
Euchaeta japonica 54 
Gnathophausia ingens 69 
Euphausia crystallorophias 30 
Hymenodora glacialis 62 
Chlamydoselachus anguineus: liver 58 
Cyclothone signata 33 
M erluccius capensis: ovary 25 
Laemonema morosum: muscle 50 

liver 60 
Stenobrachius leucopsarus: muscle 90 
Ruvettus pretiosus 92 
Mugil cephalus: ovary 67 
Latimeria chalumnae: muscle 93 

fat tissue 97 
Tursiops truncatus: jaw 35 
Physeter catodon: blubber 66 

spermaceti organ 73 
Hyperoodon ampullatur: blubber 70 

Several of these species occur as enormous num
bers of individuals, e.g. the Antarctic krill 
Euphausia crystallorophias and the "deep-sea 
minnow" Cyclothone signata from the family 
Gonostomatidae. Thus, the wax esters belong to 
the most important organic compounds of the 
biosphere, with an estimated yearly production of 
300 million t [133]. As a group characteristic, wax 
esters are found only in the copepods Calanoi
dea, where all 40 species from the families so far 
examined contain such lipids. In general, the wax 
ester content of crustaceans and fish appears to 
be more dependent on the habitat and nutrition 
than on the systematic position. It is noteworthy 
that the plankton inhabiting the deeper layers of 
the ocean (bathypelagic) are all rich in wax esters. 
Hence, species of both the copepods Calanoidea 
and the Gonostomatidae that inhabit the deeper, 
colder depths contain more wax esters than do 
those in warmer surface layers [133, 193]. Fish 
species living close to the surface (epipelagic) 
contain wax esters almost exclusively in the ovary, 
whereas in bathypelagic species they are also pre
sent in muscles and other tissues. In contrast to 
the waxes of terrestrial species, the marine wax 
esters always consist of even-numbered, un
branched fatty acids and fatty alcohols with the 
usual numbers of C atoms. The chain lengths lie 
between 26 and 42 C atoms with most in the 

region 32-38. The principal fatty acids are 12:0 
and 14:0 in the sperm whale, 18:1 in fish muscle, 
and higher unsaturated fatty acids in fish ovary. 
The structural differences between the wax esters 
of muscle and ovary suggest various functions; it 
may be that the egg wax esters are a reserve for 
phospholipid synthesis and energy metabolism, 
and those of the muscle are more involved in 
buoyancy regulation. Amongst the fatty alcohols, 
16:0 predominates in bathypelagic plankton, and 
20: 1 and 22: 1 predominate in epipelagic types; 
the krill Euphausia crystallorophias has 14:0 fatty 
alcohols. There are few reports dealing with the 
metabolism of the wax esters of marine animals. 
The fatty acids may come partially from de novo 
synthesis but most are derived from the diet. The 
reduction of fatty acids to alcohols is brought 
about by a special reductase system that prefers 
NADH to NADPH, requires ATP and CoA, and 
is apparently only present in significant amounts 
in species producing wax esters. However, acyl 
transferases, which can produce wax esters from 
acyl-CoA and fatty alcohols, appear to be widely 
distributed [133, 193]. Just as little is known 
about the degradation of wax esters. The lipases 
of the examined copepods and fish cleave wax 
esters much more slowly than TAG and, in addi
tion, are inhibited by fatty alcohols. Thus, it is 
conceivable that the released fatty alcohol is 
immediately oxidized by an NAD-dependent 
alcohol dehydrogenase, as found, for example, in 
the liver of the shark Squalus acanthias. Fish that 
themselves have no wax esters can, however, 
metabolize them; the fatty alcohols released in 
the gut lumen are oxidized to fatty acids during 
absorption [133, 193]. 

It is only possible to speculate about the func
tions of the wax esters and their advantages over 
TAG. They can probably function as energy reser
ves, although there is no direct evidence for this. 
Like all lipids, they are lighter than seawater and 
can therefore help to adjust the density of the ani
mal to that of the surrounding water. In this res
pect they are superior to TAG: wax esters have a 
density of 0.904 g/cm3 at 5°C compared with 
0.942 for TAG; therefore, the esters provide 45 % 
more buoyancy. To attain the density of seawater, 
an animal must contain about 29 % wax esters but 
37 % TAG [133]. In the toothed whales, wax 
esters form the main component of the blubber 
and are involved in heat insulation. The blubber 
is a fibre-rich subcutaneous connective tissue that 
can make up 40 % of the body weight; it contains 
50-80 % lipid, which in the sperm whales (Physe
teridae) and the beaked whales (Ziphiidae) con-



sists mainly of wax esters. An unexpectedly high 
TAG content (50 %) found in the blubber of a 
very young beaked whale Mesoplodon bidens is 
probably related to the changeover from TAG
rich milk to a wax-ester-rich diet [157]. Enormous 
cavities in the head of the sperm whale contain 
several tonnes of a fat substance known as sper
maceti. This gives rise to spermaceti wax which 
consists of esters of cetyl alcohol 12: 0 with differ
ent saturated fatty acids of C12 to C18. The large 
commercial interest in this wax has led to the near 
extinction of the sperm whale [133]. An 
extremely long-chain fatty alcohol with chains of 
38 to more than 44 C atoms and one to three 
methyl branches has been detected in the inter
nal, but not the surface, lipids of the pupae of the 
lepidopterans Trichoplusia ni and Manduca sexta. 
The internal fatty alcohols differ from the 
branched hydrocarbons of the surface lipids in the 
localization of the methyl branches. Tracer exper
iments with 14C-acetate and 14C-propionate 
showed these fatty alcohols to be the most act
ively synthesized lipids of the pupa. In M. sexta 
they reach a maximum of 550 ILglpupa 9 days 
after pupation; they are completely absent from 
the larvae and adults [192]. 

Hydrocarbons are found in all marine orga
nisms but usually comprise no more than 1 % of 
the total lipids. Marine phytoplankton contains 
large quantities of highly unsaturated hydrocar
bon compounds, especially heneicosahexane 
(21: 6), which arises by the decarboxylation of the 
fatty acid 22:6(n-3). Alkanes, alkenes and alka
dienes with chain lengths of 17 to 25 C atoms are 
also found in the tissues of various shark species 
(Table 15.9). The branched hydrocarbon squa
lene (Fig. 15.12) was discovered in 1916 in the 
liver oil of the shark genus Squalus and is also 
present in the tissues of other shark species. The 
widespread presence of trace amounts of squa
lene is explained by the fact that it is an inter
mediate of steroid biosynthesis. The branched 

Prislane 

Squalene 

Fig.15.12. Pristane and squalene 
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Table 15.9. Percentage composition of storage lipids in the 
liver and muscle of various Caribbean sharks [270] 

Lip WE TAG Hc mainly 

Dalatias licha >99 35 19 3 Sq 
Centrophorus >99 41 14 2 17:2 + Sq 
granulosus 
Hexanchus vitulus >99 0 83 12 17:2 + 18:0 
Etmopterus 94 2 40 34 17:2 + Pr + 
hillianus 17:1 
Carcharhinus 93 39 18 11 25:0 
perezii 
Sphyrna 51 14 20 14 18:0 
lewini (liver) 

(muscle) 49 4 2 30 25:0 + Sq 

Lip, Organ lipid (% total body lipid); WE, wax ester; 
TAG, triacylglycerol; Hc, hydrocarbon (the latter three as 
% organ lipid); Sq, squalene; Pr, pristane 

hydrocarbon pristane (Fig. 15.12) arises from the 
chlorophyll component phytol in plant feedstuffs 
and is therefore also widely found in trace 
amounts. Copepods of the genus Calanus accu
mulate pristane to unusual levels and then pass it 
on in the marine food-chain, e.g. to the herring
type teleosts and various shark species [133, 270]. 
Comparative studies of 11 different shark species 
showed a surprising variety of storage lipids com
posed, according to the species, of varying pro
portions of TAG, ether glycerides, wax esters and 
hydrocarbon compounds (Table 15.9). The main 
storage site is the liver, which forms up to 37 % 
(average of 12 %) of the body weight and can 
hold more than 90 % of the total lipids [270]. 

15.2.4 Fat-Rich Secretions 

The fat content of mammalian milk mostly lies 
between 2 and something over 10 % of dry matter 
(Table 13.2, p. 467). The extreme values of more 
than 50 % found in seals, whales and the grizzly 
bear are probably related to the large amounts of 
energy that the young animals require in order to 
maintain their body temperatures. Milk fat is 
composed entirely of TAG. Of the more than 150 
different fatty acids that have been identified in 
cows' milk, which, next to human milk [232], is 
the best investigated, only the even-numbered 
unbranched fatty acids with 4-18 C atoms are 
present in proportions of over 1 % (Table 15.4). 
The fatty acids that are present in trace amounts, 
including the odd-numbered and branched types, 
as well as propane-, hydroxy- and oxo-fatty acids, 
are derived from the diet or, in particular, from 
the metabolism of rumen bacteria. Medium- to 
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long-chain fatty acids (C8 to C12) are found in the 
milk of all terrestrial mammals, whereas butyric 
acid (C4) is present only in the milk of ruminants. 
The fatty acid spectrum in the milk of marine 
mammals is similar to that ofthe storage fat [159]. 

The crop milk of pigeons (Columbiformes) is 
in many ways comparable with mammalian milk. 
Male and female pigeons feed the young with a 
cheese-like white mass from the crop, the secre
tion of which, like the secretion of mammalian 
milk, is regulated by prolactin from the hypophy
sis. Crop milk consists of fat-laden epithelial cells 
which contain little carbohydrate but much pro
tein and lipid. In addition to about 80 % TAG, 
the lipids also include phospholipids and choles
terol. The fatty acid spectrum corresponds to that 
of the body fat and consists of more than 90 % of 
the usual CI6 and CI8 fatty acids [239]. The lipid
rich oesophagal fluids of the flamingo Phoenicop
teris ruber (total fat content 18 %) and of the pen
guin Aptenodytes forsteri (total fat content 29 %) 
also serve to feed the young. In contrast, the 
stomach oils found in the proventricules of the 
albatrosses (Diomedeiae), petrels (Procellarii
dae) and stormy petrels (Hydrobatidae), but not 
the diving petrels (Pelecanoididae), which form 
the fourth family of the order of the tube-nosed 
swimmers (Procelariiformes), have a variety of 
functions. These are yellow to brown oils that 
occur in volumes of up to 200 ml in the proventri
culus in both sexes, even outside of the breeding 
season, and also in young animals. They are fed 
not only to the young but also to the sexual part
ner during courtship feeding. Finally, the stomach 
oils are used in the defence reaction of this avian 
order; this involves so-called oil spitting, which is 
also seen in young animals. The composition of 
the oil is very variable and differs between indivi
duals of the same species. It can therefore prob
ably be assumed that the oils have their origin in 
foodstuffs, and their variability reflects that of the 
diet. The most important components, which are 
found in very different proportions, are TAG and 
then alkyldiacylglycerols, wax esters and hydro
carbons. The TAG includes large amounts of the 
fatty acids 20:5 and 22:6, just like in marine fats; 
this further suggests that the origin of the oils lies 
in nutrition. The components of the wax esters 
are predominantly monounsaturated fatty acids 
and fatty alcohols of CI4 to C22 • Hydrocarbons are 
seldom found in large amounts but include, 
above all, squalene, and also pristane (Fig. 15.12) 
[109]. 

Lipid-rich nutritional secretions are also found 
in the insects. The cockroach Diploptera punc-

tata, which bears living young, releases a milky 
secretion into the breeding sac and this brings 
about a 60-fold increase in the weight of the first 
larval stage compared with the weight of the egg. 
The secretion contains proteins as 45 % of the dry 
weight; 25 % is carbohydrate and 16-22 % lipids, 
mainly phospholipids and cholesterol. A lipid
rich secretion is produced in the Dufour glands of 
some hymenopterans; these are associated with 
the sting apparatus. This secretion serves as food 
for the larvae of the solitary bees of the genus 
Centris. It consists of odd-numbered alkanes with 
19-29 C atoms, and in C. analis also contains wax 
esters with C8 to C14 fatty alcohols and C2 to C14 

fatty acids [32]. Anthophora abrupta secretes 
from the Dufour gland a complex mixture of fluid 
TAGs that always contains a palmitic acid residue 
and two short-chain acyl residues (C2 , C4 or C6). 

The breeding cavities are lined with DAG, mainly 
dipalmitoylglycerol. The easily transportable 
TAGs produced in the Dufour gland are presum
ably hydrolysed and re-esterified for production 
of the honeycomb, perhaps by enzymes from the 
digestive glands. The pheromones produced in 
the Dufour glands of the ants will be discussed in 
Chapter 19. 

15.3 Lipids of the Body Surface 

The surfaces of terrestrial plants and animals are 
covered with a lipid layer whose general function 
is to protect the organism from unfavourable 
environmental factors. In some groups of orga
nisms, the main function is protection against 
dehydration (plants, terrestrial arthropods), 
whilst in others it is protection against water pen
etration (birds, mammals). In addition, the lipid 
layer hinders the entry of bacteria and other fore
ign organisms, and may playa role in "chemical 
communication" between members of a species. 
The term "wax" is often used for the surface 
lipids, although they include not only wax esters 
but usually complex mixtures of very different 
neutral lipids. Despite the structural variety, sur
face lipids share certain common properties that 
can be considered as functional adaptations. 
Independent of whether they are liquid or solid, 
they always have very long hydrocarbon chains 
and are thus relatively non-volatile. They contain 
a relatively low number of double bonds, which 
can be oxidized by atmospheric oxygen, and are 
particularly resistant to hydrolytic and other 
metabolic processes. 



Based upon their specific adaptations, the sur
face lipids have unique structural characters and 
differ fundamentally from the internal lipids. 
Thus, branched hydrocarbon chains are common 
in the surface lipids but rare in the internal lipids. 
The hydrocarbon compounds and the mono- and 
diester waxes of the surface waxes play only a 
minor role in the body fat of most organisms. Sur
face lipid preparations may be contaminated with 
internal lipids during isolation, leading to consi
derable errors in analytical results. Extensive 
analytical results are available for the skin fats of 
mammals, the uropygial-gland lipids of birds and 
the cuticular lipids of insects, but there are fewer 
results for the surface lipids of the reptiles and the 
terrestrial arthropods other than the insects. 
There have been almost no experimental 
investigations of the metabolism of most sur
face lipids. Conclusions about the synthesis of 
the most important components, such as 
hydrocarbons, fatty alcohols and alkane diols, 
have been mainly drawn by analogy. This is 
particularly regrettable as the unique structure 
of many of these substances makes their syn
thesis especially interesting. It must be re
membered, however, that most surface lipids are 
produced close to their functional sites in epi
dermal cells or small skin glands, which are diffi
cult to isolate. An exception is the uropy
gial glands of birds, with the result that they 
have become a model for lipid biosynthesis 
[133]. 

15.3.1 Epidermal Lipids of Terrestrial 
Vertebrates 

In the epidermis of mammals, birds and reptiles, 
the innermost layer, e.g. the stratum germinati
vum of mammalian epidermis, is made up of liv
ing cells (keratinocytes) which are similar to other 
living cells in the complexity of their lipid con
tent. During keratinization, they are transformed 
into the flattened, dead cells of the outer layer, 
e.g. the stratum corneum of mammalian epider
mis. In the process, lipids are released from the 
epidermal cells into the intracellular space and 
become an important barrier to water diffusion. 
These epidermals lipids include mainly shingo
lipids of the type O-acyl-glucosylceramide (Fig. 
15.13 d) and cholesterol, as well as smaller 
amounts of free fatty acids and polar composite 
lipids [133, 276, 277]. To date, little is known 
about the epidermal lipids of the other terrestrial 
vertebrates, i.e. birds and reptiles, but they 
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appear to be relatively similar to those of the 
mammals. Acyl-glucosylsterols were discovered 
as a component of chicken epidermal lipids ; they 
are probably also present in reptiles and amphibi
ans but not in mammalian epidermis [277]. A 
relatively uniform spectrum of glycosylceramides, 
cholesterols, free fatty acids and various phos
pholipids is found in the discarded skin of various 
snakes [30, 163]. 

15.3.2 Skin Fats of the Mammals 

The fat substances that can be isolated from 
human skin or from the fur of mammals arise 
mainly as secretions of the sebaceous glands. In 
contrast to the epidermal lipids, the sebaceous 
gland lipids show large species-specific differ
ences in both the content of the various lipid 
classes (Table 15.10) and the structure of the ali
phatic components, i.e. fatty acids, fatty alcohols 
and diols. Some mammalian families have uni
form lipid spectra, e.g. in the dog (Canidae), cat
tle (Bovidae) and horses (Equidae), but others 
have widely different species-specific spectra, e.g. 
raccoons (Procyonidae), squirrels (Sciuridae) and 
martens (Mustelidae). The water-repellent prop
erties of the sebaceous lipids are uniform and 
cannot explain the structural variety. However, if, 
as is now generally accepted, the skin fats play an 
important role in chemical communication, even 
closely related species should show distinct differ
ences [48]. The lipids of mammalian hair make up 
0.6-1.6 % of the fresh weight and consist mainly 
of ceramides, cholesterol sulphates and glycoso
phingolipids [286]. 

In contrast to their role in the surface lipids of 
the arthropods and plants, aliphatic hydrocar
bons are not especially important in the surface 
lipids of the mammals. A characteristic of human
skin fats is the presence of large amounts of squa
lene and triacylglycerols, which are otherwise sel
dom found (Table 15.10). The skin fat of the otter 
Lutra canadensis in fact contains 44 % squalene, 
which has especially effective water-repellent 
properties [49]. Mono- and diester waxes 
(Fig. 15.13a-c) are common components of mam
malian skin fats. Two types of diester wax can be 
distinguished: type I, which contains a hydroxy 
fatty acid esterified with an unsubstituted fatty 
acid and a fatty alcohol, and type II, which is a 
1,2-diol carrying two un substituted fatty acids. 
Most mammals, however, have only one of the 
two types; the presence of both is seldom seen 
(Table 15.11). The skin fats of horses (Equidae) 
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Fig.15.13a-e. Skin fats of mammals, In a-c, the hydrocar
bon chains have been shortened and shown without the fre
quent methyl branches. a Monoester wax; b diester wax 
type I (fatty acid + w-hydroxy fatty acid + alcohol); c dies
ter wax type II (fatty acid + 1,2-diol + fatty acid); d acyl-

have a unique composition, and all species con
tain fats with 47-67 % of so-called equolids 
(Fig. 15.13e); these are lactones that arise by 

glucosylceramide from pig epidermis with the systematic 
name 1-(3'-0-acyl)-~-D-glucopyranosyl-N-( w-hydroxyacyl) 
sphinganine [276]; e giant ring lactone from the skin fat of 
the horse, and the w-hydroxy fatty acid released from it by 
hydrolysis [276] 

cyclization of w-hydroxy fatty acids with 32-36 C 
atoms. These substances are probably involved in 
chemical communication; whatever the case; 

Table 15.10. Percentage composition of different lipid classes in the skin fats of humans and other mammals [48, 133,289] 

TAG EG fFA fFAl ME DE Sq St StE Lac 

Human 41 16 25 12 1 3 
Sheep 11 10 21 12 46 
Cow 4 76 3 
Horse 14 38 48 
Rat 8 1 17 21 5 6 26 
Mouse 6 5 65 13 10 
Gerbil (Meriones unguliculatus) 26 5 9 36 8 10 

TAG, Triacylglycerol; EG, l-alkyl-2,3-diacylglycerol (ether glyceride); fFA, free fatty acids; fFAl, free fatty alcohols; 
ME, monoester waxes; DE, di- and triester waxes; Sq, squalene; St, cholesterol and other sterols; StE, sterol ester; Lac, 
lactone 



Table 15.11. Percentage of diester waxes types I and II in 
the skin fat of various mammals [133, 289]. Type I has a 2-
hydroxy acid esterified with a fatty acid and a fatty alcohol, 
and type II a 1,2-diol with two fatty acids 

Species 

Rabbit 
Domestic cat 
Cow 
Rat 
Sheep 
Mouse 
Dog 
Guinea-pig 
Gerbil 
Baboon 
Human (newborn) 

Type I 

66 
66 
35 
12 
9 

Type II 

14 
7 

67 
50 
41 
36 
21 
3 

they show distinct species-specific differences. In 
the domestic horse Equus cabal/us, the basic 00-

hydroxy fatty acids are all branched, but in the 
donkey E. asinus and Grevy's zebra E. grevyi they 
are almost exclusively unbranched; the Mongo
lian wild horse E. przewalski, the mule and the 
onager E. hemionus onager have both branched 
and unbranched forms [48]. 

The aliphatic components of the skin fats of all 
mammals examined in detail show an extraordin
ary variety and large species-specific differences. 
The wool fat (lanolin) of the sheep contains many 
more than 100 such compounds, including unsub
stituted fatty acids, w-hydroxy fatty acids, a
hydroxy fatty acids, aliphatic alcohols and 1,2-
diols, the chains of which have odd or even num
bers of C atoms between 12 and 34, and are 
unbranched or mostly iso- or anteiso-methyl 
branched. All these compounds are saturated 
[133]. A completely different composition of the 
skin fats is found in domestic cattle (Bos taurus); 
here, diesters of type I (with hydroxy fatty acids) 
are found alongside type II (with 1,2-diols) and 
triesters (with hydroxy fatty acids and 1 ,2-diols), 
which contain almost exclusively unbranched 
even-numbered saturated fatty acids and hydroxy 
fatty acids with 14 to 18 C atoms. A similar situa
tion is found in the buffalo Bubalis bubalis, 
although the relative proportions of the different 
fatty acids differ from the proportions in Bos tau
rus [64]. 

Exclusively unbranched aliphatic components 
are also found in the skin fats of the gerbil Merio
nes unguliculatus. This animal is unique in con
taining no monoesters but free fatty alcohols 
(mainly 16:0 and 18:0) and type-II diesters of a 
C1S- or C17-diol and two saturated or unsaturated 
even-numbered fatty acids [289]. An immensely 
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complicated spectrum of fatty acids and fatty 
alcohols is also found in human skin fats. These 
components have even or odd numbers of C 
atoms between 12 and 34; they are unbranched or 
branched with methyl substituents on the last
but-one (iso-), last-but-two (anteiso-) or an inter
nal C atom. They can be saturated or monounsa
turated but are seldom hydroxy substituted. The 
spectrum of unsaturated fatty acids suggests that 
various 14: 0 to 24: 0 fatty acids are desaturated 
(mainly 16:0), that 1:16 desaturation is more fre
quent than the otherwise more usual 1:19 desatura
tion, and that the de saturated fatty acids are then 
elongated [133]. In contrast, 1:19 desaturation pre
dominates in the rat and mouse, which have simi
larly complex aliphatic skin-fat components 
[133, 198]. 

15.3.3 Lipids of the Uropygial Gland 

All avian species have uropygial glands. Their 
secretions confer water-repellent properties on 
the feather coat and maintain the suppleness of 
the feathers, which as dead, non-vascularized 
keratin structures are only replaced after one or 
more years. However, not all the lipids of the 
plumage originate in the uropygial gland; a pro
portion, the details of which are not known, 
comes from the epidermis. There is a wealth of 
comparative data on the composition of the uro
pygial gland lipids, and more than 450 of the 9000 
known bird species have been examined to date. 
The main substituents are always monoester 
waxes. Their component alipathic alcohols and 
fatty acids have chains with even or odd numbers 
of C atoms between 8 and 24, often 16 or 18; they 
are unbranched or branched in various ways, but 
are always without double bonds. The property of 
unsaturated fatty acids that they harden in the 
presence of atmospheric oxygen, as known, for 
example, from varnish, would be a disadvantage 
for the lipids of the plumage. Unsaturated fatty 
acids are present only in the uropygial gland 
secretion of the non-flying kiwis (Apteryx sp.) of 
New Zealand. In contrast to the monoester 
waxes, the five types of diester waxes and the 
triester waxes are restricted to certain orders 
(Fig. 15.14). The TAGs of the plumage originate 
mostly from epidermal cells; only in the case of 
the stork and several of its relatives are TAGs 
with relatively short-chain fatty acids (Cs to Cll) 

the main products of the uropygial gland. Ste
roids are also only present in minor quantities. 
Cholestanol is the main component of the uropy-
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Fig.15.14a-g. The structure of 
wax esters from the uropygial 
gland fats, and examples of their 
occurrence [108]. The hydrocarbon 
chains have all been shortened and 
shown without the commonly pre
sent branches. a Monoester wax 
(common); b diester wax with 2-
hydroxy acid (stork, Ciconiifor
mes); c diester wax with 3-hydroxy 
acid (pigeon, Columbiformes); d 
diester wax with 1,2-diol (sparrow, 
Passeriformes; woodpecker, Pici
formes; chicken, Galliformes); e 
diester wax with erythro-2,3-diol 
(chicken, Galliformes; ostrich, 
Apterygiformes; tinamous, Tina
miformes); f diester wax with 
threo-2,3-diol (chicken, Gallifor
mes), g triester wax with hydroxy
malonic acid (goose, Anserifor
mes; crane, Gruiformes; wood
pecker, Piciformes; sparrow, Passe
riformes) 

f) I 
/\ I\. I\. I\. A /,0 

I v v V v C~O-C-H 

gial gland lipids from the mallard (Anas platyr
hynchos), the wood pigeon (Columba palumbus) 
and (in addition to cholesterol) the marabou 
(Leptoptilos crumeniferus). Hydrocarbons sel
dom figure largely; squalene predominates in the 
Muscovy duck (Cairina moschata) and peculiar 
magpie goose (Anseranus semipalmata), and n
alkanes, n-alkenes and n-alkadienes as well as 
monomethyl- and dimethyl-branched alkanes 
occur in some grebes [108]. 

Aliphatic components with branched chains 
have a confusingly large number of different 
structures. They are mostly methyl branched; 
monomethyl and diethyl-substituted fatty acids 
are found in the tits (Paridae) and several other 
birds, and 2-propyl- and 2-butyl-substituted fatty 
acids are present only in the owls (Strigiformes). 
The degree of branching of the alcohols is usually 
less than that of the fatty acids. Fatty alcohols 
may carry up to four methyl branches, and fatty 
acids may have as many as five. The simply substi
tuted compounds carry the methyl group mostly 
on C-2, C-3 or C-4, but also on the last-but-one or 
last-but-two C atoms (iso- or anteiso- com
pounds). Methyl groups may be adjacent (e.g. 
2,4-, 2,4,6-, 2,4,6,8-, 2,4,6,8,10-) or not (2,6-, 
2,6,10-). The unique ability of the uropygial gland 
to synthesize branched fatty acids and fatty alco
hols has, of course, aroused considerable interest. 
Tracer experiments carried out in vivo and 
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in vitro, especially in the domestic goose, have 
shown that even- and odd-numbered unbranched 
and methyl-branched fatty acids are formed with 
acetyl-Co A and propionyl-CoA as the primer and 
malonyl-CoA and methylmalonyl-CoA as elonga
tion substrates. The reduction of fatty acids to 
alcohols as well as the biosynthesis of alkane-1,2-
diols and alkane-2,3-diols has also been demonst
rated in the uropygial gland. Several of the enzy
mes involved have been isolated and studied in 
detail (p. 575). However, many details of the bio
synthesis of uropygial gland lipids remain unclear 
[108]. 

The majority of uropygial gland lipids are built 
of complicated mixtures of various aliphatic com
ponents; in the admittedly extreme case of the 
coot, 54 different fatty acids and 44 fatty alcohols 
have been described. As the components can 
apparently be more-or-Iess freely combined, an 
enormous number of different wax esters is pos
sible. It is seldom that one finds the simple situa
tion that pertains in the kingfisher (Alcedo 
atthis), where 90 % of the uropygial gland lipid 
consists of 2,4,6,8-tetramethylundecyl-2,4,6,8-
tetramethyl-undecanoate. It seems reasonable to 
examine how far the chemical properties of the 
uropygial gland lipids are taxonomic characters, 
in particular the structure of the fatty alcohols 
and fatty acids in the monoester waxes, the pres
ence and type of diester waxes, and the presence 



Fig.15.15. Taxonomic interpretation of the fatty 
acid spectrum of uropygial gland lipids [110]. 
Each circle corresponds to a seagull species (Lari
dae) or guillemot species (Alcidae). X-axis: pro
portion of 4-, 4,x- and 4,x,y-methyl-substituted 
fatty acids. Y-axis: proportion of 2-, 2,x- and 
2,x,y-methyl-substituted fatty acids. Z-axis: pro
portion of unbranched fatty acids 

of other classes of lipid. These characters are, in 
general, typical of the order, and sometimes of 
the family; subspecies, and usually also species, 
cannot be distinguished. For chemotaxonomic 
purposes these characters can be arranged in a 
three-dimensional system, the axes of which 
represent the proportions of the differently 
branched fatty acids (Fig. 15.15). Several difficult 
problems of bird taxonomy have been solved in 
this way. Thus, the predominance of unbranched 
fatty alcohols and fatty acids suggests a closer 
relationship of the condor (Vultus gryphus) to the 
storks (Ciconiiformes) than to the diurnal birds of 
prey (Falconiformes) ; this conclusion is sup
ported by certain anatomical and behavioural 
characters. The joint possession of the unusual 
erythro-alkane-2,3-diol places the kiwis (Aptery
giformes) and the tinamous (Tinamiformes) clo
ser to the fowls (Galiiformes) than to the ostri
ches (Struthioformes) [108, 110, 111]. However, 
the large individual variability observed in several 
species suggests caution in the use of uropygial 
gland lipids in taxonomy. 

15.3.4 Cuticular Lipids of the Insects 

The insect cuticula has a complicated layered 
structure (p. 391). The outermost layer is the thin 
epicuticula with four sublayers, referred to from 
the inside to outside as the inner and outer epicu
ticulae, wax layer and cement layer. Little is 
known about the molecular structure of the epi
cuticula as a whole. On the other hand, there is a 
wealth of information about the cuticular lipids, 
which not only are found in the wax layer but 
impregnate the whole epicuticula. These lipids 
are produced in special cells, oenocytes, which 
arise from epithelial cells but can also lie deeper 
in the body cavity. Lipophorin (p. 195) is involved 
in the transport of cuticular lipids from the site of 
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synthesis to the site of deposition. Movement of 
lipids within the cuticula is within pores that lead 
from the epidermis to the epicuticula [21, 22, 
154]. Unfortunately, the composition of the cuti
cular lipids of terrestrial arthropods other than 
the insects has been little investigated but appears 
to be basically similar. 

The main function of the cuticular lipids is the 
prevention of dehydration. The removal of the 
lipids with organic solvents or mechanically with 
abrasive powders drastically increases the trans
piration rate. In addition, the wax layer also pro
tects against penetration by microorganisms. Fin
ally, cuticular hydrocarbons may serve in chemi
cal communication, as described in detail in 
Chapter 19. Thus certain alkanes or alkenes pro
duced by the females of some Diptera, Hymenop
tera and Coleoptera function as sexual pheromo
nes, e.g. (Z)-9-tricosene in the housefly Musca 
domestica, (Z)-7-heneicosene and (Z)-7-tricos
ene in the beetle Aleochara curtula, various 
(Z,Z)-9-19-alkadienes in the ichneumon Piko
nema alaskensis or 15 ,19 ,23-trimethyl-hepta
triacontane in flies of the genus Glossina [10, 154, 
191, 204]. (Z)-lO-Heneicosene is produced by the 
males of Drosophila virilis and functions as an 
aggregation pheromone [11]. Cuticular lipids in 
termites serve in species and caste recognition, 
and the cuticular lipids of the rove beetle Trichop
senius frosti, which inhabits the nests of Reticulo
termes f/avipes, are at least very similar to those 
of the host [154]. The large amounts of cuticular 
waxes produced by two insect groups have 
become commercially important: in the honey
bee and relatives they serve as the building 
material for the combs, and in the mealy bugs 
(Coccinea) the sedentary female is protected by 
a shield made out of wax and discarded larval 
skins. 

The cuticular lipids of the insects comprise 
very different classes of polar and non-polar 
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lipids in species- and group-specific proportions 
(Table 15.12). Extreme variability, however, is 
found within the individual lipid classes, in par
ticular the hydrocarbons and the aliphatic com
ponents of the wax esters. As in the case of the 
surface fats of the mammals and birds, this con
fusing variety of cuticular lipids is not explained 
by their biological function. A specific role in 
chemical communication can be assigned to only 
a few compounds, and as substances preventing 
transpiration the individual hydrocarbons or wax 
esters are not so different that each species must 
have a different spectrum. Thus, the variety of 
surface lipids remains an intriguing puzzle. In 
contrast to the role of the skin fats of the mam
mals or the uropygial gland lipids of the birds, 
hydrocarbons form an important, often dominant 
component of the insect cuticular lipids; they 
quite often amount to more than 90 % of the 
total. Only exceptionally are they a minor compo
nent, e.g. in the pupae of the moth Heliothis 
virescens they constitute 0.5 % [21, 22, 154]. 
Because of their importance, and also probably 
because of the ease with which they can be ana
lysed, the hydrocarbons of insect cuticulae have 
been more extensively investigated than have the 
polar lipids, the ester waxes, free fatty acids, pri
mary and secondary alcohols, ketones, epoxides, 
sterols, sterol esters and triacylglycerols. The 
cuticular hydrocarbons are now known from 
more than 100 insect species [154]. 

The hydrocarbous of the iusect cuticula include 
unbranched alkanes, alkenes, alkadienes and 
monomethyl- to tetramethyl-substituted alkanes. 
A complex mixture of such substances is found in 
almost every insect species, and with appropriate 
methods these can usually be separated into more 
than 50 different compounds [19, 154, 156]. The 
relative proportions of the different molecular 
types differ not only between the insect species 

but also between males and females, larvae and 
adults, and even between adults of different ages. 
The unbranched chains have lengths of C2l to C37 

and almost always an odd number of C atoms. 
They apparently arise by elongation and decar
boxylation from common even-numbered fatty 
acids. u-Alkaues are present but seldom predo
minate, e.g. in the beetles, where 97-98 % of the 
cuticular hydrocarbons are of this type [154]. In 
many insects, there are both n-alkanes and u
alkenes, the double bonds of which are usually 
from C-7, C-9 or C-ll but can also be at other 
positlOns. Occasionally, one finds complete 
homologous series of alkenes, e.g. a series in 
males of the ichneumon Pikonema alas kens is of 
23: 1 to 33: 1, and in various beetles of the genus 
Sitophilus of 25:1 to 47:1 [10,154, 160,189]. 
Long-chain n-alkadienes and n-alkatrienes are 
only minor components in most insects. How
ever, various Sitophilus species have up to 57 % 
alkadienes of 31:2 to 39:2, with the first double 
bond at C-7 or C-9 and the second double bond, 
depending upon the chain length, in the region of 
C-17 to C-25 [189]. 6,9-Alkadienes are also major 
components in Periplaneta americana and P. japo
nica, whereas methyl alkanes predominate in 
other cockroach species [21, 22, 154]. Drosophila 
pseudoobscura contains 27 % alkadienes and 9 % 
alkatrienes with double bonds mainly in the 5,9-
and 5,9,17- or 5,9,19- positions, respectively [19]. 

2-Methylalkanes (iso-) and 3-methylalkanes 
(anteiso-) are the most common cuticular hydro
carbons. They mostly occur in complicated mixtu
res, and often in complete homologous series 
[154, 156]. The 2-methylalkanes have an even or 
odd number of C atoms in the chain, and the 
3-methylalkanes have mostly an odd number. The 
chain occasionally has a double bond, e.g. in 2-
methyl-24-hexatriacontene of the house-cricket 
Acheta domestica. Internally branched mono-

Table 15.12. Percentage of different lipid classes in the cuticular lipids of various insectsa [107, 114, 133] 

1 2 3 4 5 6 7 8 9 

Hydrocarbon 12 90 31 53 60 21 10 5 62 
Wax ester 4 65 10 28 10 13 16 
Triacylglycerol 7 7 1 21* 16 
Free fatty acids 49 2 17 6 7 5 7 
Free fatty alcohols 4 3 2 38 58 70 
Sterol and sterol esters 18 1 1 3 1 
Other lipids 10 17 2 13 9 15 

* Including di- and monoacylglycerols 
aI, Plecoptera: Pteronarcys californica; 2, Blattodea: Periplaneta australasia, P. brunnea and P.fulginosa; 3, Arenivaga 
investigata; 4, Orthoptera: Anabrus simplex; 5, Orthoptera: Melanoplus sanguinipes; 6, Hemiptera: Triatoma infestans; 
7, Coleoptera: Tenebrio molitor; 8, Lepidoptera: Cynthia ricini; 9, Diptera: Lucilia cuprina. 



methylalkanes and dimethylalkanes are also 
widely found, although they are completely 
absent from, for example, Drosphila melanogas
ter and Apis mellifera. Complete series may often 
be found based upon the localization of the sub
stitutions, e.g. 5- to 15-methyl-nonacosane and 4-
to 14-methyl-triacontane in the beetle Physades
mia globosa [154, 156]. In the di-substituted 
hydrocarbons, the substitutions are often separ
ated by three C atoms, e.g. they occupy positions 
9,13- to 17,21-. There are other possibilities, e.g. 
11,19- in the moth Heliothis or 11,12- in the ciga
rette beetle Attagenus megatome. To date, trime
thylalkanes have only been detected in about 15 
insect species, e.g. the tobacco hornworm Man
duca, the orthopterans Schistocerca and Hemide
ina, the stable fly Glossina and several ant species 
[77, 155, 156]. Tetramethylaikanes are present in 
Glossina sp. and the potato beetle Leptinotarsa 
decemlineata [161, 190]. 

The variety and species-specificity of the cuti
cular hydrocarbons make them very useful for 
taxonomic purposes. For example, investigations 
of 22 beetle species from the family Tenebrioni
dae, 6 species of the termite genus Odontotermes 
and 3 species of the ant genus Iridomyrmex have 
clearly demonstrated the suitability of the hydro
carbon spectrum for species diagnosis; a single 
gas chromatogram is in many cases sufficient 
[116, 154, 156]. However, cuticular hydrocarbons 
are not appropriate for the analysis of phyloge
netic relationships; for example, cluster analysis 
of hydrocarbon spectra from 11 species of the 
Drosophila virilis group often show great similar
ity between closely related species but no really 
satisfactory agreement with the already well
charted family relationships [11]. As with other 
low molecular weight biological substances, the 
causal connections with the genetic information 
are so long and complicated that no unambiguous 
correlation with phylogenetic relationships can 
really be expected. 

b) 

Fig. 15.16a, b. Unusual cuticular lipids of insects. a Mono
ester wax with a secondary alcohol carrying a hydroxy 
group, in approximately the middle of the chain, and a 
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Wax esters are only minor components of the 
cuticular lipids of most insects (Table 15.12). As a 
rule, they are monoesters of unbranched, mostly 
saturated fatty acids with similar primary alco
hols, both of which have unusually long chains 
with up to 34 C atoms. A novel type of wax ester, 
as yet unique to the grasshoppers of the genus 
Melanoplus, has been described (Fig. 15.16a). 
These are esters of secondary alcohols with 21 to 
27 C atoms and hydroxyl groups that are mostly 
close to the middle of the chain [21, 22, 154]. The 
wax used to build the comb of the honeybee Apis 
mellifera is produced in wax glands on the ventral 
side of the abdomen. In addition to hydrocar
bons, the comb wax mainly contains wax esters 
with an extraordinary variety of types and indi
vidual compounds made up in part of methyl
branched fatty acids, w-hydroxy fatty acids, pri
mary alcohols and diols (Fig. 15.17). The lipids 
found in other regions of the cuticula contain the 
same components but with a greater proportion 
of hydrocarbons (Table 15.13). Thus, the wax 
glands are specialized for the production of wax 
esters and the remaining epidermis is specialized 
for the synthesis of hydrocarbons. Examination 
of the incorporation of radioactive acetate into 
wax esters indicates that the wax glands have 
their highest activity in 12- to 18-day-old bees 
[18, 21, 22, 154]. 

Other species of the family Apidae have much 
simpler waxes. Thus, bifunctional components 
such as hydroxy fatty acids and diols are present 
in other species of the subfamily Apinae but are 
lacking in the bumble bees (Bombinae), e.g. 
Bombus rufocinctus. The waxes of the stingless 
Meliponiae are extremely simple in composition 
(Table 15.13), consisting mostly of saturated n
alkanes with 25-33 C atoms [20, 173]. Cerogenes 
auricoma and other cicadas from the family Ful
goridae, the aphid Prociphilus tesselatus and the 
soft scales of the genus Dactylopius develop 
feather-like wax structures on the abdomen as 

fatty acid, from the grasshopper Melanoplus sp. [21]. b 
Monoester wax with an oxo-fatty acid and an oxo-alcohol, 
from the aphid Prociphilus tesselatus [61] 
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protection against predators and parasites. The 
wax material in all these species consists of C30 or 
C32 oxo-acids and C34 or C36 oxo-alcohols with 
central keto groups (Fig.15.16b) [164]. Oxo
alcohols with 26-28 C atoms and oxo-groups in 
positions 11 or 12 have also been found in pupae 
of the moth Manduca sexta; these are mostly 
esterified with acetoacetic acid, acetic acid or 3-
hydroxybutyric acid; the corresponding oxo
aldehydes are also found [28]. 

The endogenous synthesis of cuticular hydro
carbons and wax esters has been demonstrated in 
many insect species by tracer experiments with 
14C-acetate. However, little is known about the 
mechanisms of biosynthesis or the enzymes 
involved [21, 22, 154]. As in many insects, acetate 
is also rapidly incorporated into hydrocarbons in 
the millipede Graphidostreptus tumuliporus. Cor
responding experiments with the spider Aphone
pelma sp. and the scorpions Centruroides sculptu
ratus and Paruroctonus mesaensis, however, gave 

Fig.15.17a-e. Wax esters from the 
honeycomb wax of the honeybee 
[133]. (The components are: S, fatty 
acid; A, alcohol; HS, (w-1)-hydroxy 
fatty acid; D, 1,( OJ-I )-diol.) 
a Monoester wax of the form S-A; 
b hydroxy monoester wax of the 
form S-D or HS-A; c acidic mono
ester of the form S-HS; d diester 
wax of the form S-HS-A or S-D-S; 
e triester wax of the form S-HS-HS-A 
or S-HS-D-S 

negative results. In these cases, it is not known 
whether the hydrocarbons are of exogenous ori
gin or simply have very low turnover rates. The 
formation of extremely-long-chain hydrocarbons 
apparently occurs by the elongation and ensuing 
decarboxylation of fatty acids and not, as in bac
teria, by head-to-head condensation and reduc
tion. Thus, these insect hydrocarbons usually 
have an odd number of C atoms. The decarbox
ylation of long-chain fatty acids to alkanes has 
been shown directly in cockroaches and termites 
by tracer experiments. However, whereas 
extremely-long-chain fatty alcohols and hydrocar
bons are detected in insects, the corresponding 
fatty acids are not found; this suggests that reduc
tion or decarboxylation occurs immediately after 
elongation [267]. The main site of hydrocarbon 
biosynthesis is the oenocytes derived from integu
ment cells, although the integument cells them
selves also have the capacity to synthesize long
chain fatty acids and hydrocarbons. The surface 

Table 15.13. Percentage composition of the cuticular lipids and comb wax of the honeybee Apis mell~fera and of the comb 
wax of the stingless bees Trigona atomaria and T. australis [18, 21, 173] 

Cuticula Comb 

Apis Apis T. atom. T. austr. 

Hydrocarbons 58 13-17 71 90 
Monoester 23 31-35 26 6 
Diester 9 10-14 
Triester 2 3 
Strongly polar lipidsa 9 34 3 4 

a Free fatty acids and fatty alcohols, and inApis also diols, hydroxymonoesters, hydroxypolyesters and acid monoesters 



lipids are lost with the exuviae and the integument 
produces a new generation of lipid-synthesizing 
oenocytes after every moult [115, 156]. 

The biosynthesis of branched hydrocarbons 
has also been investigated during tracer exper
iments with insects [39, 74]. The fatty acid precur
sors of the 2-methylalkanes (iso-) with an even 
number of C atoms apparently arise with 
isobutyryl-CoA (from valine) as the primer, and 
those with an odd number of C atoms have 
isovaleryl-CoA (from leucine) as the primer 
(Fig. 15.16). The 3-methylalkanes of insects, how
ever, are not synthesized, as in plants and mic
roorganisms, with 2-methylbutyryl-CoA (from 
isoleucine) but by the use of methylmalonyl-CoA 
as the elongation substrate in the second step of 
fatty acid synthesis (Fig. 15.18). Internal methyl 
substitutions are also introduced with methyl
malonyl-CoA as the elongation substrate [39]. 
Methylmalonyl-CoA is formed in various ways 
in the insects. In the termite Zootermopsis angus
ticollis the methyl branches of the alkanes origin
ate from succinate, which is converted to 
methylmalonyl-CoA via succinyl-CoA. Because 
of the poor protein diet of the termites, they have 
insufficient amino acids with branched chains; on 
the other hand, Zootermopsis possesses large 
amounts of vitamin B1z, which is necessary as the 
prosthetic group for methylmalony-CoA mut
ase in the conversion of succinyl-CoA to 
methylmalony-CoA. The housefly Musca domes-
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Fig.15.18. Biosynthesis of 3-methylalkanes in insects with 
the use of methylmalonyl-CoA as elongation substrate 
[21]. X, Enzyme 
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tica, the cockroach Periplaneta americana and 
other insects have a protein-rich diet, they have 
relatively little cobalamin, and in these species 
methylmalonyl-CoA is produced by valine meta
bolism [21, 22, 81]. 

Little is known about the biosynthesis of the 
polar cuticular lipids. The production of wax 
esters has mainly been examined in Apis melli
fera, where it occurs predominantly in the micro
somes. The reaction requires acyl-CoA and free 
alcohol; alcohols with 16 or 18 C atoms are meta
bolized more quickly than those with 24 or 28 C 
atoms. Thus, the predominance of long-chain 
alcohols in beeswax is due more to the specificity 
of the fatty acid reductase than of the acyltransfe
rase. 14C from acetate or palmitate appears in 
Apis mellifera in the fatty acids and alcohols of 
the wax esters; conversely, however, long-chain 
alcohols are not oxidized to acids. In the grass
hopper Melanoplus sanquinipes, n-alkanes are 
oxidized, apparently by a mixed-function oxyge
nase, to the secondary alcohols that are character
istic of this animal [21, 22, 154]. 

15.4 Membrane Lipids 

Lipids with structural functions are found espe
cially as components of cellular membranes. The 
most important membrane lipids are the glycero
phospholipids, sphingophospholipids (sphingo
myelins), glycolipids and sterols. According to 
the fluid-mosaic model, developed by Singer and 
Nicolson in 1972, lipids in the membrane form a 
double layer in which membrane proteins can 
move freely in two dimensions. However, the 
lipids have functions other than the formation of 
a matrix for membrane proteins. Only in this way 
is it possible to explain why the lipids of some 
membranes have such a complex composition 
with often more than 100 different molecular spe
cies, and why the differences in the lipid spectrum 
between animal species, cell types and even 
membrane types are so great (Tables 15.14-
15.16). The physicochemical properties that are 
important for the biological functions of membra
nes are not only determined by their chemical 
structure but also influenced in a complex man
ner by pH, temperature, hydration, the binding 
of divalent metal ions, and interactions with other 
molecules such as sterols, proteins and drugs. The 
ratio of protein to lipid can vary in different mem
branes from approximately 1: 1 to 4: 1 (Tab
le 15.14) [124]. 
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Table 15.14. The lipid composition of cellular membranes 
from the rat liver [55]. The proportions of the individual 
phospholipid classes are given as a percentage of the total 
phospholipid 

Mit Mic Lyo PM NM GM 

Proportion 
(mol %) 
Cardiolipin 18 1 1 1 4 1 
Phosphatidyl-

ethanolamine 35 22 14 23 13 20 
choline 40 58 40 39 55 50 
inositol 5 10 5 8 10 12 
serine 1 2 2 9 3 6 

Phosphatidic acid 1 1 1 2 1 
Lyso- 1 11 7 2 3 3 
glycerophospholipid 
Spingomyelin 1 1 20 16 3 8 

Amount (!!g/mg 
protein) 
Phospholipids 175 374 156 672 500 825 
Cholesterol 3 14 38 128 38 78 

Mit, Mitochondria; Mic, micro somes (endoplasmic reticu
lum); Lyo, lysosomes; PM, plasma membrane; NM, nuc
lear membrane; GM, Golgi membrane 

The critical structural characters of membraue 
lipids are the "backbone" glycerol or sphingosine, 
the polar head groups and the hydrocarbon 
chains. The head groups can be zwitterionic 
("neutral" phospholipids), anionic or uncharged. 
The hydrocarbon chains can have lengths of 
12-24 C atoms and be either saturated or unsa
turated with up to six double bonds. The rigid 
double bonds with the cis configuration bring 
about angular molecular structures which take up 

Table 15.15. The lipid composition of different membranes 
of the ciliate Tetrahymena pyrifomiis WH-14 [124]. The pro-
portions of the individual lipid classes are given as a per-
centage of the total phospholipids, and the concentration 
of tetrahymanol is given as mol/100 mol phospholipid 

Cil Mit Mic Pell NM 

Proportion (mol %) 
Cardiolipin 1 10 1 2 3 
Phosphatidyl-

ethanolamine (PE) 11 35 34 34 26 
choline (PC) 28 35 35 25 31 

Aminoethylphosphonolipid 47 18 23 30 23 
(AEPL) 
Lyso-PC 1 2 1 5 6 
Lyso-PE and -AEPL 9 3 3 6 
Glycerylether 53 25 18 33 

Concentration of tetrahymanol30 4.8 4.1 8.4 3.6 

Cil, Cilia; Mit, mitochondria; Mic, microsomes; Pell, pelli-
cula; NM, nuclear membrane 

more space in the membrane. Fatty acids with 
branched chains are not found in animal cell 
membranes. The asymmetry of the lipid composi
tion in the two membrane layers is particularly 
marked in the outer plasma membrane, but is 
also found in intracellular membranes and is of 
great importance, e.g. for the insertion of mem
brane proteins, the connection to the cytoskele
ton and interactions with other cells [57]. Even 
though membrane structure and function may 
appear to be constant under a certain set of 
conditions, the membrane lipids are constantly in 
motion. Each lipid molecule changes place with 
its neighbour in the same monolayer approxim
ately 107 times per second; exchanges with the 
other monolayer are rare. The diffusion coeffi
cients of the membrane components are of the 
order of 10--8 cm2/s, corresponding to a velocity of 
about 2 fA.rn/s. Transport processes between differ
ent membranes or intracellular compartments are 
required especially to bring the membrane lipids 
built in the endoplasmic reticulum to the site of 
their incorporation. The transport of lipids in the 
cytoplasm involves either their attachment to spe
cific proteins or their inclusion in vesicles [124]. 

The membranes of vertebrate erythrocytes (see 
Fig. 10.9, p.360) are particularly stable and can 
be easily isolated after haemolysis (erythrocyte 
ghosts). Like most membranes of animal cells, 
their main lipid components are the zwitterionic 
phospholipids phosphatidylcholine, phosphat
idylethanolamine and sphingomyelin, and in 
addition include anionic glycerophospholipids, 
such as phosphatidylserine and phosphatidylino
sitol, glycolipids and sterol. The lipid spectrum of 
vertebrate erythrocytes from the agnathans to the 
mammals is, in principle, very similar, although 
the fatty acid spectrum of marine fish differs from 
that of the terrestrial vertebrates by having a high 
proportion of highly unsaturated C20 and C22 fatty 
acids. Haemoglobin-containing blood cells are 
also found in the annelids, sipunculids and mol
luscs; however, their membrane lipids have only 
been examined in the marine mussel Scapharca 
broughtoni. Unlike the erythrocytes of the mam
mals, those of the mussel contain considerable 
quantities of ceramide aminoethylphosphonate; 
they are further interesting in that they do not 
interact with phospholipase C, streptolysin, Sta
phylococcus toxin or encephalitis virus, as do the 
mammalian erythrocytes [41]. 

The easily bred ciliates of the genus Tetrahy
mena offer a useful single-cell system for the 
study of membranes; they have been used in par
ticular for studies of adaptation to temperature. 
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Table 15.16. The lipid composition (mol %) of the mitochondria from different organs in the rat (R) and sheep (S) and 
from the flight muscles of the housefly Musca domestica [55] 

Liver Heart 

R S R 

Cardiolipin 12-17 14 8 
Phosphatidyl-

ethanolamine 22-36 19 44 
choline 34-55 48 41 
inositol 5- 8 4 3 
serine 1 1 1 
glycerol 1 

Lyso-glycero-phospholipid 1- 2 27 1 
Sphingomyelin 1- 3 1 
Plasmalogen 2 3 

However, the cell surface (pellicula) of Tetrahy
mena is atypical of animal cells: beneath the 
plasma membrane, which also covers the cilia, 
are two further membranes, the inner and outer 
alveolar membranes. The membranes of the cell 
surface and the cell organelles are significantly 
different in their lipid composition but all have 
phosphatidylcholine and phosphatidylethanol
amine, as well as the unusual aminoethylphos
phonolipid (Table 15.15). The usual sterols are 
missing, but the rather odd pentacyclic tetrahy
manol is present, especially in the cilia membrane 
(see Fig. 16.3, p.626) [124]. The taurolipids of 
Tetrahymena are also rather unique. In these, a 
tri-, tetra- or pentahydroxystearic acid is bound to 
the amino group of taurine by an amide bond, 
and itself is esterified with one or two non
hydroxylated fatty acids (Fig. 15.19a). T. mimbres 
(formerly T. pyriformis NT-i) contains taurolipid 
A and 7-acyl-taurolipid A, in which the trihydro
xystearic acid in positions 3 and 7 is esterified. 
T. thermophila possesses both taurolipid B with 
tetrahydroxystearic acid and taurolipid C with 
pentahydroxystearic acid. Tracer experiments 
have shown that taurine and stearic acid initially 
give rise to lipotaurine with dihydroxystearic 
acid, and that further hydroxylation yields tauro
lipids A, Band C [126, 127]. Unusual lipids have 
also been found in other protozoans, e.g. 
sulphoquinovosyl-diacylglycerol in the marine 
luminous Noctiluca miliaris (Fig. 15.19b); this 
lipid is otherwise mainly known from the chloro
plasts of algae and higher plants [59]. 

Amongst the intracellular membranes of ani
mals cells, the mitochondrion, with its special 
properties and its importance for electron trans
port and oxidative phosphorylation, has been 
thoroughly investigated. The lipid spectrum in the 
mitochondria of plants and animals is character-

Kidney Brain Muscle 

S R S R Fly 

10-15 9-20 13 2 25 

16-35 30-37 22 32 59 
43-46 36-41 41 55 8 
1- 5 3 4 5 9 
1 1 2 4 
4 3 

1 
2 1 5 

36 9 

ized by a scarcity of sterols and a high content of 
the acidic diphosphatidylglycerol (cardiolipin) 
(Tables 15.14-15.16). Cardiolipin is localized 
above all in the inner mitochondrial membrane 
but is also found in the outer membrane; the 
inner membrane is practically free of phosphati
dylinositol and phosphatidylserine [100]. Numer
ous mitochondrial proteins are bound to lipids or 
are activated by lipids. Despite all the fine
structural and functional similarities between the 

b) 

H2C-S03 H 

H~\CH ~12 
OH HC-O-COR' 

I 
H2C-O-COR" 

Fig. 15.19a, b. Unusual lipids of protozoans. a Taurolipids 
A and B from Tetrahymena thermophilia [125]; taurolipid A 
differs from B only by the absence of the hydroxyl group 
marked *. b Sulphoquinovosyl-diacylglycerol from Nocti
luca miliaris [59]: quinovose is 6-deoxY-D-glucose; the mol
ecule contains a carbohydrate-sulphur bond(!) 
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mitochondria, there are considerable organ- and 
species-specific differences [55, 100]. 

The mobility of membrane components, which 
is apparently important for the various functions, 
is described by terms like membrane fluidity, 
membrane dynamics or the converse, membrane 
viscosity. Membrane fluidity is determined by the 
structural arrangement of the lipid components. 
The relationships between lipid composition, 
fluidity and biological function form one of the 
most active research areas of cell biology 
[124,287]. The fluidity of each cell membrane is 
temperature dependent. At the so-called transi
tion temperature (Tc) the membrane lipids sud
denly change to higher structural order (crystal
line) in which the mobility of the phospholipid 
molecules is drastically reduced. Tc is dependent 
upon the relative proportions of the different 
lipid classes and directly proportional to the 
length and degree of saturation of the fatty acids. 

The homeothermic mammals and birds have a 
constant high body temperature (except during 
hibernation and conditions of lethargy). The cells 
of all other organisms must be capable of adapt
ing to changes in body temperature. In the proc
ess, the lipid composition of the membranes is so 
modified that membrane fluidity remains con
stant. This homeoviscosity adaptation was disco
vered in 1974 by Sinensky in E. coli, and was 
demonstrated in animals on the synaptosomes of 
the goldfish brain in 1977. The process is appar
ently similar in all organisms but has been studied 
in particular in bacteria, the ciliate Tetrahymena 
and fish. Adaptation to temperature by cellular 
membranes involves changes in the relative 
amounts of the individual lipid classes as well as 
changes in the degree of saturation and in the 
chain length of the fatty acids, especially those of 
the phospholipids. During cooling, phosphatidyl
choline, including the related 1-alkenyl com
pound (plasmalogen), is reduced in favour of 
phosphatidylethanolamine [37,43, 92,287]. In 
fish and crustaceans, phosphatidy1choline is de
acylated to lyso- compounds during cold periods 
[37]. In the same conditions, both phosphatidyl
choline and phosphatidylethanolamine are 
reduced in Tetrahymena, whereas aminoethyl
phosphonolipid (AEPL), lyso-AEPL and lyso
phosphatidylethanolamine are increased. In
vestigations with Tetrahymena have shown that 
the alterations in the lipid spectrum are regulated 
independently of the changes in desaturation of 
fatty acids and, furthermore, occur to very differ
ent extents in different membranes; for example, 
they are much more drastic in the cilia membra-

nes than in the microsomes [124, 216]. The rapid 
reduction of temperature from 39.5 to 15°C, 
which was typical in the Tetrahymena exper
iments, also appears to effect a reduction in the 
tetrahymanol content [124]; this corresponds to 
the lowering of cholesterol observed in the carp 
[124,287]. A decrease in the degree of saturation 
of the fatty acids in membrane lipids has been 
recorded in cold-adapted bacteria, higher plants 
and various animals, and thus appears to be wide
spread (Table 15.17). This phenomenon has been 
particularly well investigated in the ciliate Tetra
hymena [122, 124], in the carp, goldfish and other 
teleosts [43, 148,287], and also, for example, in 
the molluscs, crustaceans and beetles [16, 261]. A 
particularly high potential for adaptive desatura
tion is found in the teleosts and many aquatic 
invertebrates, where the membrane lipids are rich 
in fatty acids of the (n-3) series; in contrast, mam
mals mainly have linoleic acid 18:2(n-6) and ara
chidonic acid 20:4(n-6). The (n-3) fatty acids can 
of course carry more double bonds than can the 
(n-6) series [37]. The temperature-dependent dif
ferences in the degree of saturation are usually 
most marked in the phospholipids; however, 
comparative investigations of the brains of 39 
teleost species showed that differences in fatty 

Table 15.17. Homeoviscous adaptation of the fatty acid 
spectra of membrane lipids. The percentage fatty acid com
position of the total phospholipids of the ciliate Tetrahy
mena pyriformis [124] and of the liver microsomes of the 
short sunfish Lepomis cyanellus [43] after adaptation to 
different temperatures 

Fatty acid 

12:0 
14:0 
15:0 
16:0 
16:1 
17:0 
17:1 
18:0 
18:1 
18:2 
18:3 
19:0 
20:4 
20:5 
22:6 
Saturated 
Monoenic 
Polyenic 
Sat.!unsat. 

Tr, Trace 

Tetrahymena 

15°C 

0.6 
6.9 
1.5 
8.9 
8.7 
2.2 
0.8 
0.6 
9.6 

27.2 
31.3 
Tr 

21 
19 
59 
0.26 

39.5°C 

0.9 
6.5 
4.6 

12.6 
8.7 
4.4 
1.4 
2.1 

10.6 
17.9 
24.5 
2.6 

34 
21 
43 
0.53 

Lepomis 

15°C 25 °C 

15.4 19.8 
11.4 8.9 

604 7.2 
35.8 32.0 
8.5 8.1 
2.6 2.8 

1.9 2.0 
0.9 0.9 

13.0 13.7 
23 28 
47 42 
29 29 
0.31 0040 



acids between cold-water and warm-water species 
were even higher in the gangliosides [6]. 

As position sn-2 of the glycerophospholipids is 
in any case mostly occupied by an unsaturated 
fatty acid, this must be exchanged for an even 
more unsaturated fatty acid; in position sn-1, 
there is an increase in the proportion of monoenic 
acids. Desaturation often coincides with an 
increase in chain length; this occurs, for example, 
in Tetrahymena and the rainbow trout [92, 124]. 
Two mechanisms are proposed for the adaptive 
desaturation of fatty acids in membrane lipids. 
The direct stimulation of desaturases by a cold
dependent decrease in fluidity has been postul
ated for bacteria and Tetrahymena but has not yet 
been demonstrated. In contrast, the induction of 
desaturases as a result of a decrease in tempera
ture has been clearly shown in bacteria, Tetrahy
mena and the carp [66, 122,287]. The cells ofthe 
homeothermic mammals are generally not 
exposed to large fluctuations in temperature; 
they become dysfunctional at temperatures below 
10-15 °C. During hibernation, the body tempera
ture may fall to a few degrees above zero, and 
adaptations of cell membranes are to be expected 
in these conditions. In fact, only minor changes 
that are indicative of homeoviscous adaptation of 
the membranes of hibernating animals are dis
cernible; the issue undoubtedly requires further 
study [2]. 

Because cooling lowers the pH of the body 
fluids (~ pH per °C ranges from -0.015 to -0.013) 
there are interacting effects of pH and tempera
ture on membrane fluidity [93]. Compared with 
the multitude of investigations on the effects of 
temperature, the reactions of cell membranes to 
other environmental changes have received little 
attention. In deep-sea fish, the desaturation of 
fatty acids in phosphatidycholine and phosphati
dylethanolamine of the liver increases with depth 
under water, presumably to compensate for the 
increasing pressure [51]. It has been shown in 
marine crustaceans that dilution of the aqueous 
environment brings about an increase both in the 
contents of cardiolipin, phosphatidylethanol
amine and phosphatidylserine in the posterior 
osmoregulation-active gills, and in the degree of 
desaturation of phospholipids. However, in the 
absence of investigations on isolated membranes 
or cell organelles, these results are difficult to 
interpret [37]. 
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15.4.1 Phospholipids 

Phospholipids are the main lipid components of 
cellular membranes and are also found in cells in 
soluble transport forms. Non-structurally bound 
phospholipids are found in the vertebrates in 
plasma lipoproteins, in the bile and in the lining 
of the inner wall of lung alveoli (lung surfactant). 
In crustaceans, such as the shore crab Carcinus 
meanas, the lobster Homarus american us and the 
crayfish Orconectes virilis, the protein-bound 
transported lipid of the haemolymph is not dia
cylglycerol, as in the insects, but consists of two
thirds phospholipids, with more phosphatidylcho
line (66-88 %) than phosphatidylethanolamine 
(12-20 %) [37]. The spermatozoa of the sea 
urchin Hemicentrotus pulcherrimus utilize the 
fatty acids of endogenous phosphatidylcholine as 
an energy source for swimming [176]. 

In the classification of the phospholipids a dis
tinction is made, according to the nature of the 
backbone, between glycerophospholipids and 
sphingophospholipids (sphingomyelins) (Tab
le 15.1). The glycerophospholipids are further 
subdivided on the basis of their head groups; the 
basic structure common to all, 1,2-diacyl-sn
glycero-3-phosphate (Fig. 15.20), is known as 
phosphatidic acid. The different glycerophospho
lipids are derived by substitution of the phosphate 
residue with choline, ethanolamine, L-serine, 
inositol or glycerol; in cardiolipin two phosphat
idic acids are bound by glycerol (Fig. 15.20 g). 
Phosphatidylcholine and phosphatidylethanol
amine are the predominant phospholipids of cel
lular membranes. In the case of these two com
pounds, the negative charge of the phosphate 
residue is compensated by the positive charge of 
the nitrogen under physiological conditions. The 
other phospholipids, however, generate a nega
tive surface charge on the membrane, and this 
may be the reason why they are present in lower 
amounts. Phosphatidylcholine is usually more 
prevalent than phosphatidylethanolamine, e.g. in 
the vertebrates, crustaceans and molluscs (Tab
les 15.14 and 15.16). The situation in the insects is 
more confusing. Phosphatidylcholine predomina
tes in the Hymenoptera, Lepidoptera and 
Orthoptera, and phosphatidylethanolamine in 
the aphids and Diptera. Finally, in the Coleoptera 
the ratio of the two phospholipid classes is 
approximately 1: 1 [37, 55, 63, 89], and a similar 
situation pertains in the ciliate Tetrahymena (Tab
le 15.15). The temperature dependence of the 
phospholipid spectrum must also be taken into 
account: in cold-adapted cells, the proportion of 
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Fig.15.20a-l. Phospholipids. a Phosphatidy1choline; b 
phosphatidyiethanolamine; c phosphatidylserine; d phos
phatidylinositol; e phosphatidylglycerol; f bis-(mono
acylglycero )-phosphate; g bisphosphatidylglycerol (di
phosphatidylglycerol) = cardiolipin; h lyso-glycerophos-

phosphatidylcholine is reduced in favour of phos
phatidylethanolamine. 

In the phospholipids of the mammals and 
many other animals, saturated fatty acids are usu
ally found in position sn-l and unsaturated fatty 
acids occur in position sn-2. In contrast, the phos
pholipids from the brain and retina of the rainbow 
trout Salrno gairdneri have highly unsaturated 
fatty acids such as 22:6(n-3) in both positions; 
only phosphatidylinositol has 18:0 in position sn-l 

0-

I) 

pholipid; i 1-alkyl-2-acyl-glycerophospolipid; j 1-(1'
alkenyl)-2-acyl-glycerophospholipid = plasmalogen; k 
ceramide phosphocholine = spingomyelin; I ceramide 
phosphoethanolamine. In h-j, X represents choline or 
ethanolamine 

and 20:4 or 20:5 in position sn-2, as in all other 
vertebrates [15]. In various Porifera, both posi
tions in phosphatidylethanolamine are occupied 
by the same C26 to C30 polyene fatty acids [143]. 
The combination of different fatty acids results in 
a multitude of molecular species in each phospho
lipid class; the number of different phospholipid 
molecules in the erythrocyte membrane is estim
ated to be 150-200. This variety may be very 
important for the different physicochemical and 



functional properties of cellular membranes. 
Phospholipids with saturated fatty acids result in 
dense packing with reduced fluidity and perme
ability, whereas those with polyunsaturated fatty 
acids are much less dense. It is, however, difficult 
to imagine that the exchange of fatty acid 20:4(n-
6) with 22:5(n-3) or 22:6(n-3) would have a sig
nificant effect on membrane properties; thus, the 
high proportion of such fatty acids in the cell 
membranes of marine fish must be related to 
some other function [14]. 

In addition to phosphatidylcholine, a further 
choline-containing phospholipid, sphingomyelin or 
ceramide phosphocholine (Fig. 15.20k), plays an 
important role in some cell membranes. However, 
the proportion of this phospholipid in the brain and 
erythrocytes of mammals differs widely with the 
species: 10% in the red blood cells of the rat, dog 
and horse; 20-25 % in the rabbit, pig, and humans; 
and as much as 45-50 % in sheep, cattle and goats 
[89, 138]. Amongst the insects, the dipterans are 
particularly poor in choline-containing phospholi
pids; in these animals ceramide phosphoethanol
amine is found instead of sphingomyelins [56]. The 
long-chain bases of the sphingolipids are derived 
from sphinganine, which is produced from palmi
toyl-CoA and serine (Fig. 15.21a). Vertebrate sphin
golipids mainly contain sphing-4-enine or sphingo
sine (Fig. 15.21 b), whilst invertebrates have bases 
with different chain lengths, more double bonds and 
methyl branching (Fig. 15.21c). 

Fig.15.2la-c. Long-chain bases in 
sphingolipids. a Biosynthesis of 
sphinganine. Pyridoxal phos
phate-(PLP)-dependent condensa
tion of L-serine with palmitoyl-CoA 
leads by decarboxylation to a 3-oxo 
compound which is reduced by an 
NADPH-dependent dehydrogenase 
to sphinganine (D-erythro-2-amino-
1,3-octadecandiol); b Sphingosine 
(trans-4-sphingenine); c methylated 
octadecadiene base from the sea 
anemone Metridium senile [121] 
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Other phospholipids are found in significant 
amounts only in certain cell membranes. Serine 
phospholipids and inositol phospholipids amount to 
not more than 10 % ; however, the phosphatidylino
sitol polyphosphates are very important as precur
sors of the secondary messengers involved in the 
regulation of cellular processes [211] (p. 664). Bis
phosphatidylglycerol or cardiolipin (Fig.15.20g) 
has already been referred to as a typical component 
of the mitochondrial inner membrane. Phosphati
dylgIycerol (Fig. 15.20 e) is the only phospholipid of 
the cyanobacteria, and makes up 20-30% of the 
total lipid phosphorus in higher plants. It is found 
at only one site in animals, viz. as the surface secre
tion lining the alveoli of vertebrates (lung surfact
ant). This secretion is synthesized in type-II alveo
lar cells and stored in the form of layered granules 
(lamella bodies). After its extrusion, it forms a thin 
film on the cell surface; this reduces the surface ten
sion by more than 50 % and thereby facilitates lung 
ventilation [225]. The lung surfactant consists of 
about 90 % lipid, 10 % protein and some carbo
hydrate. In mammals, and also in the frog Rana 
pipiens, the lipid contains about 10-12 % phospha
tidylglycerol in addition to 70-75 % phosphatidyl
choline and its l-alky-2-acyl- analogues [70]. Sev
eral of the protein components of the mammalian 
secretion have been characterized in detail. Surfact
ant protein A (SP-A) is a mixture of several lectin
like glycoproteins which are present as monomers 
of 28-36 kDa or as dimers of 60-65 kDa. The N-
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terminal third of the sequence is made up, like 
collagen, of two dozen tripeptides with the struc
ture Gly-X-Y, where hydroxyproline is common 
in position Y. An SP-A-like protein of 43 kDa was 
recently found in the rat and designated SP-D. 
The surfactant proteins SP-B and SP-C are 
extremely hydrophobic. Rat SP-B has 376 amino 
acids and agrees in 69 % of its sequence with the 
corresponding dog and human protein; SP-C has 
only 34-35 amino acids. SP-B and SP-C arise 
from larger precursors, whereby the precursor of 
SP-C has 197 amino acids and is an integral mem
brane protein with its N-terminus retained in the 
cytoplasm, i.e. it shows type-I orientation. The 
transmembrane segment corresponds to the 
mature SP-C [128, 274]. 

The bis-(monoacylglycero )phosphates are 
composed of two or three glycerol molecules lin
ked by phosphoric acid residues and esterified 
with two to five fatty acids (Fig. 15.20f). These 
rather unusual lipids are observed only in the 
alveolar macrophages of humans and other mam
mals and during a rare pathological lipid accu
mulation, the Niemann-Pick disease [89]. Equally 
uncommon in its distribution is N-acyl
phosphatidylethanolamine, which carries one of 
the usual CI6 or CIS fatty acids bound in an amide
like fashion to the ethanolamine residue; this 
occurs in amounts of up to 1 % of the total lipid in 
the brains of pike and carp, but has otherwise 
been found only in bacteria and plant seeds [186]. 

Hydrolytic cleavage of the fatty acid bound at 
position sn-2 gives rise to Iysoglycerophospholi
pids, whose name derives from their lytic activity 
on erythrocytes. They usually make up only a 
small proportion of the structural lipids (Tab
les 15.14-15.16) but reach high levels in the blood 
plasma of some mammals, e.g. 23 % in the rat 
[89]. Haemolytic effects have also been attributed 
to the ether phospholipids, which carry an alkyl 
or l' -alkenyl residue instead of an acyl bound 
ether-like at position sn-l (Fig. 15.20i,j). Hydro
lytic cleavage of the l' -alkenyl residue and enol
keto conversion gives rise to a long-chain alde
hyde. From the term "plasmal" to describe this 
aldehyde come the names "plasmalogens" for 
1-(1' -alkenyl)-2-acyl-glycerophospholipids and 
"plasmal reaction" for their histochemical col
our detection. Ether phospholipids are ubiqui
tous in the animal kingdom [63, 194, 265]. The 
most common are the plasmalogens that are pro
duced by dehydrogenation of the corresponding 
l-alkyl-Iyso compound. In the elasmobranch and 
marine invertebrates, l-alkyl-2-acyl-glycero
phospholipids give rise to the common l-alkyl-

2,3-diacylglycerols, mentioned in Section 15.2.3 
as storage lipids. The proportions of alkyl phos
pholipids and plasmalogens vary greatly with the 
species, organ and phospholipid class. In the 
mammals, the proportion of plasmalogens in the 
phospholipids varies from 1 % in the liver to 
23-25 % in the brain and muscle; thus, in humans 
19 % of the total body phospholipids fall into this 
category. From the elasmobranchs to the mam
mals, the plasmalogens make up between 46 and 
68 % of the ethanolamine phospholipids in the 
brain [58, 89]. A large part of the phospholipids 
in many marine invertebrates (cnidarians, anne
lids, molluscs, arthropods, echinoderms and tuni
cates) consists of plasmalogens and l-alkyl-2-
acyl-glycerol compounds [38, 89]. Alkyl com
pounds also form a significant part of the mem
brane lipids of the ciliates Tetrahymena and Para
mecium (Table 15.15). 

15.4.2 Biosynthesis of the Phospholipids 

The general scheme of phospholipid biosynthesis 
in vertebrates has been known for more than two 
decades (Fig. 15.22), although the nature of the 
enzymes and the reaction mechanisms have by no 
means been fully defined. In particular, it is not 
known how the proportions of the different types 
are regulated. This gap in our knowledge is due to 
the fact that the enzymes of lipid biosynthesis are 
bound tightly to the micro somes or mitochondrial 
membranes and are difficult to approach experi
mentally [89]. For this reason, comparative bio
chemical investigations of lipid biosynthesis are 
restricted almost entirely to tracer studies, which, 
as it happens, are in general agreement with the 
current scheme for the vertebrates. Both mito
chondria and microsomes are capable of lipid bio
synthesis but differ in the enzymes involved. 
Thus, the methylation of phosphatidylethanol
amine to phosphatidy1choline occurs only in the 
endoplasmic reticulum, and cardiolipin synthesis 
and the decarboxylation of phosphatidylserine to 
phosphatidylethanolamine occur only in the 
mitochondria. Both cell compartments contain 
different isoenzymes of glycerophosphate acyl
transferase (Fig. 15.22, reaction 1) and acyl-CoA 
synthetase. We can only speculate about why lipid 
biosynthesis is distributed between two cell com
partments in such a complicated fashion. Proka
ryotes produce mainly phosphatidylethanol
amine, phosphatidylglycerol and cardiolipin; 
hence, phosphatidylethanolamine and cardiolipin 
are synthesized in the mitochondria, which, 
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according to the symbiont theory, are derived 
from symbiontic prokaryotes. Most bacteria can
not produce phosphatidylcholine, phosphatidyl
inositol, sphingolipids or sterols and that is why 
the endoplasmic reticulum is responsible for these 
processes in the eukaryotes. However, this sepa
ration has partly disappeared during the evolu
tion of the eukaryotes and the enzymes phospha
tidylinositol synthase and diacylglycerol choline
transferase are present in both compartments 
[55]. Despite its complicated nature, the scheme 
depicted in Fig. 15.22 does not give all the pos
sible synthesis pathways for phospholipids. For 
example, base exchange between different phos
pholipids, which forms the main pathway for the 
synthesis of phosphatidylserine in animals, is not 
shown. The production of phosphatidylcholine 
and phosphatidylethanolamine can also take 
place by acylation of the appropriate lyso- com
pound; this is a pathway that plays a special role 
in linoleic and arachidonic acid metabolism. The 
synthesis of phosphatidic acid, one of the most 

3[CH3-1 Alkenyl-lipids 

choline phosphotransferase; 8, diacyglycerol acyltransfe
rase; 9, phosphatidate cytidyltransferase; 10, CDP 
diacylglycerol: inositol-3-phosphatidyl transferase; 11, gly
cerophosphate phosphatidyl transferase 

important intermediates of lipid biosynthesis, can 
occur by various routes. Phosphorylation of dia
cylglycerol to phosphatidic acid (Fig. 15.22, reac
tion 5) is important in, for example, the brain. 
The biosynthesis of phosphatidic acid can also 
begin with dihydroxyacetone phosphate (the 
DHAP pathway). This route is obligatory for the 
production of the so-called ether lipids, but it is 
not clear what role it plays in the formation of 
diacyl- and triacylglycerol lipids. DHAP acyl
transferase (Fig. 15.22, reaction 2) is localized in 
the peroxisomes of rat liver and probably of other 
organs [89]. 

The biosynthesis of phosphatidylethanolamine 
and phosphatidylcholine by transfer of CDP
bound bases to diacylglycerol has also been 
demonstrated in various insects. The correspond
ing kinases have been isolated from the dipterans 
Phormis regina and Culex pipiens. Thus, both 
here and in the mammals, there is apparently a 
choline-specific enzyme in addition to the one 
that metabolizes both ethanolamine and choline 
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[63]. Choline is essential for the dipterans but it 
can be replaced in the diet by various analogues 
which are also incorporated into phospholipids. It 
is still not clear whether the three methylation 
reactions from phosphatidylethanolamine to 
phosphatidylcholine are catalysed in the mam
mals by one or two enzymes. In lower fungi, such 
as yeast and Neurospora, there is genetic evid
ence for the existence of separate enzymes for the 
first and the two following methylation steps. A 
protein complex of 140-150 kDa has been isol
ated from Drosophila melanogaster and this has 
all three methylation activities [249]. Tracer 
experiments in the crustaceans, whose tissues are 
especially rich in phospholipids, have confirmed 
the presence of the vertebrate scheme of phos
pholipid biosynthesis (Fig. 15.22). Phosphatidyl
ethanolamine and phospholipid arise from diacyl
glycerol (DAG) and a CDP base, and phosphat
idylinositol and cardiolipin arise via CDP
diacylglycerol; phosphatidylserine can be decar
boxylated to phosphatidylethanolamine [37]. The 
phospholipid metabolism of the Porifera coinci
des with that of the higher animals. In Microciona 
prolifera phosphatidylethanolamine and phos
phatidylcholine are mainly synthesized from CDP 
bases (Fig. 15.22, reactions 6 and 7); the methyl
ation of phosphatidylethanolamine plays only a 
minor role [143]. The reactions of the vertebrate 
scheme have also been demonstrated in some 
Protozoa, e.g. the formation of phosphatidylet-

a) b) 

hanolamine and phosphatidylcholine with DAG 
and CDP bases in Tetrahymena, the production of 
phosphatidylinositol from myo-inositol and CDP
diacylglycerol in Crithidia fasciculata, and the 
pathway from phosphatidylserine via phosphat
idylethanolamine to phosphatidylcholine in the 
malarial parasite Plasmodium knowlesi. 

15.4.3 Phosphonolipids 

In 1959, Horiguchi discovered a novel lipid 
component in rumen ciliates, 2-aminoethyl
phosphonic acid (AEPn or ciliatin), the first 
known substance with a phosphorus-hydrocarbon 
bond (Fig. 15.23). Further such bonds have since 
been found in lipids, e.g. 2-amino-3-phosphono
propionic acid (phosphonoserine, Fig. 15.24) and 
N-methylated AEPn. In addition to free and 
lipid-bound forms, AEPn also occurs as a sub
stituent of glycoproteins (p.485). Lipid-bound 
AEPn is known only from the molluscs and 
cnidarians, and amongst the protozoans from cili
ates, amoebae and flagellates [172, 182, 185]. 
There are no AEPn lipids in Locusta migratoria, 
but the haemolymph contains free AEPn at a 
high concentration; this is not derived from the 
symbionts [129]. Glycerolipids and sphingolipids 
may contain AEPn (Fig. 15.23). In the cilia mem
brane and the outer pellicular layer of Tetrahy
mena, AEPn lipids make up about half of the 
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Fig 15.23.a-d. PhosphonoJipds 
[89]. a 1,2-diacylglycerophos
phonolipid; b 1-akyl-2-acylgly
cerophosphonolipid; c sphingo
phosphonolipid;d sphingophos
phonoglycolipid 



total phospholipids, and in other membranes they 
constitute about one-quarter (Table 15.15). The 
most frequently found are glycero-AEPn lipids 
(Fig.lS.23a,b), in particular an ether lipid with 
hexadecyl alcohol in position sn-l. Position sn-2 
carries fatty acids of the type 18: 2 or 18: 3 in Tetra
hymena, but four- to fivefold an amount of poly
unsaturated fatty acids in Paramecium. Under 
certain culture conditions, the glycero-AEPn 
lipids of T.pyriformis strain WH-14 contain 
branched 2-hydroxy fatty acids [89]. Like phos
phatidylcholine and phosphatidylethanolamine, 
the AEPn lipids are also involved in membrane 
adaptation to temperature. 

The first AEPn-sphingolipid (Fig. 15.23 c) was 
discovered in 1963 in the sea anemone Antopleura 
elegantissima. Since then, such lipids have been 
found in large quantities in various cnidarians and 
molluscs; for example, they make up 45 % of the 
total sphingolipids in the shell-adductor muscle of 
the oyster. In contrast, the ciliate Tetrahymena 
contains only small amounts of AEPn
sphingolipids. In the molluscs, up to one-third of 
these lipids are N-methylated, and in the sphingo
phosphonolipids of the sea anemone Metridium 
senile about one-third of the fatty acids are 
branched. In addition to the special case of T. py
riformis mentioned above, this is one of the very 
few examples of branched fatty acids in animal 
membrane lipids. Two relatively simple sphingo
phosphonoglycolipids with a terminal AEPn have 
been isolated from the gut of the sea snail Turbo 
cornutus (Fig. 15.23 d), and several more com
plicated glycolipids with one to three terminal 
AEPn have been isolated from the nervous sys
tem of the snail Aplysia kurodai, together with a 
pyruvylated galactose residue found here for the 
first time as a component of animal sphingolipids 
[4, 90]. More recently, sphingophosphonoglycoli
pids have been detected in the crustaceans: 
namely, AEPn-glucosylceramide has been found 
in the Antarctic krill Euphausia superba [106]. 
The sphingosines of the phosphonolipids in Tetra
hymena are mainly iso- branched with 16-19 C 
atoms and one double bond. In mollusc species, 
they are complex mixtures of predominantly 
unbranched bases with 16-22 C atoms and one or 
two double bonds [89]. AEPn-glycoproteins were 
discovered in the slime of sea anemones such as 
Metridium senile and M. dianthus (p. 485). A gly
colipoprotein with a 22.5-kDa polypeptide, 30 % 
carbohydrate and 8 % AEPn has been reported in 
the cell membrane of Tetrahymena [24S]. 

It is essentially a mystery why phosphono
compounds are formed and incorporated into 
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various lipids and proteins exclusively in the mol
luscs, cnidarians and some protozoans. An inter
esting explanation was recently put forward for 
the presence of AEPn compounds in the outer 
pellicular layer of Tetrahymena. The AEPn group 
inhibits phospholipase C and the I-alkyl group 
inhibits phospholipase AI' Both phospholipases 
are, however, secreted by Tetrahymena, presum
ably as a defence against amoebae and other 
enemies, or to lyse the cells of aquatic insects in 
which Tetrahymena is an endoparasite. The phos
phonolipids protect Tetrahymena from its own 
lipases. It is not known, however, whether cnida
rians and molluscs also secrete lipases into their 
environments [67]. About 98 % of the total phos
phorus in freshly laid eggs of the aquatic pulmon
ate snail Helisoma sp. is present as AEPn, which 
is apparently bound to galactans. The AEPn is 
largely consumed during embryo development 
and represents only 29 % of the total phosphorus 
in the adult. Thus, AEPn stored in the eggs of this 
and other water snails (Planorbidae, Physidae, 
Lymnaediae) apparently serves as a phosphate 
store for use during development [172]. 

Analogous to the synthesis of the glycerophos
pholipids, the glycerophosphonolipids in the cili-
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ate can be derived from free AEPn by AEPn 
transfer from CMP-AEPn to diacylglycerol; how
ever, this appears to be simply a mechanism for 
the recycling of free AEPn (salvage pathway). 
AEPn biosynthesis starts with phosphoenolpy
ruvate (PEP). The main route involves the con
version of phosphonopyruvate by a PEP phos
phomutase, decarboxylation to phosphonoacetal
de hyde and direct amination to 2-aminoethyl 
phosphonate (Fig. 15.24). The phosphomutase of 
T. pyriformis has been isolated [9, 24]. 

15.4.4 Glycolipids 

Three main types of glycolipid can be distingu
ished on the basis of structure and function: the 
glycosphingolipids, including the sialic acid
containing gangliosides and the glycoglyceroli
pids, are important membrane components; the 
glycosylphosphopolyprenols (dolichols) are co
factors for the N-glycosylation of proteins; and 
sulphated glycoglycerolipids are important com
ponents (in addition to glycoproteins) of the 
mucosal lining of the stomach wall, protecting it 
from mechanical and chemical injury. The charac
teristic ascaroside from the ovary and eggs of the 
roundworm Ascaris is built up from the sugar 
ascarylose, a long-chain, monovalent or divalent 
fatty alcohol, and sometimes also a fatty acid; this 
has already been discussed (p. 463). 

The glycosphingolipids (GSL; Fig. 15.25a) are 
mainly located in the outer layer of the cell mem
brane. The ceramide portion, consisting of a long
chain base and an amide-like bound fatty acid, is 
integrated in the lipid layer, whereas the carbo
hydrate part protrudes over the cell surface. 
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Fig.15.25a, b. Glycolipids [281]. a Galactosylceramide as 
an example of a glycosphingolipid; b l-akyl-2-acyl-3-(3'
sulphogalactosyl)-sn-glycerol (seminolipid) as an example 
of a glycoglycerolipid 

Experiments with reagents that act from without 
have shown, however, that a considerable part of 
the GSL molecule is inaccessible ("masked"). 
GSLs also contribute to the mechanical strength 
of the cell membrane, but their main functions lie 
in the area of cell recognition, cell-cell interac
tion, as immunological antigen determinants, dif
ferentiation markers, and receptors for hormones 
and, inevitably, toxins and viruses [281]. The sur
face of the epimastigotes of Trypanosoma cruzi 
includes a lipopeptidophosphoglycan (LPPG) that 
is important for host-cell penetration and has 
immunological properties. The glycan is bound to 
inositol phosphorylceramide via a non-acylated 
glucosamine residue. The latter carries a mol
ecule of AEPn [210]. The LPPG of T. cruzi is 
structurally and functionally comparable with the 
glycosylphosphatidylinositols, described below, 
which serve as anchors for membrane proteins 
(p.61O). This is also true for a glycophosphos
phingolipid found recently in Tritrichomonas foe
tus [242]. 

The classification of GSLs is based upon the 
structure of the carbohydrate portion. The num
ber of monosaccharide residues in the molecule is 
described by the suffixes, -biose, -triaose, -tetra
ose, etc.; the more correct -triose is deliberately 
modified to avoid confusion with the name of the 
C3 sugars. Most GSLs can be assigned to one of 
six series according to the sequence of the sugars 
(Fig.15.26); the mollu- and arthro- series are 
found only in the corresponding invertebrate 
groups. Binding variants are indicated by the 
addition of "iso-" or "neo-". Not all GSLs can be 
so easily classified. For example, a fucose
containing GSL isolated from the teleost Paroph
rys vetulus does not fit into any of the six series 
[199]. GSLs acquire a negative charge through 
the linking of the oligosaccharide chains with 
acidic components; in sulphated GSLs, referred 
to earlier as sulpha tides , the acidic components 
are sulphuric acid residues esterified with sugar 
OR groups, and in the gangliosides they are sialic 
acids. In insects there are GSLs that have termi
nal glucoronic acid residues as the negatively 
charged component [279]. Sulphated GSLs are 
found in all cell membranes where they constitute 
specific binding sites for adhesive glycoproteins 
such as laminin, thrombospondin and the von 
Willebrand factor [224]. Individual cells may con
tain numerous different glycolipids; for example, 
it is estimated that human erythrocytes contain 
about 25 neutral GSLs and just as many gangliosi
des, only half of which have, as yet, been 
described. Probably the most complicated GSLs 
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Fig.15.26. The most 
important series of the 
glycosphingolipids 
[281] 

GLobo
IsogLobo
Lacto
NeoLacto
GangLio
G'aLa
Arthro
MoLLu-

GaL~(1-3)GaLNAc~(1-3)GaLa(1-4)GaL~(1-4)GLc~1-Cer 
GaLNAc~(1-3)GaLa(1-3)GaL~(1-4)GLc~1-Cer 

[GaL~(1-3)GLcNAcJn~(1-3)GaL~(1-4)GLc~1-Cer 
[GaL~(1-4)GLcNAcJn~(1-3)GaL~(1-4)GLc~1-Cer 

GaLNAc~(1-4)GaL~(1-3)GaLNAc~(1-4)GaL~(1-4)GLc~1-Cer 
GaLa(1-4)GaL~1-Cer 

GaLNAca(1-4)GaLNAc~(1-4)GLcNAc~(1-3)Man~(1-4)GLc~1-Cer 
Fuca(1-4)GLcNAc~(1-2)Mana(1-3)Man~(1-4)GLc~1-Cer 

are the polyglycosy1ceramides or macroglycoli
pids which can contain up to 20 sugar residues; 
they have so far been reported only in the mam
mals, in particular in the erythrocytes [281]. 

The mammalian ceramide components include 
the very common sphingosine (4-sphingenine), 
the saturated sphinganine (Fig. 15.21a,b), 4-
hydroxysphinganine and the longer-chain eicosas
phingenine. Further GSL components have been 
discovered in the invertrebrates, e.g. unusually 
short-chain (C14 , C15 , C16) sphinganines and sphin
genines in glucosy1ceramides of the nervous sys
tem of the prawn Penaeus aztecus, and a methyl
ated octadecadiene base (Fig. 15.21 c) in glucosyl
ceramides of the sea anemone Metridium senile 
[121, 240]. The fatty acids of GSLs mostly have 
chains of more than 20 C atoms and are less unsa
turated than those of the phospholipids. The 
GSLs of the brain, kidney and small intestine 
contain large amounts of 2-hydroxy fatty acids 
[281]. 

The simplest GSLs of the mammals are 
galactosyl- and glucosylceramides (Fig. 15.25a). 
Galactosy1ceramide was discovered in 1884 in the 
human brain as the first GSL, and is also found in 
various organs of lower vertebrates. Glusosy1ce
ramide was discovered first in the spleen of pati
ents with Gaucher disease but, in fact, next 
to lactosylceramide and globotetraosylceramide 
(globoside), it is one of the main GSLs of the 
extraneuronal tissues of healthy humans and 
mammals. Galactosyl- and glucosylceramides are 
also widely found in the invertebrates where, in 
contrast to the mammals, there are also other 
monoglycosylceramides, e.g. mannosylceramide 
in the freshwater mussel Hyriopsis schlegelii 
[105]. The main components of vertebrate myelin 
are galactose-containing GSLs which are partly 
sulphated [179]. In mammals, the myelin of the 
central nervous system contains proteolipid pro
tein (PLP) and myelin basic protein (MBP) as 
protein components, whilst the myelin of the 
peripheral nervous system has protein Po and 
MBP. The Po and MBP of the shark Heterodontus 
francisci and mammals have about 44-46 % 
sequence similarity [230]. Invertebrates have no 

myelin but do have a loose membrane surround
ing the axons of the nerve cells. Systematic 
investigations of 23 species showed that the nerv
ous tissues of the echinoderms, acranians and ver
tebrates have mainly galactose-containing GSLs, 
which have hydroxy fatty acids and are in part 
sulphated; in contrast, the nervous tissues of the 
molluscs, annelids and arthropods (Xiphosura, 
Crustacea, Insecta) have only glucose-containing 
GSLs without hydroxy fatty acids or sulphate 
residues [197]. 

The L-fucose-containing GSLs (fucolipids) 
carry the antigenic characters of the human ABH 
(formerly ABO) and Lewis blood group systems. 
At least 36 different fucolipids have so far been 
recognized in mammalian cells, with especially 
large amounts occurring in the stomach wall, gut 
and pancreas, but little in the erythrocytes. In 
order to define the structure of the ABH anti
genic carhohydrates, glycoproteins and oligosac
charides from the saliva and other secretions were 
initially investigated. In the meantime, however, 
the ABH antigens of the erythrocytes have been 
identified as GSLs. These are structurally very 
heterogeneous, with the terminal structure of the 
carbohydrate chain being the determinant of 
antigenicity [281]. Fucose- and methylfucose
containing GSLs have also been found in mussels 
and snails [281). Completely novel GSL structu
res have emerged from the less-detailed investiga
tions of invertebrates, i.e. the bivalves, gastro
pods and insects, and these led to the formulation 
of the mollu- and arthro- GSL series (Fig. 15.26). 
The GSL spectra of the invertebrates appear to 
be just as complex as those of the vertebrates 
[3, 53, 91, 105, 281]. Systematic investigations of 
further invertebrates will presumably reveal other 
GSL series. Almost nothing is known about GSL 
metabolism in the invertebrates. Most note
worthy is the detection of a ceramide glycanase in 
the earthworm Lumbricus terrestris and the leech 
Macrobdella decora; this can cleave the bonds 
between carbohydrates and cerami des in various 
GSLs [151, 291]. 

In agreement with the characteristic distribu
tion of sialic acids in the animal kingdom (p. 465), 
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sialic acid-containing GSLs (gangliosides) have, 
as yet, been found only in the vertebrates and the 
echinoderms. The structural variety of the gangli
osides is almost impossible to summarize. To the 
variability of the carbohydrate portion, the long
chain base and the fatty acid of all GSLs, may be 
added the variable nature, number and position 
of the sialic acids. The terminology is just as com
plicated. The system of abbreviations put forward 
by Svennerholm (1963), and which is still in fre
quent use, designates the individual gangliosides 
with a G together with a capital letter subscript, 
indicating the number of sialic acids (GM for 
monosialo- to GH for hexasialo-), and Arabic 
numbers (and lower-case letters) for the relative 
mobility in thin-layer chromatograms (Fig. 15.27) 
[281]. 

Gangliosides may contain up to six sialic acid 
residues which are almost always found at the 
ends of the carbohydrate chains, or form side
branches. Gangliosides with internal sialic acids 
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Fig.15.27. The three biosynthetic pathways of the ganglio-
sides [213]. The individual gangliosides are labelled accord-
ing to the abbreviations of Svennerholm (1963) 

are known only in the echinoderms. The relative 
proportions of N-acetyl and N-glycolyl neura
minic acid can vary in the same cell type (erythro
cytes) between different species. Sugar- and 0-
methyl-substituted sialic acids are present in the 
gangliosides of the echinoderms. The carhohydr
ate protein of the gangliosides mostly belongs to 
the ganglio-, lacto- or globo- series (Fig. 15.26); 
however, gangliosides from cows' milk and echi
noderms were found to contain a novel branched 
oligosaccharide [244, 259]. The simplest ganglio
sides with one galactose or glucose residue and a 
terminal sialic acid are present in, for example, 
sea urchin gametes, and the galactose compound 
is also a major component of myelin. Gangliosi
des with lactose and one to three sialic acids (hae
matosides) predominate in extraneuronal tissues. 
The more complicated gangliosides can be subdi
vided according to three synthetic pathways, a-c, 
which all start with the lactose compound having 
one, two or three terminal sialic acids 
(Fig. 15.27). A trisialoganglioside isolated from 
the brain of the dogfish Squalus acanthias does 
not, however, fit this scheme: its three sialic acid 
residues are separately linked to the gangliotetra
osyl backbone [184]. The ceramide portion of ver
tebrate gangliosides differs from the neutral 
GSLs by having a higher content of eicosasphing-
4-enine. Amongst the gangliosides of the echino
derms, those of the sea urchins always have the 
same simple carbohydrate component 6-sialyl
glucose. In contrast, the starfish have species
specific gangliosides which differ in the type and 
localization of the sialic acid residues and contain 
a complicated spectrum of partly branched C16 , 

C17 and C18 bases; up to 90 % of the fatty acids are 
hydroxyl substituted [244, 281]. 

Species comparisons are only available for the 
gangliosides of mammalian erythrocytes and ver
tebrate brain. The oligo saccharides of mamma
lian erythrocyte gangliosides vary with the spe
cies, with the ganglio- series present in the rat, 
the lacto- series in cattle, the globo- series in 
humans, lactose in other species, or just galactose 
in the mouse. The lactose-containing gangliosides 
that predominate in many extraneuronal cells 
carry one to three sialic acids. Those with one 
sialic acid are found in, for example, the erythro
cytes of humans, cattle, the horse, giant panda, 
rabbit and dog; those with two occur in the eryth
rocytes of the cat and other Felidae, and also in 
the retina of many mammals. The relative propor
tions of N-acetyl- and N-glycolyl-neuraminic acid 
in erythrocytes also differ with the species: only 
NeuAc in man; predominantly NeuAc in Euro-



pean dogs but NeuGc in Oriental dogs; exclus
ively NeuGc in the horse, giant panda and 
domestic cat; and both NeuAc and NeuGc in Per
sian cats [281]. 

The gangliosides of the brain show the highest 
concentrations and complexity; in the synapto
some membranes they constitute up to 15 % of the 
total lipids. Critical to their function is the fact 
that they are the only lipids to change in proper
ties after binding calcium ions, and they are there
fore probably modulators of synaptic signal trans
mission. Intensive comparative investigations of 
representatives of all the vertebrates groups from 
the elasmobranchs to the mammals have shown 
the following [7, 95, 213, 214, 215]: 

1. The brain gangliosides of the vertebrates 
belong almost exclusively to the ganglio
series, whereby lactose and gangliotriaose pre
dominate in the elasmobranchs, and ganglio
tetraose predominates in all other vertebrates 
up to the mammals. 

2. Despite large species-specific differences, the 
ganglioside concentrations in the brain clearly 
increase in the vertebrate order, with values of 
0.5-1.0 nmol ganglioside-bound sialic acid per 
g fresh weight in the fish and amphibians, more 
than 1.3-1.7 nmol/g in the reptiles, and up to 
2-3 nmol/g in the birds and mammals. It is 
noteworthy that all elasmobranchs have rela
tively high values, and highly developed forms, 
such as Myliobatis australis, show higher values 
(1.88 nmol/g) than do primitive species such as 
Squalus acanthias (0.87 nmol/g). 

3. The spectrum of brain gangliosides differs 
between the different sections of the brain. 
However, there is a clear trend towards simpli
city with increasing brain organization. In the 
lower poikilothermic vertebrates there is a 
large number of complex gangliosides that 
have many sialic groups; in contrast, in the 
birds and mammals there is a lower number of 
less strongly polar gangliosides. Similarly, in 
the mammals the ganglioside spectrum decrea
ses in complexity from the monotremes to the 
marsupials to the Placentalia [213, 214]. Sim
plification of the spectrum with increasing 
degree of organization is also observed for 
other metabolites, e.g. the sterols. The phe
nomenon can be explained by the assumption 
that nature began with experiments involving 
several different substances, and with time 
selected those that were most suitable. The 
agnathan Lampetra fluviatilis has one-third 
each of di-, tri- and tetrasialogangliosides, 
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80 % of which are produced by the b pathway 
(Fig. 15.27). In the elasmobranchs, pentasialo
and hexasialo- compounds constitute 18-25 % 
of the gangliosides. The brain gangliosides of 
the many teleosts to have been investigated 
differ greatly in polarity. This is probably 
related to the average temperature of their 
habitats. Strongly polar gangliosides at low 
temperatures have the same calcium-binding 
capacity as do less polar forms at higher tem
peratures. Thus, the tropical tapir fish Gnatho
nemus petersi has 16 % monosialoganglioside 
and 45 % disialoganglioside, whereas the 
Antarctic ice fish Trematomus hansoni has the 
most polar ganglioside spectrum of all verteb
rates with 40 % pentasialo- and hexasialo
compounds. In the mammals, on the other 
hand, 68-84 % of the gangliosides have only 
one or two sialic acids, 8-22 % have three 
sialic acids, and only 4-12 % have four or 
more sialic acids. The proportion of gangliosi
des with a high number of sialic acids increases 
during hibernation. The relationship between 
calcium binding, polarity and temperature 
explains why changes in the spectrum of brain 
gangliosides is among the mechanisms of 
adaptation to temperature found in the verteb
rates [213, 214). 

4. Alteration of the ganglioside spectrum is 
accompanied by a change in the synthetic 
pathway (Fig. 15.27). The b pathway predomi
nates in the agnathans; the Chondrichthyes 
and Osteichthyeses have in addition the c 
pathway, which is clearly the dominant path
way in the higher teleosts, such as the pike 
Esox lucius. Both the band c pathways are 
also found in the amphibians, whereas reptiles 
and birds use the a and b pathways. Finally, the 
mammals have only the a pathway [213,214]. 
During ontogenesis in the chicken, there is a 
"recapitulation of the phylogeny" in that the 
embryo makes use of the more primitive com
bination of the band c pathways, whereas the 
adult utilizes a and b. 

Glycoglycerolipids have been found only so far in 
vertebrate sperm and myelin. The main represen
tative of this class in mammalian sperm is the 
l-alkyl-2-acyl compound known as seminolipid 
(Fig. 15 .25b). This is also found in the rat brain, 
together with the corresponding diacyl com
pound; in contrast, the brain of the cod Gadus 
morrhua contains only the diacylated form [281]. 
Glycoglycerolipids with a rather peculiar struc
ture have been isolated from the cockroach 
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Blaberus colosseus. These "blaberosides" contain 
6' -3-hydroxy-ll-eicosenoyl-gentiobiose as the 
carbohydrate component and are unusual in that 
this carbohydrate is located in position sn-2 
of a l-alkyl-3-acyl-glycerol [256]. l-Alkyl-2-acyl-
3-(2' ,3' -diacylglycerol)-glycerol, discovered in Har
derian gland tumours of mice, may be considered 
the representative of a new class of lipids [123]. 
The glycosyl phosphatidylinositols (GPls) of the 
plasma membrane form the anchor for the differ
ent proteins of the cell surface, e.g. thy-lor ace
tylcholinesterase. The membrane-bound GPls of 
unicellular eukaryotes have similar functions; the 
GPls found in the cytoplasm are precursors of the 
membrane components. The attachment of the 
variable surface glycoproteins (VSGs) of Trypa
nosoma brucei has already been described 
(p.240). The parasitic protozoans of the genus 
Leishmania inhabit their sandfly (Phlebotomi
nae) vector as extracellular promastigotes, and 
mutiply in the mammalian host as intracellular 
amastigotes in the phagolysosomal compartment 
of the macrophages. The GPls of the promastigo
tes are membrane anchors for the surface prote
ins and the heterogeneous lipophosphoglycan, 
which plays a central role during the infection of 
mammalian macrophages and during survival in 
the phagolysosomes. The promastigote surface 
protease (PSP) of L. major is a zinc endopepti
dase. The glycan of its GPI anchor is very similar 
to the VSG of T. brucei and to the thy-l of the rat 
brain. The lipid component, in contrast to that of 
VSG and thy-l, is a completely saturated l-alkyl-
2-acyl-phosphatidylinositol [233]. The lipophos
phoglycans (LPGs) of L. major are made up of 
repetitive phosphoglycans of 5-40 kDa, a phos
phorylated hexasaccharide core and a lysoalkyl
phosphatidylinositol anchor. The LPGs of the 
related species L. donovani are similar, but less 
complex in structure [166, 167]. The glycosyl
phosphopolyprenols are the only glycolipids in 
which the carbohydrate and lipid is linked by a 
phosphoric acid; they function in the N
glycosylation of animal proteins (see Fig. 13.17, 
p. 491). The lipid component is provided by the 
dolichols (Fig. 15.28), which are polyprenols with 
16-23 prenyl residues. The number of prenyl resi
dues is species- and organ specific: human liver 
contains 20 > 21 > 19 in decreasing amounts; rat 

Dolichol 

liver contains 18 > 19> 17; and rat testis contains 
18 > 20 > 19. Dolichols with 19 and 20 prenyl 
residues predominate in marine invertebrates 
[281]. Dolichol phosphorylation in vertebrates, 
crustaceans, nematodes and sea urchins requires 
CTP, whereas ATP is apparently the phosphoryl 
donor in the insects [99]. 

15.5 Lipids with Regulatory Functions 

It has become increasingly obvious during recent 
years that lipids not only form important energy 
reserves and structure-forming membrane com
ponents but also act in very specific ways in the 
regulation of many cellular processes. Two such 
mechanisms have already been discussed, i.e. the 
effects of the phospholipid-dependent protein 
kinases (Chapter 3) and the receptor-stimulated 
hydrolysis of phosphatidylinositol-4,5-bisphos
phate into the two secondary messengers inositol-
1,4-5-trisphosphate and diacylglycerol. The bio
logically highly active lipids also include the 
platelet-activating factor (PAF) , which is pro
duced by leukocytes and other cells and, even at 
the extremely low concentration of 10-11 mol/l, 
stimulates platelets to release vasoactive amines; 
it also triggers other cellular reactions. This is 
the ether lipid l-alkyl-2-acetyl-sn-glycerol-3-phos
phocholine, which carries an aliphatic alcohol 
with 14-18 C atoms at sn-l and an acetic acid 
residue at sn-2 [84]. The following section exami
nes in some detail two types of bioactive lipids 
which are particularly interesting for comparative 
biochemistry: the prostaglandins, and the juve
nile hormones. The steroids, of course, also 
belong to the class of lipids with regulatory func
tions, but their variety and unique structural fea
tures will be dealt with in Chapter 16. 

15.5.1 Prostaglandins and Other Eicosanoids 

The oxidation of polyunsaturated Czo fatty acids, 
in particular arachidonic acid 20:4(n-6), gives rise 
to a variety of products, the so-called eicosa
noids. The best-known of the eicosanoids are the 
prostaglandins, which were first discovered in 

Fig.15.28. Dolichol. n, Number of prenyl resi
dues 



mammals in 1933, and were named after their ori
gin in the prostate. However, their structure and 
biosynthesis have only been described during the 
last two decades. They have been assigned a con
fusing number of effects in mammals, in some 
cases with different prostaglandins acting on the 
same cell or with the same prostaglandin acting 
on different tissues and having very different 
(even opposing) effects. In general, the prosta
glandins are probably best described as a modula
tion system with mainly homeostatic functions; 
they are involved, for example, in reproduction, 
blood clotting, the circulation, kidney function, 
pain and stress reactions, protection of the gut 
from self-digestion, and regulation of immunolo
gical responses [188, 201]. Several classes of spe
cific prostaglandin receptors have been described 
[183]. Prostaglandins and other eicosanoids are 
also known from various invertebrates, where 
they apparently have regulatory functions in 
reproduction, ion balance, temperature control 
and parasite-host relationships [253]. 
The rate-limiting step in the biosynthetic pathway 
of the prostaglandins is the release of arachidonic 
acid, the nervous and hormonal regulation of 
which has therefore been studied to some depth 
in man and other mammals. The arachidonic acid 
at position sn-2 of phosphatidylcholine and phos
phatidylethanolamine is released by phospholi
pase Az. However, in many tissues the arachi
donic acid is bound mainly to phosphatidylinosi
tol and, after the removal of inositol phosphate 
by phospholipase C, is released from the resulting 
diacylglycerol (DAG) by a DAG lipase. During 
prostaglandin synthesis from arachidonic acid, a 

a) 
,'~COOH 
8 6 4 2 1 

b) 

C) 

o HO 0 HO 0-' ~-. ¢( Q--
A 0 HO HO 

o E Fa 

Fig.15.29a-c. Prostaglandins [201]. a Prostanic acid; b 
ring portion of various prostaglandins; c structural formu-

15.5.1 Prostaglandins and Other Eicosanoids 611 

cyclooxygenase reaction gives rise to 15-
hydroperoxy-9,1l-endoperoxide (PGGz) which is 
reduced in a subsequent peroxidase reaction to 
the corresponding IS-hydroxy compound, PGHz 
(Fig. 15.30a). Both reactions are catalysed by the 
same protein, known as prostaglandin synthase 
[169, 285]. The classical prostaglandins (PG) E, 
D and F arise by enzymatic or non-enzymatic 
reactions, in which the endoperoxide is either iso
merized to ~-hydroxyketones (PGE and PGD) or 
reduced to a 1,3-diol (PGF) (Fig. 15.29b). The 
NAD+ -linked 15-hydroxyprostaglandin dehydro
genase of the human placenta is a dimer of 266-
amino-acid subunits which have a surprising 54 % 
sequence similarity to the short alcohol dehydro
genase of Drosophila melanogaster [141]. The 
basis of the prostaglandins is prostanic acid 
(Fig. 15.29a), which arises from a cyclopentane 
ring with two side-chains of seven and eight C 
atoms. In the classification and nomenclature of 
the prostaglandins, the structure and substituents 
of the cyclopentane ring are designated by the let
ters A to I, and the number of double bonds 
in the side-chain by the numbers 1 to 3 
(Fig. 15.29 c). Prostaglandins of series 1 are 
derived from 13-trans-prostenic acid, of series 2 
from 5-cis,13-trans-prostadienic acid, and of 
series 3 from 5-cis,13-trans,17-cis-prostatrienic 
acid. The common prostaglandins PGF1a and 
PGFza (Fig. 15.29 c) carry a hydroxyl group on 
C-9; the position of this group below the plane 
of the molecule is denoted by a [201]. 

The first indication of prostaglandins in the 
invertebrates was obtained in 1969 when prosta
glandins (15R)- and (15S)-PGAz (unknown in the 
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mammals) were found in relatively large amounts 
in the gorgonian Plexaura homomalla. PGA2 acts 
to deter fish and is apparently accumulated by the 
coral as a defence substance. Large amounts of 
prostaglandins are otherWise found only in the 
seminal vesicles of some mammals and insects; 
most tissues do not accumulate prostaglandins 
but, on the contrary, subject them to rapid turn
over. Prostaglandin-like substances are found in 
many, if not all, gorgonians (Gorgonacea): PGF 
occurs in Lobophyton depressum, claviridenone 
occurs in Clavularia viridis, and 1-chloro,12-
hydroxyprostanoids occur in Telesto riisei; in con
trast, no prostaglandins are found in, for exam-

pIe, PseudopZexaura porosa [29,45]. Prostaglan
dins have been found in many molluscs, e.g. in 
the freshwater snail Heliosoma durgi and the 
mussels Mytilus californianus and Ligunia sub
rostrata. The gastropod Tethys fimbria (Opisthob
ranchia) synthesizes prostaglandin-1,15-lactones 
of the E and F series, and on the basis of their tis
sue distribution these have been assigned a 
variety of biological functions in defensive behav
iour, smooth muscle contraction and egg produc
tion or fertilization control [60]. 

The first indication of prostaglandins in the 
insects came in 1974 from the orthopteran Acheta 
domestica. Since then, PGE and PGF have been 
identified in a whole series of insects from differ
ent orders, with the variation in concentration 
ranging over many orders of magnitude. The bio
synthesis of prostaglandins has been shown in 
various insects both in vitro and in vivo [25, 271]. 
As expected, prostaglandins of series 1 are pro
duced from (n-6) fatty acids 20:3, and series 2 are 
produced from arachidonic acid 20:4 (Fig. 15.7). 
PG synthase activity is found in the microsomes 
of Musca domestica, as in the mammals, but in 
Bombyx mori it is present in the 100000-g super
natant, and in Acheta and TeZeogryllus commodus 
it is present in the 300-g pellet. It is not clear how 
far these results really indicate differences in the 
intracellular localization of the enzyme complex 
[271]. PG synthase is mainly found in certain sec
tions of the male genital tract. In the orthopterans 
Locusta migratoria, TeZeogryllus commodus and 
Acheta domestica, and in the bug Triatoma infes
tans, during copulation PG synthase activity is 
transferred together with the contents of the sper
matophore to the female spermatheca, where it 
catalyses prostaglandin synthesis from the avail
able arachidonic acid. In the silkworm Bombyx 
mori, however, PGEz and PGF2<x are transferred 
directly from the male to the female [26, 145]. 
Prostaglandins in insects appear to play an 
important role in reproduction, similar to that 
played in humans and mammals, in that the prostag
landins are involved in a variety of ways in all phases 
of reproduction from conception to birth. For exam
ple, stimulation of egg laying by PGE2 could be 
demonstrated in Acheta and TeZeogryllus but not in 
Locusta migratoria or TrichopZusia ni. Inhibitors of 
prostaglandin synthesis, such as steroidal inflamma
tion inhibitors, which block the release of arachi
donic acid, or aspirin, indomethacin and phenylbu
tazone, which affect the PG synthase complex, dis
turb the whole of development in the mosquito 
Culex pipiens; they also affect the flight capacity of 
the adults [58]. Prostaglandins are apparently 



involved in the triggering of immune reactions in 
the moth Manduca sexta [254]. 

From PGHz, the first stable intermediate of 
prostaglandin synthesis, further metabolic path
ways lead to the other eicosanoids, thromboxanes 
and prostacyclins (Fig. 15.30b), about which, 
however, there is little comparative information. 
Arachidonic acid is oxidized not only by the cyc
looxygenase activity of PG synthase but also by 
lipoxygenases, without ring closure, to hydro
peroxy-5,8,10,14- eicosatetraenic acids (HPETEs); 
it is further converted to leucotrienes (Fig. 
15 .30 c) and hydroxy-eicosatetraenic acids 
(HETEs) [201,247]. The specific lipoxygenases 
show large differences in their sequences, e.g. the 
human 15-lipoxygenase has only 39 % of its 660 
amino acids in common with the 5-lipoxygenase 
[241]. Leucotriene B4 (LTB4) has proinflammat
ory and immune-mediator activities in mammals, 
and has similar functions in the frog Rana tempo
raria and the trout Salmo gairdneri [72, 205]. 
HETEs and related hydroxy fatty acids with cer
tain localizations and stereo-configurations of the 
hydroxy group act in lower vertebrates and inver
tebrates as triggers for oocyte maturation, e.g. 
15(S)- and 12(S)-HETE in the frog Xenopus lae
vis, 8(R)-HETE in several starfish, and U(R)
and 12(R)-HETE in the sea urchin Strongylo
centrotus purpuratus [88]. The trihydroxy
eicosatrienic, -eicosatetraenic and -docosapen
taenic acids, synthesized by the barnacle Balanus 
balanoides and excreted into the water, function 
as hatching factors [248]. In the sea snail Aplysia 
cali/ornica, the 12-ketoeicosatetraenic acid pro
duced from 12-HPETE appears to be an intracel
lular signal mediating the effects of the peptide 
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hormone FMRF amide [206]. The formation of 8-
HETE and other HETEs from arachidonic acid 
has been demonstrated in the thysanuran Ther
mobia domestica; 5-HETE and 12-HETE have 
been found in the freshwater mussel Ligumia sub
rostrata; and 15-HPETE has been found in the 
coral Pseudoplexaura porosa, which produces no 
prostaglandins and accordingly has no cyclooxy
genase [79, 212]. 

15.5.2 Insect Juvenile Hormones 

Based upon investigations of the bug Rhodnius 
prolixus, Wigglesworth in the 1930s postulated 
the existence of a hormonal factor that originated 
from the corpora allata and, whilst allowing con
tinued growth, prevented metamorphosis. In 
1967, Roller defined the chemical structure of 
such a juvenile hormone (now known as JH I) 
from Hyalophora cecropia. Since then, four fur
ther juvenile hormones have been detected in the 
corpora allata or the embryos of this lepidopteran 
species (Fig. 15.31). Complicated JH spectra 
appear to be restricted to the Lepidoptera; 
insects of other orders have only JH III. Early 
results showing the presence of JH I and JH II in 
the cockroach Nauphoeta cinerea, the housefly 
Musca domesticaand the migratory locust 
Locusta migratoria have not survived the test of 
newer detection methods [31, 62, 150]. The JH 
spectrum of the lepidoptera changes during 
development; in Manduca sexta, the egg contains 
mainly JH 0 and JH iso-O, the larvae contain 
JH II and JH I, and the adults possess JH III and 
JH II. The basic regulatory mechanisms, at the 
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level of either precursor concentrations or the 
enzymes for formation and degradation, have not 
yet been described in detail. In the emperor 
moths, there is a marked difference between the 
sexes in the JH titre: freshly hatched males con
tain 16.9 ng JH II/g and 0.4 ng JH I/g compared 
with 0.06 and 0.01 ng/g, respectively, in the fema
les. The biological significance of this sexual 
dimorphism awaits explanation. Juvenile hor
mone is passed from male to female during mat
ing; however, allatectomied males and females 
produce viable progeny [8]. Whereas mosquito 
larvae have only JH III, Drosophila melanogaster 
also produces the unusual JHB3 (JH bisepoxide) 
[222]. Traces of JH III have been detected in the 
crustacean Libinia emarginata but this is probably 
an oxidation artefact of the 1000-fold higher con
centration of methylfarnesinic acid [147]. JH III 
has even been isolated from plants [263]. 

The process of juvenile hormone synthesis has 
been studied with tracer experiments and in vitro 
investigations of many insect species [234]. The 
biosynthesis of JH III occurs via the classical 
isoprenoid pathway (see Fig. 16.2, p. 625) via far
nesyl pyrophosphate, which by the cleavage of 
the pyrophosphate residue, oxidation to the acid, 
epoxidation and methyl transfer is converted to 
JH III. In the lepidopterans, the epoxidation 
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Fig.15.32. Biosynthesis of the juvenile hormone JH 1[62]. 
A multiple-step reaction from one molecule each of ethyl
methylallyl pyrophosphate (EMAPP) , homoisopentenyl 
pyrophosphate (HIPP) and isopentenyl pyrophosphate 
(IPP) results in 7,1l-bishomofamesol (BHF) , which is 
oxidized to 7,1l-bishomofamesinic acid (BHFS) , this in 
tum is converted to JH I by epoxidation and esterification 

occurs first, followed by the methyl transfer; the 
reverse is found in the Blattodea, Mantodea and 
Orthoptera [171]. The origin of the ethyl branch
ing in the other juvenile hormones is something 
of a mystery. They occur from otherwise unknown 
homo isoprene subunits (Fig. 15.32), which may 
be produced from one molecule of propionyl
CoA and two molecules of acetyl-CoA with 
homoevalonic acid as the intermediate product. 
Tracer experiments with propionic acid and acetic 
acid have confirmed this hypothesis and shown 
that the propionyl-CoA in Manduca originates 
from valine or isoleucine metabolism [27]. 
Analogous to the known isoprene subunits 
(Fig. 16.2), the homoisoprenes are homoisopen
tenyl pyrophosphate and the isomeric ethylme
thylallyl pyrophosphate; these can be intercon
verted by the action of a specific isomerase 
[62, 234]. The type of juvenile hormone produced 
is dependent upon the ratio of homoisoprene to 
isoprene subunits: JH 0 (3:0), JH 1(2:1), JH II 
(1:2) and JH III (0:3). 

Not much is known about enzymes of JH 
biosynthesis. 3-Hydroxy-3-methylglutaryl-CoA re
ductase (HMG reductase), which is responsible 
for the production of mevalonic acid as the 
precursor of the reactive isoprene subunits 
(Fig. 16.2), appears to be just as rate limiting for 
JH biosynthesis as for the synthesis of steroids. It 
is subject to feedback inhibition by isoprenoid, 
and in both the corpora allata and mammalian 
liver this involves inactivation by phosphorylation 
[234]. Isopentenyl pyrophosphate isomerase, 
which interconverts the two isomeric homoisop
rene subunits, and farnesyl pyrophosphate syn
thase have been partially purified from Bombyx 
mori [139, 140]. Relatively more is known about 
the enzymes of the last two steps of JH biosynthe
sis, the epoxidation and the esterification. The 
epoxidase is an NADPH-dependent microsomal 
monooxygenase of the cytochrome P450 type, 
and the soluble O-methyl transferase utilizes S
adenosylmethionine as the methyl group donor. 
The corpora allata of males of the large silkmoth 
Attacus atlas, in which almost all the steps of JH 
synthesis take place, have no O-methyl transfe
rase activity; most of the esterification of the 
epoxy acid occurs in the accessory glands of the 
male genital tract [8]. 

The inactivation and degradation of juvenile 
hormones are initiated by the hydration of the 
epoxy group to 1,2-diol, or by hydrolytic cleavage 
of the methyl ester. The relative importance of 
the two degradation pathways varies with the spe
cies, the tissue and the developmental stage. In 



the wax moth Galleria melonella, 50 % of JH III 
degradation in the fat body at the onset of the last 
larval stage occurs via ester hydrolysis; in the 
integument the value is 80 % and in the silk 
glands it is 90 %. The involvement of epoxide 
hydration increases during this larval stage. 
Epoxide ether hydrolases (formerly epoxide 
hydratases) have been found in numerous insects. 
They are present in various tissues, especially in 
the fat body and the midgut, but are not found in 
the haemolymph [83,282]. Esterases with the 
capacity to cleave juvenile hormones occur in the 
haemolymph of probably all insects. However, a 
distinction between specific JH esterases and spe
cific "general" esterases is not easy to make so 
long as none of them have been purified to homo
geneity. The characteristics of such enzymes 
appear to be that they show little activity with the 
typical substrates of unspecific esterases, such as 
a-naphthyl acetate ; that they cleave not only free 
juvenile hormone but also that bound to specific 
carrier proteins; and that they show little in
hibition by diisopropylfluorophosphate (DP). 
Attempts to purify JH esterases have so far been 
mainly undertaken for the Lepidoptera. The 
enzymes vary greatly in molecular mass between 
34 and more than 100 kDa [53, 225, 269, 288]. 
The sequencing of a multiple JH esterase from 
the moth Heliothis virescens showed the enzyme 
to be a serine carboxyl esterase [86]. 

The haemolymph of many insects contains JH
binding proteins (JHBPs), which can be classified 
as low affinity (KD ;?: 10-5 moUI) or high affinity 
(KD :5 1O-7moUI). Amongst the high-affinity 
JHBPs are some with low (20-40 kDa) and some 
with high (100-450 kDa) molecular masses. Low 
molecular weight JHBPs are typical of the Lepi
doptera, but also occur together with high mole
cular weight JHBPs in Chironomus thummi [283]. 
Blattodea, Orthoptera, Coleoptera and Diptera 
all have exclusively high molecular weight JHBPs 
[218, 237]. In the cockroaches Periplaneta amer
icana and Leucophaea madeira, the beetle Lepti
notarsa decemlineata and the non-biting midge 
Chironomus thummi, but not in the locust 
Locusta migratoria, the high molecular weight 
JHBP is identical to the lipid shuttle protein lipo
phorin [136,218, 283]. The JHBPs immediately 
take up the juvenile hormone released from the 
corpora allata, prevent its transfer to lipid stores, 
and thereby maintain its availability in the hae
molymph. The high-affinity JHBPs protect the 
juvenile hormone from degradation by unspecific 
esterases, but because of their even higher affin
ities the specific JH esterases are able to remove 
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juvenile hormone from the carrier proteins and 
hydrolyse it. Protection of the hormone from 
esterolytic cleavage by JHBPs is thus only effec
tive so long as the titre of the specific-JH ester
ases remains low, and the juvenile hormone con
centration is regulated not only by biosynthesis 
but mainly by the specific activity of JH esterases 
[83]. 

The only JHBP to have been sequenced so far 
is a monomer of 25 kDa (226 amino acids); this 
was from the tobacco hornworm Manduca sexta. 
Its sequence shows no similarity to any other pro
tein and, consequently, constitutes a new protein 
super-family [149]. The JHBPs are specific for the 
juvenile hormone type. For example, the low 
molecular weight JHBPs of Manduca sexta and 
Galleria melonella bind the JH I and JH II, which 
are typical of the Lepidoptera, much better than 
the ubiquitous JH III; the reverse order is true 
for the high molecular weight JHBPs from Lepti
no tarsus decemlineata, Chironomus thummi and 
Drosophila melanogaster [200,237, 283]. The 
JHBPs are also stereo-specific, e.g. the affinity of 
the high molecular weight JHBP of the cockroach 
Diploptera punctata is higher for the natural 
10(R)-isomer of JH III than for the lO(S)-isomer 
[131]. Intracellular JHBPs, which without doubt 
also have receptor functions, have been reported 
from various insects. In the epidermis of Man
duca sexta, each cell nucleus contains about 104 

molecules of a 29-kDa protein of high JH affinity, 
and the cytoplasm has a 38-kDa protein with 
lower affinity; this may be an intracellular JH car
rier protein [202]. A JH III-specific, 85-kDa pro
tein, isolated from the fat body of Drosophila 
melanogaster, stimulates protein synthesis by 
male accessory glands cultured in vitro, and is 
apparently a JH receptor [238]. 
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Sterols and steroids, like the terpenes and caroti
noids, are isoprene derivatives. The sterols are 
components of the membranes of all eukaryotic 
cells and they bind and condense the phospholi
pid bilayer. The outer cell membrane is particu
larly rich in sterols, with a molar ratio of sterols to 
phospholipids of 0.8-0.1, compared with the usual 
value of 0.1-0.3 for intracellular membranes. 
The parent substance of all sterols is cholesterol 
(Fig. 16.1). The sterols are classified with the ster
oid hormones and bile salts as steroids because 
they also have the gonan (formerly steran) four
ring system and have their biosynthetic origin in 
cholesterol. Steroids with hormonal functions are 
known from the vertebrates (sex hormones and 
corticosteroids) and arthropods (ecdysteroids). 
However, the same molecular species are also 
found in other metazoans, protozoans, plants, 
and even in primitive eukaryotes such as yeast 
and lower fungi; they are clearly phylogenetically 
very old. The critical event for the evolution of 
hormone systems based on steroids in the verteb
rates and arthropods was not the occurrence of 
new steroids but the "invention" of steroid re
ceptors [23]. The calciferols or D vitamins 
(Fig. 16.18) are usually discussed in the context of 
the steroids, although, strictly speaking, they do 
not belong together because the B ring of the 
gonan is in this case open; they arise by UV 
effects on sterols. Finally, several different animal 
groups possess pharmacologically active glycosi-
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des, saponins and alkaloids derived from choles
terol. 

The common structural element of all steroids, 
the gonan, consists of four rings, A-D, with a 
total of 17 C atoms, of which the six linking the 
rings are asymmetrical (Fig. 16.1). The ring sys
tem is more-or-Iess flat: the H atoms or substitu
ents of the asymmetrical C atoms which lie 
beneath the ring are indicated with an interrupted 
line and the Greek letter "a", whilst those above 
the plane of the ring are indicated with a continu
ous line and "W'. The position of the H atom on 
C-5 also indicates the configuration of the AlB 
ring linkage at C-5: 5a steroids have trans-linked 
A and B rings, and in 5~ steroids they are cis 
linked. The nature of the link between rings A 
and B determines the shape of the molecule; the 
ring system of the 5a steroids is flatter than that 
of the 5~ steroids (Fig. 16.16a). Of the 64 theoreti
cally possible gonan variants, only two are found 
in nature; the ring connections BC and CD always 
have the trans configuration. Methyl groups at C-
10 and C-13 (both always in the ~ position) and 
different side-chains on C-17 (also always ~) lead 
to the formation of other structural elements, 
from which an almost unlimited variety of mole
cular species is derived by the introduction of 
double bonds into the ring system or the side
chains and substitutions at different C atoms. 
Several hundred natural steroids are known to 
date. As can be easily imagined, there are consi-
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Cholesterol 

Fig.16.1. Cholesterol (5-cholesten-3~-ol) 

derable problems with nomenclature, and trivial 
names are often used instead of the systematic 
names derived, according to certain rules, from 
the structural elements [25, 133]. 

16.1 Biosynthesis of Cholesterol 

The complicated reaction series of cholesterol 
biosynthesis is more easily understood when it is 
considered in separate parts [25]. The biosyn-

Acetacetyl- GoA 

Acetyl-GoA ~ ® 

["COA 
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thetic pathway begins with the production of 
mevalonate from acetyl-CoA and its conversion 
to the "active isoprenoids" isopentenyl and dime
thylallyl pyrophosphate (Fig. 16.2). Condensa
tion of these Cs components leads to the CIS com
pound farnesyl pyrophosphate, from which arise 
various higher polyprenols such as dolichol, ter
penes, the ubiquinone side-chain, the juvenile 
hormones of the insects and, finally, squalene and 
cholesterol. Two molecules of farnesyl pyro
phosphate produce the C30 polyprenol squalene 
by head-to-head condensation. The formation of 
cholesterol by the cyclization of squalene requires 
oxygen. Thus, the sterols can have arisen on the 
earth only after the appearance of oxygen in the 
atmosphere. In the prokaryotes and several 
primitive eukaryotes, squalene is cyclicized, with
out the participation of oxygen, to the so-called 
hopanoids, which here assume the role of the ste
rols as membrane components [92]. The ciliate 
Tetrahymena also produces a hopanoid-like triter
pene, tetrahymanol (Fig. 16.3). The nature of the 

Acetyl-GoA . / 

2NADPH 2NADP+ 

Acetyl-GoA 

HO" /CH3 ~ 
HOOC-CH2-C-CH2-C.-v SCoA 

+ 2H+ HO" /CH 3 

--~~-L~---HOOC-CH2-C-CH2-CH20H 

Fig.16.2. The biosynthesis 
of active isoprenoids and 
squalenes. 1, Acetoacetyl
CoA thiolase; 2, 3-hydroxy-3-
methylglutaryl-CoA synthe
tase (HMG-CoA synthetase); 
3, HMG-CoA reductase; 
4, mevalonate-5-phospho
transferase; 5, phospho
mevalonate kinase; 6, pyro
phosphomevalonate decarbox
ylase; 7, isopentenylpyro
phosphate isomerase 
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primary cyclicized intermediate on the pathway 
from squalene to cholesterol separates organisms 
into two groups: the "photosynthetic a" , which 
with the exception of the photosynthetic bacteria 
can all synthesize cholesterol, produce primarily 
cycloartenol; and the "non-photosynthetica" , 
which in so far as they are able to synthesize cho
lesterol, produce primarily lanosterol (Fig. 16.3). 
Cycloartenol instead of lanosterol is also the pri
mary cyclization product of amoebae in the gen
era Acanthamoeba and Naegleria [91]. The final 
part of the biosynthetic pathway to cholesterol 
includes 19 reactions steps in which three methyl 
groups of lanosterol are removed and double 
bonds are shifted or reduced [25]. 

In the animal kingdom most steps of choleste
rol biosynthesis and the corresponding enzymes 
have only been examined in detail in the higher 
vertebrates, in particular in the rat and the 
chicken. Acetyl-CoA arises primarily in the mito
chondria and for cholesterol and fatty acid bio
synthesis must be transported into the cytoplasm. 
This occurs mostly in the form of citrate or ace-

Tetrahymanol 

Cholesterol 

Fig.16.3. Cyclization of squa
lene to tetrahymanol (anae
robic) and via 2,3-oxidosqualene 
to lanosterol or cycloratenol 
(aerobic) 

toacetate, and less so as acetylcarnitine. In the rat 
liver, the use of acetyl-CoA for cholesterol or 
fatty acid synthesis occurs in the ratio of 
approximately 1: 10 [25]. There are both mito
chondrial and cytoplasmic isoenzymes of aceto
acetate thiolase and 3-hydroxy-3-methylglutaryl
CoA (HMG-CoA) synthase; in the mitochondria 
they take part in ketone body metabolism (see 
Fig. 15.11, p. 579), and in the cytoplasm they par
ticipate in isoprene synthesis. The activity of the 
cytoplasmic HMG-CoA synthase is drastically 
reduced by a cholesterol-rich diet, probably as 
part of an important regulation mechanism of 
cholesterol biosynthesis. 

HMG-CoA reductase (Fig. 16.2) is the best
investigated enzyme of isoprenoid synthesis in 
terms of comparative biochemistry. It is present 
not only in vertebrates of all classes but also in 
insects, higher plants, lower fungi and bacteria. 
The HMG-CoA reductase of the hamster agrees 
in 80 % of its amino acids with that of the frog 
Xenopus laevis, and even shows 61-76 % 
sequence agreement with the enzyme of the sea 



urchin Strongylocentrotus purpuratus, although 
only in the terminal regions (amino acids 1-340 
and 537-932); the linker region shows hardly any 
similarity to the mammalian enzyme. The human 
and yeast enzymes have about 50 % amino acids in 
common [4, 20, 129]. In the mammals, the highest 
activities are found in the liver and gut, with sig
nificantly less in all other tissues. The enzyme 
activity shows a marked diurnal rhythm with a 
maximum during the night, and the enzyme can be 
inactivated by phosphorylation. The proportion of 
the active non-phosphorylated form, which in rat 
liver is normally about 10-20 %, is increased by 
insulin or glucagon and reduced by the supply of 
cholesterol. Synthesis of the enzyme also responds 
to feeding of cholesterol [25]. The condensation of 
the isoprenoid components is catalysed by several 
different enzymes, at least in the mammals, and 
different end products are produced, e.g. dolichol 
or the side-chain of ubiquinone. The only enzyme 
to have been isolated, the 80-kDa enzyme which 
produces farnesyl pyrophosphate, was obtained 
from the liver of the chicken and several mam
mals. Condensation of two molecules of farnesyl 
pyrophosphate gives rise initially to pre-squalene 
pyrophosphate, which by cleavage of the pyro
phosphate and reduction by NADPH is converted 
to squalene. These two reaction steps may be cata
lysed by the same microsomal enzyme. Squalene 
epoxidase, squalene cyclase and the enzymes of 
the further reaction steps from lanosterol to cho
lesterol are bound to the membrane of the endo
plasmic reticulum [25]. 

16.2 Sterols of Different Animal Groups 

Cholesterol is the predominant sterol of the ver
tebrates, tunicates, annelids, arthropods and mol
luscs, but in most cases other sterols are also pre
sent. Marine animals, such as the Porifera, Cni
daria and echinoderms, always contain an extra
ordinarily large variety of sterols. Of the numer
ous sterols that can be identified in individuals of 
these animal groups by use of present-day refined 
analytical techniques, most occur only in amounts 
of one or a few percent. Marine invertebrates typ
ically possess 10-30 types of sterols; no fewer 
than 74 different sterols were identified in the 
sponge Axinella cannabina [51]. The marine ste
rols are indeed a particularly stimulating research 
field for biochemists! Amongst the marine sterols 
are many which are not found in terrestrial orga
nisms. For example, many plant sterols have alkyl 

16.2 Sterols of Different Animal Groups 627 

substituents on C-24, whereas C-22 and C-23 sub
stitutions are only found in marine organisms. 
Sterols with cyclopropane-substituted side
chains, with reduced A rings (A-norsterols) or 
without the 19-methyl group (19-norsterols), and 
polyhydroxy sterols or epidioxy sterols occur only 
amongst the marine sterols (Fig. 16.9). Given that 
many other animals, including the mammals, 
survive with only cholesterol as the predominant 
sterol component of their cell membranes, the 
variety of sterols in the marine invertebrates is 
probably not required to satisfy specific needs as 

. the result of adaptive evolutionary processes. It 
appears much more likely, as in the case of the 
fatty acids, that nature is "experimenting" with 
different structural variants in these primitive 
organisms and will "chose" the most suitable. The 
predominance in most animals of cholesterol, 
which is the starting point for the biosynthesis of 
the other sterols, is quite compatible with this 
concept. The presence of a particular sterol in an 
organism may be the result of de novo synthesis 
via cholesterol or of uptake in the diet and even
tual metabolic modification; it may also be a 
product of symbiontic algae, fungi or bacteria 
[37]. Numerous tracer experiments with acetate 
or mevalonate have been carried out to deter
mine which animals are capable of de novo cho
lesterol synthesis; unfortunately, the results are in 
some cases ambiguous. Whilst the sterol compon
ents in the diet of terrestrial animals are in gen
eral easy to define, the availability of sterols in 
the diet of marine animals is almost impossible to 
estimate [37]. 

Apparently all, or almost all, animals can syn
thesize isoprenoid components and polyisopre
noids such as dolichol or the side-chains of ubi
quinone or menaquinone (vitamin K group); 
however, many appear unable to produce choles
terol and very often also squalene. The ability to 
synthesize cholesterol has been clearly demonst
rated in vertebrates, tunicates, annelids, nemerti
nes and echinoderms. It is also quite certain that 
the arthropods lack this capacity. Among the mol
luscs, the gastropods and amphineurans have 
been shown to carry out limited cholesterol bio
synthesis, whereas for the bivalves and cephalo
pods there are more negative than positive 
results. The Porifera and Cnidaria appear unable 
to synthesize any sterols, although the situation is 
not yet completely clear; in this case, it is difficult 
to exclude fully the participation of the ever
present symbionts [37, 56]. 

Probably by means of absorption, catabolic, 
and excretory processes, all animals are in a posi-
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tion to select particular sterols from those avail
able in the diet and introduce them into the sterol 
spectrum of their tissues. It also appears that all 
animals, including those unable to synthesize ste
rols de novo, can metabolically modify those ste
rols taken up in the diet. Very common, though 
not universal, is the removal of the alkyl substitu
ents on C-24 (24-dealkylation) and the reduction 
or creation of double bonds. Many sterols can be 
autoxidized, and the accumulation of autoxida
tion products is common in marine invertebrates, 
where storage of excretory products is more usual 
than in terrestrial animals. Sterol esters can be 
produced by acyl transfer to the 3~-OH group 
present in almost all sterols, and cleaved again by 
specific hydrolases. These are storage and trans
port forms of sterols and are more usual in intra
cellular fat droplets than in membranes. Sulphate 
esters are also found at low levels in probably all 
animals; only in the case of the echinoderms are 
most of the sterols sulphated. Sterol glycosides 
and sulphated steroid saponins are also more-or
less restricted to this phylum. However, various 
sterol conjugates may be formed by detoxification 
processes prior to excretion. 

16.2.1 Sterols of the Vertebrates 

The terrestrial vertebrates have almost exclus
ively cholesterol; up to one-third of the total ste
rols in marine fish may be made up of other ste
rols that are quite clearly derived from sterols in 
the diet. Marine teleosts also have bioactive ster
oid glycosides, e.g. the six different "pavoninins" 
of Pardachirus marmoratus; these are steroids 
with O-~-glycosidic-bound N-acetylglucosamine 
that have a deterrent effect on sharks [115]. 

The human cholesterol requirement is usually 
covered in equal proportions by the diet and by 
de novo synthesis, which mainly occurs in the 
liver. The cholesterol absorbed from the gut 
lumen with the lipid micelles is incorporated by 
the gut cells into chylomicrons which enter the 
lymph and, therefore, eventually the blood cir
culation. As a result of the exchange and conver
sion processes between the different types of 
plasma lipoproteins, the then esterified choleste
rol is mostly found in the blood bound to LDL 
(low-density lipoproteins). The esterification of 
cholesterol in the circulatory system takes place 
on HDL (high-density lipoproteins) by the action 
of the plasma enzyme lecithin : cholesterol acyl
transferase. Similar enzymes have been found in 
the blood plasma of the trout Salmo alpinus and 

in frog blood. The cholesterol transported in the 
blood provides the starting material for the bio
synthesis of steroid hormones in the gonads and 
the adrenal cortex. The most important degrada
tion products of cholesterol are the bile salts; 
about 1 g cholesterol is used daily in the synthesis 
of bile salts in the human liver. Because of the 
limited water solubility of cholesterol and its pre
cursors, they must be bound to carrier proteins 
for metabolism and transport processes in the 
liver cells. The squalene-binding protein of rat 
liver (SCP-1) is essential for the biosynthetic 
pathway from squalene to lanosterol, and the 
sterol-binding protein (SCP-2) is required for the 
pathway from lanosterol to cholesterol and for 
intracellular cholesterol transport. Together with 
for example, the "Z protein" and the fatty acid
binding proteins, these two proteins belong to a 
family of closely related 12- to 16-kDa proteins, 
representatives of which are found not only in 
other rat tissues but also in shark and trout liver 
[5]. A subsection of the 122-amino-acid sequence 
of SCP-2 from rat liver shows significant homo
logy to the variable domain of the heavy immu
noglobulin chain [90]. 

16.2.2 Sterols of the Insects 

Insects, like all other arthropods, are unable to 
synthesize cholesterol or squalene de novo, and 
require sterols as essential nutrients. The symbi
ontic microorganisms present in almost all insects 
participate to a high degree in the satisfaction of 
the host's sterol requirements, and some insect 
species require no further supply of exogenous 
sterols. Cholesterol is, in most cases, the optimal 
source, although Drosophila pachea and Xylebo
rus ferrugineus are reported to require L\7-sterols. 
According to the results of many feeding exper
iments, sterol requirements can almost always be 
met by many different sterols, although the 
demands of individual species can differ mark
edly [112]. Herbivorous insects in particular have 
a versatile capacity for converting plant ~8 and 
C29 sterols into cholesterol, i.e. for removing the 
alkyl substituent on C-24. Other insects, e.g. the 
hide beetle Dermestes maculatus, the housefly 
Musca domestica and certain predatory Hemip
tera, lack the capacity for 24-dealkylation. The 
silkworm Bombyx mori requires sterols with the 
cholestan side-chain; however, these can be vari
ously ring desaturated. Sterols in the insects func
tion as membrane components and as precursors 
of the moulting hormones, and these different 



functions place different requirements on the spe
cies. Thus, a housefly, despite its restricted capac
ity for sterol conversion, must take up less than 
0.5 % of the total sterol in the diet as cholesterol, 
i.e. less than 0.1 ~g; the remaining sterol require
ment can be statisfied by other sterols [112]. 

The metabolic pathways leading from the phy
tosterols to cholesterol have been defined in vari
ous insects by tracer experiments and the identi
fication of intermediates. In contrast to previous 
assumptions, there are marked differences 
between individual insect species and groups 
[25, 112]. The removal of the 24-alkyl group 
always requires several oxidative and reductive 
reaction steps. The metabolic pathway of sitoste
rol has been examined in more than a dozen 
insect species (Fig. 16.4a). Oxidation of the 24-
ethyl group to a 24-ethylene group produces 
fucosterol, which is converted to the 24,28-
epoxide by the addition of oxygen. The next iden
tifiable intermediate is desmosterol, which can be 
reduced to cholesterol. The metabolism of cam
pesterol proceeds in a similar fashion via 24-
methylene cholesterol and its 24,28-epoxide to 
desmosterol and cholesterol (Fig. 16.4a). Stig
masterol is converted via cholesta-5,22,24-trien-
3~-01 to desmosterol. In the mealworm Tribolium 
confusum, the pathway proceeds via cholesta-
5,7,24-trien-3~-01 to 7-dehydrocholesterol, which 
comprises up to 70 % of the total sterol of this 
species; the desaturation of C-7 can occur before 
or after reduction of the double bond on C-22 
(Fig. 16.4b). 7-Dehydrocholesterol, as well as 7-
dehydrocampesterol and 7-dehydrositosterol pre
dominate in the prothorax gland of Bombyx 
mori. All haemolymph sterols are apparently 
oxidized in this organ to the 7-dehydro derivat
ives [101]. Ergosterols can also be converted to 
cholesterol by many insects; however, the com
mon cockroach Blatella germanica appears incap
able of reducing the C-22 double bond and produ
ces 22-dehydrocholesterol [112]. 

The Mexican bean beetle Epilachna varivestis 
mainly has the saturated sterols cholestanol, cam
pestanol and stigmastanol, in addition to more 
than 10 % lathosterol (cholest-7-en-3~-01). Tracer 
experiments show that the beetle is unable to 
dealkylate phytosterols to cholesterol but produ
ces instead stanols, which are dealkylated to cho
Ie stano I and in part oxidized to lathosterol 
(Fig.16.4c) [112, 113]. The ladybird Coccinella 
septempunctata, which feeds off aphids but never
theless belongs to the same family as the bean 
beetle (Coccinellidae), appears unable to modify 
the sterols, which mainly consist of cholesterol, in 
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its diet [112]. There are also phytophagous insect 
species that lack the ability to convert plant ste
rols to cholesterol. This is true, for example, for 
Oncopeltus fasciatus and other Hemiptera, which 
have adapted to the absence of cholesterol to 
such an extent that the typical moulting hormone 
of these animals, makisterone A, carries a methyl 
group on C-24 (Fig. 16.13). The khapra beetle 
Trogoderma granarium is also unable to metabol
ize phytosterols. However, both of these phyto
phagous species can selectively absorb the choles
terol and campesterol in their diet. The honeybee 
Apis mellifera is apparently just as inefficient in 
converting phytosterols to cholesterol, but can 
accumulate the 24-methyl cholesterol present in, 
for example, pollen and pass it on to the young 
[112]. The leaf-cutting ants Atta cephalotes cannot 
dealkylate the ergosterol predominating in their 
fungus diet. Hence, their tissues contain in par
ticular the related compound 24-methylene
cholesta-5, 7 ,24(28)-trien-3~-01 as well as 22-
dihydroergosterol and ergosterol (Fig. 16.4 d) 
[99]. 

As is illustrated by the processes described for 
converting phytosterols into cholesterol, insects 
can carry out numerous reactions of sterol meta
bolism but these are not realized by all species 
[21, 25, 112]. This includes the reduction of dou
ble bonds, in particular at C-5, C-7, C-22 and C-
24, and the reduction of keto groups. Amongst 
the oxidative processes are the introduction of 
double bonds and substitution with hydroxy or 
oxo groups, which are important for the forma
tion and activation of the ecdysteroids, the bio
synthesis of defence substances, and preparation 
for the production of glycosides and other conju
gates. Cleavage of akyl substituents on C-24, 
which arise by oxidation and reduction, is widely 
found in the insects. Shortening of the cholesterol 
side-chain to ~h CI9 and CI8 steroids occurs dur
ing the production of defence substances by the 
beetle families Dytiscidae and Silphidae. The 
formation of the C21 steroid pregn-5-en-3~,20~
diol (Fig. 16.5a) from cholesterol has also been 
observed in Manduca sexta [118]. The production 
and hydrolysis of sterol esters has been detected 
by tracer experiments in many insect species. The 
microsomal acyl-Coa : cholesterol acyl transferase 
from the gut and fat body of the pre-pupa of the 
moth Heliotis zea has been examined in some 
detail [7]. Adults of the common cockroach Peri
planeta americana have 29 % esterified choleste
rol, and the proportion is even higher in insect 
eggs. Up to 41 % of the esters in the eggs of the 
housefly Musca domestica are completely hydro-
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Fig.16.4a-d. The metabolism of phytosterols in insects 
[99, 112]. a The pathways found in Bombyx mori, Manduca 
sexta and many other insects. b The corn beetle Tribolium 
confusum has a different pathway of stigmasterol meta
bolism that leads via 5,7,24-cholestatrien-3~-ol to 7-de-

lyzed during embryo development and are thus 
probably a storage form [112]. 

For a long time ClS, C19 and C2l steroid hormo
nes were considered to be exclusive to the verteb
rates. It was therefore a surprise when, in 1966, 

Cholesterol 

I 

~ 
22 - Dihydro -ergosterol 

hydrocholesterol. c The Mexican bean beetle Epilachna 
varivestis produces mainly saturated sterols such as 
stigmastanol and cholestanol. d The leaf-cutting ant Atta 
cephalotes is unable to 24-dealkylate the ergosterol in its 
diet 

Schildknecht found large amounts of the corticos
teroid cortexon in the secretion from the protho
rax defence glands of the great water beetle 
Dytiscus marginalis. Since then the defence secre
tions of other water beetles (Dytiscidae) have 
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HO 

Fig.16.5a-g. The e21 steroids from insects, and lucibugafin [78, 112]. 
a 5-Pregnen-3~,20~-diol produced from cholesterol by Manduca; 
b 15~-hydroxy-4-pregnen-3,20-dion (15~-hydroxyprogesterone) from the 
defence secretion of the beetle Silipha americana; c 21-hydroxy-4-pregnen-
3,20-dion (cortexon) from the great water beetle Dytiscus marginalis and 
other Dytiscidae; d 20a-hydroxy-4,6-pregnadien-3-on (cybisteron) from 
the water beetle Cybister lateralimarginatus; e 12~-hydroxy-4,6-pregnadien-
3,20-dion from Cybister tripunctatus; f 15a-isobutyryloxy-4,6-pregnadien-
3,20-dion from the water beetle Agabus sturmi; g lucibugafin (12-oxa-
2~,5~,11a-trihydroxybufalin diacetate) from the glow-worm Photinus 
pyralis 

been found to contain different ~I steroids that 
are identical or closely related to the vertebrate 
corticosteroids (Fig. 16.5 c-f). In addition, there 
are lower amounts of CIS and C I9 steroids that cor
respond to the sex hormones of the vertebrates, 
e.g. testosterone, estradiol-17~ and estrone. The 
amount of corticosteroids present in a single 
beetle may be as much as 1 mg, which exceeds 
manyfold the hormone content of the mamma
lian adrenal gland. Tracer experiments have 
demonstrated the synthesis of these steroids from 
cholesterol [21, 112]. Several of the CZI steroids 
have numbing effects on fish and deterrent effects 
on amphibians. Whether they have in addition 
some regulatory functions in the insects themsel
ves is not known [112]. Testosterone, progeste
rone and other CI9 and C21 steroids have been 
identified in numerous insect species. The synthe
sis of such steroids from radiolabelled cholesterol 
has so far been shown only in the coleopteran 
Acilius sulcatus (Dytiscidae) and the lepidopteran 
Manduca sexta [10, 114]. 

15~-Hydroxyprogesterone (Fig. 16.5b) and six 
other hydroxylated 20-ketopregnans have been 
found in beetles of the genus Silpha (Silphidae); 
they form part of an odorous defence secretion 

that is produced in an associated gland of the hind
gut and is released from the anus in times of dan
ger [78]. Seven pyrone-substituted steroids known 
in the glow-worm Photinus pyralis (Fig. 16.5 g) are 
referred to as lucibufagins and apparently have 
deterrent effects on birds. They are probably pro
duced by the animal itself from as yet unknown 
precursors [112]. In contrast, the cardiac glycosides 
of the cardenolid type, which are stored as defence 
substances in many insects, are probably mostly 
obtained from plants in the diet. These are CZ3 ste
roids with a characteristic 14~-hydroxyl group and 
a-a,~ unsaturated y-Iactone ring (see Fig. 19.1a, 
p. 717). However, some beetles of the family Chry
somelidae contain cardenolids, although their host 
plants, mint and rosemary, do not produce cardiac 
glycosides. In one of these species, Chrysolina 
coerulans, it has been clearly shown by tracer 
experiments that they are able to convert choleste
rol to cardenolids, in the course of which a CZI 

intermediate appears, as in plants. This is appar
ently a case of convergent development of the 
same metabolic pathway [87, 89]. The species 
Chrysolina hyperici, which lives on the cardenolid
free Hypericum per!oratum, contains stigmastan 
glycosides instead of cardenolids [24]. 
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16.2.3 Sterols of Tunicates, Annelids, 
Crustaceans and Molluscs 

Ascidians, polychaetes, crustaceans, cephalopods 
and gastropods contain mainly cholesterol [8, 64, 
100, 111]; other sterols, usually present at low 
concentrations, probably originate in the diet. 
The 24-alkyl sterols in the diet of marine crusta
ceans are dealkylated to cholesterol; the pre
sumed intermediates, 24-ethylidencholest-5-en-
3~-01 and desmosterol (cholest-5,24-dien-3~-01; 
Fig. 16.4a), are found in trace amounts [52]. Ste
roids of the vertebrate hormone type have also 
been identified in crustaceans [29, 84]. 

HO 

HO 

HO 

HO 

Cholesterol constitutes only about 50 % of the 
sterols in marine mussels; the remainder is a com
plex spectrum of C26 to Cz9 sterols, including 24-
methyl and 24-ethyl sterols and, as a special fea
ture, different il5,7-sterols and 4a-methyl sterols 
(Fig. 16.6a), which are a specific product of the 
bivalves [53, 111, 116]. Desaturation of il5_ to 
il5,7-sterols has also been detected in certain pro
tozoans and insects; conversely, the snail Charo
nia triton is , which feeds on starfish of the species 
Acanthaster plancii, can convert il7-sterols via 
il5,7_ to il5-sterols such as cholesterol [37]. In con
trast to all other molluscs, the chitons (Amphi
neura) contain predominantly il7-sterols. The chi-

Fig.16.6a-g. Unusual sterols from 
a molluscs and b-g echinoderms. 
a 4a-Methyl-cholest-8(14)-en-3~-ol 
from the oyster Crassostrea virginica 
[116]; b 5a-cholest-7-en-3~-ol is 
widespread in the asteroids and 
holothurians [25]; c 14a-methyl-5a
cholest-9(11)-en-3~-ol from the 
holothurian Psolus fabricii [25]; 
d 24-norcholesta-5,22-dien-3~-ol is 
common in the ophiuridans and cri
noids [25]; e asterosterol is found in 
many asteroids and holothurians 
[25]; f 5a-cholestan-3~,4~,6a,7a,8, 
15a,16~,26-octol from the starfish 
Protoreaster nodosus [97]; g 5~
cholestan-3a,4a ,11~ ,12~ ,21-pentol-
3,21-bussulphate from the ophiuri
dan Ophioderma longicaudum [98] 



ton species Lioluphura japonica incorporates 14C_ 
acetate not into cholesterol but into cholest-7-en-
3~-01; the il7 -sterol is also produced from labelled 
cholesterol. In the same way, the 24-alkylated il7_ 
sterols, present as subsidiary components, arise 
from il5-sterols in the diet [117]. As in other inver
tebrates, the molluscs also have steroids of the 
vertebrate hormone type. The production of tes
tosterone from cholesterol has been demonst
rated in tracer experiments on the gonads of the 
cephalopod Sepia ofiicinalis [37, 95]. Progeste
rone, testosterone and oestrone have been identi
fied in the free-living nematode Turbatrix aceti 
[69]. 

16.2.4 Sterols of the Echinoderms 

The principal sterols of the echinoderms are CZ7 
sterols; il5 -sterols, such as cholesterol, occur 
in the echinoids, ophiurids and crinoids, 
and il7-sterols, such as 5a-cholest-7-en-3~-01 
(Fig. 16.6b), are present in the asteroids and 
holothurians. The holothurians also have 5a
cholestan derivatives. In particular, the fraction 
of saturated and il5-unsaturated Cz7 sterols is 
often more than 50 % sulphate esterified, and 
there are large differences between the spectra of 
the free and the sulphated sterols. For example, 
in the sea cucumber Psolus fabricii 14a-methyl-
5a-cholest-9(11)-en-3~-01 (Fig. 16.6 c) makes up 
60-70 % of the free sterols but only 10 % of the 
sulphate esters; the latter are mainly 5a
cholestan-3B-ol [38]. Sterol sulphate esters have 
also been found in trace amounts in other inver
tebrates and the mammals; only in the echino
derms are they found in large amounts. Their 
biological significance is, however, still something 
of a puzzle. In addition to the C27 sterols, 
the echinoderms also have CZ6 sterols, such as 
24-norcholesta-5,22-dien-3B-ol and asterosterol 
(Fig. 16.6 d-e) , as well as more conventional CZ8 
and CZ9 sterols. As these animals can synthesize 
C27 but not CZ8 or CZ9 sterols, the latter undoub
tedly originate from the diet. The sterol spectrum 
of the echinoderms, like that of the other marine 
invertebrates, can be extremely complex. For 
example, 29 sterols have been identified in the 
holothurian Stichopus japonicus; these include 
68 % sulphate esters and also ~-xylosides and ste
rol ethers [60]. 

The ability to synthesize sterols has been 
shown by tracer experiments in representatives of 
all five echinoderm classes. Echinus esculentus 
incorporates mevalonic acid into squalene, lanos-
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terol and desmosterol; in experiments with Aste
rias rubens and radioactive mevalonate or choles
terol, 5a-cholest-7-en-3B-ol was most heavily 
labelled. The conversion of il5_ to il7-sterols can 
occur by two different pathways; the pathway via 
the 4-en-3-one compound and 5a-stanol has been 
demonstrated in tracer experiments; the pathway 
via a il5,7-sterol is, as yet, just a probability [37]. 
Steroids corresponding to the vertebrate steroid 
hormones have also been detected in the echino
derms. These substances are apparently endogen
ous in origin; for example, extracts from the star
fish Asterias rub ens converted cholesterol and 
other sterols in vitro to progesterone, testoste
rone and 11-deoxycorticosterone. Both of the 
pathways for steroid biosynthesis recognized in 
the vertebrates, the il4 and il5 pathways (p. 639), 
are also active in Asterias [124] . Asterias and 
other echinoderms contain estrogen but, as for 
other invertebrates, they are not able to synthe
size this steroid [37]. 

Numerous pharmacologically active steroid 
glycosides and steroid saponins are known from 
the echinoderms. The steroid glycosides of the 
starfish are termed (astero-)saponins because 
they produce soap-like solutions at very low 
concentrations; they have haemolytic and 
membrane-toxic detergent activity. Polyhydroxy 
sterols in the starfish are mainly found in the 
saponins but have also been reported as free ste
rols, e.g. 5a-cholestan-hexol, -heptol and -octol 
neurotoxins (Fig. 16.6 f) in the Pacific asteroid 
Protoreaster nodosus, and 5~-cholestan-pentol 
bissulphate (Fig. 16.6 g) in the ophiurid Ophio
derma longicaudum [97, 98]. The asterosaponins 
are always mixtures which vary in composition 
between the individual organs of an animal 
[36]. Usually they are .L\9(1l)-unsaturated, 3B,6a
hydroxylated 23-oxosteroids with a carbohydrate 
chain on the 6-hydroxyl and a sulphate residue on 
the 3-hydroxyl group. 24-0-glycosylated astero
saponins are also found [121]. Hydrolysis of the 
asterosaponins almost always yields asterone 
(Fig. 16.7a), which is now accepted as an isolation 
artefact. The neutral aglycone is thornasterol A 
(Fig. 16.7b), and there are apparently others [14]. 
The carbohydrate chain on the 6-hydroxyl group 
consists of five to six sugars, in particular D
quinovose as well as D-fucose, D-xylose and D
galactose [81]. Species-specific mixtures of highly 
toxic steroid saponins are found in almost all 
holothurians; they are stored in the skin glands 
and the so-called Cuvier organs, sticky tubes that 
at the approach of danger can be ejected from the 
body cavity. To date, at least 19 different aglyco-
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Fig.16.7a-d. Asterosaponins (a, b) and holothurinogenins 
(c, d) [14, 43]. a Asterone; b thornasterol A; c holostanol 

nes have been identified, all of which can be 
derived from the same basic component, holosta
nol (Fig. 16.7 c-d) [43]. The carbohydrate chain is 
bound to the 3-hydroxyl group and, for example, 
in the holothurin A ofActinopyga agassizi consists 
of one molecule each of D-glucose, D-xylose, D
quinovose, 3-0-methylglucose and sulphate. 

16.2.5 Sterols of the Cnidaria 

The cnidarians possess complex mixtures of /15_ 
sterols, usually including large quantities of cho
lesterol. As they are apparently incapable of the 
de novo biosynthesis of sterols, the cholesterol 
must arise either by specific accumulation from 
the diet or by the de alkylation of 24-alkyl sterols 
[25, 37, SO]. The Alcyonaria have large amounts 
of 24-methyl and 24-methylene sterols, as well as 
some with 2S-CHzOH and 2S-CHO groups that 
may be intermediates of 24-dealkylation. The gor
gosterol discovered in 1943 in Plexaura flexuosa 
carries a cyclopropane-substituted side chain 
(Fig. 16.Sa). It is the predominant sterol in, for 
example, many soft corals (Gorgonaria), but only 
occurs in those cnidarians that host symbiontic 
dinoflagellates (Zooxanthella). However, isol
ated dinoflagellates do not produce gorgosterol 
but do produce 4-methyl sterols; it is possible that 
the 4a-methyl-5a-gorgosterol is a precursor of 
gorgosterol [2, 25). Various polyhydroxy sterols 
have been isolated from Octocorallia, Alcyona
ria, Gorgonaria and other cnidarians; examples 
include hippuring I (Fig. 16.Sb) from Isis hippu-

OH 

(basic element of the holothurinogenins); d 22,25-epoxy
holothurinogenin 

ris, and 24-methylcholestan-pentol with the 
rather unusual 22-hydroxyl group (Fig.16.Sc) 
from Asterospicularia randalli [25, 73]. 5a,Sa
Epidioxy sterols (Fig. 16.Sd), known from other 
invertebrates, are found in the sea anemone Met
ridium senile [33]. Steroids with less than 27 C 
atoms are occasionally found in the cnidarians, 
e.g. derivatives of 20-epicholanic acid (Fig. 
16.S e) occur in the sea-pen Ptilosarcus gurneyi, 3-
ketopregnans (Fig. 16.S f) are found in various 
soft corals [25], and a polyhydroxy androstan is 
present in Sarcophyton glaucum. Five pregnene 
derivatives with arabinose or xylose have been 
described in the soft coral Alcyonium sp. [IS]. 

16.2.6 Sterols of the Porifera 

The sponges, the most primitive of the multicellu
lar animals, have the most complicated sterol 
spectra. There are many sterols that have been 
described only in the Porifera. Some sponges con
tain mainly sterols with unusual ring systems, 
whereas others have conventional ring structures 
but unusual side-chains. The variety of sponge 
sterols most probably arises by metabolic modi
fication of sterols in the diet, as the porifera 
themselves apparently cannot synthesize sterols 
de novo; however, only a very few tracer exper
iments appear to have been carried out with this 
phylum [25, 37]. 

Many sponges contain predominantly /15_ 
sterols with 26-30 C atoms [26]. Less frequently 
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Fig.16.8a-f. Sterols of the Cnidaria. a Gorgosterol predo
minates in many soft corals (Gorgonaria) [25]; b hippurin I 
from the gorgonian Isis hip uris [25]; c 24-methylcholestan-
3~,5,6~,22,24,pentol-6-acetate from the gorgonian Aste
rospicu/aria randalli [67]; d the most common of the nine 

found are saturated sterols, e.g. in Homaxinella 
balfourensis and Axinella damicornis [105]; ,~?
sterols, e.g. in Agelas oroides; or i15,7-sterols, e.g. 
in Spongionella gracilis, Ircinia pipetta and Dysi
dea avara [106]. Sterols with saturated ring sys
tems or with i15, i15,7 or i17 double bonds are in 
fact found in many marine organisms, but Axi
nella cannabina and several other sponge species 
also have i15,7,9(1l)_, i17,9,(1l)_, i18_, i18(14)_ and i16,8(14)_ 

sterols [19, 25]. Even more unusual ring systems 
have been found in the sterols of other Axinella 
species. A. polyploides predominantly contains 
sterols without the 19-methyl group (19-
norsterol; Fig. 16.9a), and A. verrucosa has ste
rols with a reduced A ring (A-norsterols; 
Fig.16.9b); in contrast, A. damicornis has the 
usual 5a-cholestan derivatives. The species Acan
thella aurantiaca from the Red Sea contains 16 
different 3-hydroxymethyl A-norsterols but has 
no sterols with the normal ring system. The 19-
norsterols and A-norsterols arise from choleste
rol, whereby cholest-4-en-3-one has been identi
fied as an intermediate of A-norsterols synthesis. 
Various 5a,Sa-epidioxy sterols (ct. Fig. 16.S d) 
are also found in the sponges [25, 75]. 
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5a,8a-epidioxy sterols from the sea anemone Metridium 
senile [33]; e a 20-epicholanic acid derivative from the sea
pen Ptilosarcus sp. [25]; fa 3-ketopregnan from soft corals 
[25] 

The side-chains of sponge sterols are even 
more variable than the ring systems. 24-Methyl 
and 24-ethyl sterols with the usual structure are 
widely found, and these are derived from the ste
rols of the plankton diet; however, the sponges 
also contain 24-isopropyl sterols (Fig. 16.9c). 
Especially characteristic of porifera sterols are 
the side-chains on C-26 or C-27 which are 
extended by additional methyl groups 
(Fig. 16.9 d-f). Sterols with a cyclopropane in the 
side-chain are known only in marine organisms; 
in the poriferans, the cyclopropane ring can 
occupy various positions: with a CHz bridge 
between C atoms 22 and 23, as in the gorgosterols 
of the corals (Fig. 16.Sa); with a bridge between 
C atoms 23 and 24 as in 23,24-dihydrocalysterol 
from the sponge Calyx niceaensis (Fig. 16.9 g); or 
with bonds between C atoms 20 and 23,24 and 26 
or 26 and 27 (Fig. 16.9 h) [IS]. Even triple bonds 
between C atoms, which are otherwise seldom 
found in biological substances, have been 
reported in sponge sterols (Fig. 16.9i) [25, 75]. 
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16.2.7 Sterols of the Protozoa 

There is a marked absence of systematic studies 
of sterol content and metabolism in the Protozoa, 
and given the heterogeneity of this group, no gen
eralizations are possible. Ciliates of the genus Tet
rahymena cyclicize squalene in anaerobic reac
tions to tetrahymanol (Fig. 16.3), which then 
assumes sterol functions as a membrane compo
nent. However, whenever sterols are present in 
the diet, these are incorporated into the mem
brane and tetrahymanol synthesis is suppressed 
[25]. Cholesterol is an essential nutrient for 
Paramecium tetraurelia and rumen Ciliata [96]. 
The synthesis of cholesterol by the amoebae 
Acanthamoeba and Naegleria via cycloartenol 
(Fig. 16.3), instead of lanosterol as in other ani
mals, has already been mentioned [91]. 

16.3 Steroid Hormones of the Vertebrates 

Certain steroids with 21, 19 or 18 C atoms func
tion as sex hormones or as regulators of carbo
hydrate or mineral metabolism in all vertebrates. 
In accordance with the aims of this book, the 
structure and metabolism of the steroid hormones 
will be the main concern (as was the case in Chap
ter 8 for the proteo- and peptide hormones); a 
discussion of the functional aspects should be 

R 

Fig. 16.9 a-i. Unusual ring system (a, 
b) and side-chains (c-i) in the sterols 
of poriferans [95]. a Ring system of 
the 19-norstanols from Axinella poly
ploides; b 5~-hydroxymethyl-A-nor-
5a-cholestan forms the ring system 
of the sterols from Axinella verru-
cosa; c 24-isopropylcholesterol from 
Pseudoaxinyssa sp.; d stelliferasterol 
from Jaspis stellifera; e strongyloste
rol from Strongylophora purissima; 
f verongulasterol from Verongula cau
liformis; g 23,24-dihydrocalysterol 
from Calyx nicaensis; h petrosterol 
from Petrosia ficiformis; i cholest-5-
en-23-yn-3~-ol from Calyx nicaensis 

sought in comparative accounts of hormone 
physiology. All steroid hormones arise by shor
tening of the side-chain of cholesterol 
(Fig. 16.10). Cleavage of side chain residues with 
C atoms 22-27 leads to the C21 steroids, the basic 
component of which is referred to as 5a- or 5B
pregnan, depending on the configuration of the 
AlB ring association. The corticosteroids and pro
gesterone are C21 steroids. The former derive 
their name from their site of synthesis in the adre
nal cortex, and they are involved in the regulation 
of carbohydrate and mineral balance. Progeste
rone is a female sex hormone produced by the 
ovary, but is also an important intermediate of 
steroid hormone biosynthesis in all steroidogenic 
tissues. The complete cleavage of the side-chain 
on C-17 leads to the male sex hormones, or andro
gens, with the C19 component 5a- or 5B- andros
tan. As a consequence of the aromatization of ring 
A there is no valency free at C-10 for binding of 
the C-19 methyl group; this leads to the formation 
of the female sex hormone, oestrogen [39, 74]. 

For many years, the C1S , C19 and C21 steroids 
were considered a special feature of the vertebra
tes. However, it has since been realized that they 
are widely distributed, if not ubiquitous, in the 
eukaryotes. Oestrogens are found even in yeast, 
and their biosynthesis has been demonstrated in 
plants. 

Many invertebrates have C1S, C19 and ~1 ste
roids. Thus, the steroids with hormone action in 
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Fig.16.10. The most important steroid hormones of the 
vertebrates and their biosynthesis from cholesterol [39]. 
The reactions of the L\4 and L\s pathways (p. 639) are indi
cated by the corresponding symbols. 1, Oxidative cleavage 
of the side-chain on C-20; 2, oxidation at C-3 and L\S/L\4 

16.3 Steroid Hormones of the Vertebrates 637 

o 
II 

!J.5 
--=®:........~-HO 

Dehydroepi-androsterone 

®! 

Androstendione 

~ 

HO ®HO 

Oestrone 

OH 

/';5 _ Androstendiol 

Testosterone 

Oestradiol 

isomerization; 3, hydroxylation at C-17; 4, oxidative cleav
age of the side-chain at C-17; 5, reduction at C-17; 6, 
hydroxylation at C-21; 7, hydroxylation at C-ll; 8, oxida
tion at C-18; 9, oxidation at C-ll ; 10, aromatization of ring 
A and cleavage of C-19; 11, oxidation/reduction at C-17 
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the vertebrates are apparently phylogenetically 
rather ancient, and the evolution of the verteb
rate steroid hormone system began not with the 
appearance of the steroid structure but with the 
"invention" of specific steroid receptors. It there
fore becomes clear why there is no characteristic 
structural feature of the vertebrate steroid hor
mones; even the frequently occurring 3-oxo-4-en 
structure (Fig. 16.10) is not universal [39, 74]. 

The steroid hormones are found in much lower 
amounts than the sterols. The human adrenal cor
tex secretes about 30 mg corticosteroids per day. 
However, because of their extremely rapid turn
over, the blood plasma contains only about 100 !-lg/1; 
the concentration of the sex hormones is one or 
two orders of magnitude lower. The extraction of 
large quantities of starting material, however, led 
to the identification of more than 50 cortico
steroids in the blood and over 200 steroids and 
steroid metabolites in the urine. Most of these 
substances are in fact only intermediates, by
products or end products of metabolism; the 
number of natural hormones is relatively small. 
Amongst the corticosteroids of the mammals, 
cortisol, cortisone and corticosterone mainly 
affect carbohydrate metabolism and are therefore 
known as glucocorticoids; aldsterone and 11-
deoxycorticosterones are the most important 
mineral corticoids. Dihydrotestosterone and tes
tosterone are the most typical male sex hormo
nes; the female reproductive process is regulated 
mainly by oestradiol, oestrone and progesterone 
(for the formulae see Fig. 16.10) [39, 74]. 

The spectrum of biologically active steroid hor
mones appears to be similar in all vertebrates, 
although the concentrations of individual com
ponents may vary. As yet, very few steroid 
hormones have been found to be restricted to cer
tain vertebrate groups or species, e.g. equilenin 
and equilenin of the horse, or la-hydroxy
corticosterone of the elasmobranch. However, it 
should be borne in mind that the consistently low 
concentrations of the steroid hormones have 
resulted in comparative investigations making use 
primarily of biological activity or immunological 
reactivity, and not physicochemical methods, for 
purposes of identification. The variety of steroid 
effects in the vertebrates apparently relies more 
upon differences in relative concentrations and 
reaction chains than on hormone structure. The 
primary target of steroid hormone action is gene 
transcription in the nucleus. In contrast to the 
peptide hormones, the lipophilic nature of the 
steroids gives them easy access to the inside of the 
cell across the cell membrane. There they are 

bound to specific receptors that then interact with 
certain regulatory DNA sequences (hormone 
regulatory elements) [6]. The same steroid can 
have very different effects on different cells or 
organisms, depending upon the gene transcribed 
and the secondary effect of its product [39, 74]. 

The steroid receptors belong to the protein 
super-family of the nuclear hormone receptors. 
They recognize transcriptional enhancer sequen
ces and control networks of genes that have 
important effects on growth, development and 
homeostasis. They bind specific lipophilic hormo
nes, including not only the steroids but also the 
thyroid hormone and retinoic acid. The chicken 
ovalbumin upstream promoter transcription fac
tor (COUP-TF) and various receptors of the fly 
Drosophila also belong to this super-family 
[125, 127]. Despite their functional diversity, the 
receptors show extensive agreement in domain 
structure and amino acid sequences. Six domains 
(A-F) can be distinguished. The DNA-binding 
domain C is the most highly conserved in the 
super family, and consists of 66-68 amino acids 
folded into two zinc-finger motifs. Each finger 
binds a zinc ion that is coordinately bound to four 
cysteine residues. The first finger determines 
DNA-sequence specificity, and the second is 
involved in protein-protein interactions, such as 
the dimerization of the receptor. The sequence of 
the first finger characterizes two subfamilies with 
the glucocorticoid and oestrogen receptors as 
nominal representatives. The domain E, with 
about 250 amino acids, is also well conserved 
between members of the super-family; this car
ries the hormone-binding site and is responsible 
for receptor dimerization, nuclear translocation 
and hormone-dependent transcriptional activa
tion. An independent transcriptional activation 
function is located in domains A and B, the 
lengths and sequences of which vary greatly 
between the different receptor types. Domain D, 
carrying the nuclear localization signal, is also 
relatively poorly conserved, as is the C-terminal 
domain F. The total length of the nuclear recep
tors varies between 433 and 934 amino acids. 
Additional variation is generated by the existence 
of several genes for the same receptor type, 
alternative promoters for the same gene, and 
alternative splicing [54, 125]. Some steroid recep
tors appear exclusively in the nuclear fraction on 
cell extraction and others appear also in the cyto
sol. This is apparently due to the low affinity for 
chromatin of some receptors. A vertebrate spe
cies such as the spiny dogfish, whose tissues have 
an extremely high osmolality of 1010 mOsmollkg 



water, is reported to have steroid receptors that 
bind more firmly to chromatin than do those of 
the mammals, with a tissue osmolality of about 
300 mOsmoUkg water. The oestrogen receptor of 
the dogfish is eluted from DNA-cellulose with 
0.55 moUl NaCl, compared with 0.22 moUI 
required for the freshwater ray Potamotrygon sp. 
and the mammals [16]. The sequence similarity 
between members of the family is 2::42 % in the 
DNA-binding domain C, usually 2::15 % in the 
hormone-binding domain E, and negligible in the 
other domains [28, 127]. Sequence comparisons 
between receptors of the same type show, for 
example, 81-82 % agreement between, the 
mouse progesterone receptor and those of 
humans and rabbits, and 50 % agreement with 
that of the chicken [104]; the thyroid receptor of 
the frog Xenopus laevis agrees 92 % with that of 
the chicken [11]. The human and chicken oestro
gen receptors have 80 % of their 589 amino acids 
in common, and the corresponding receptor from 
the rainbow trout shows 92-95 % similarity to 
other species in domain E, but lacks domain A 
[66,88]. 

16.3.1 Biosynthesis of Steroid Hormones 

All vertebrate steroid hormones share a common 
synthesis pathway (Fig. 16.10). This begins with 
the oxidative cleavage of the side-chain on C-20 
of cholesterol by an NADPH-dependent mito
chondrial hydroxylase with cytochrome P-450. 
This yields isohexanal and pregnenolone. The 
ensuing metabolism takes place in the endo
plasmic reticulum. Progesterone arises by conver
sion of the 5-en-3~-hydroxy structure of pregne
nolone to the typical 4-en-3-oxo structure of the 
biologically active steroids by 3~-hydroxy steroid 
dehydrogenase and ~5/~4-isomerase. Metabolic 
pathways lead from progesterone to corticoste
rone and aldosterone, and from 17a-hydroxy pro
gesterone to cortisol and cortisone. The biosyn
thesis of testosterone from pregnenolone requi
res, on the one hand, the sequence of 17a
hydroxylation, oxidative cleavage of the side
chain on C-17 and reduction of the 17-oxo group 
to 17a-hydroxyl, and, on the other hand, the con
version of the 5-en-4~-hydroxy to the 4-en-3-oxo 
structure. Depending on the order of these 
reactions, one can distinguish the ~5 pathway, 
from pregnenolone to testosterone via 5-
androstendiol, and the ~ 4 pathway, via 4-
androstendione (Fig. 16.10). The rat and other 
rodents mainly use the ~ 4 pathway, humans and 
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rabbits use the ~5 route, and goats and many 
other mammals have both pathways. Aromatiza
tion of the A ring and the consequent cleavage of 
the C-19 methyl group leads from testosterone to 
oestradiol-17~, and from androstendione to oest
rone [39, 74]. 

All steroid-forming tissues have the same 
enzyme spectrum of dehydrogenases, reductases, 
hydroxylases and isomerases, although perhaps 
with different relative activities. The species- and 
organ-specific spectrum of products arises from 
the preference for certain synthetic pathways and 
from cessation of synthesis at different steps. In 
addition to the steroids that are typical of the 
organ, lower amounts of other steroids may also 
be produced, e.g. sex hormones in the adrenal 
cortex, oestrogen in the testis, and androgen in 
the ovary. The synthesis of atypical steroids may 
increase markedly in tumours. Certain steroid
metabolizing enzymes are also found in other tis
sues; noteworthy in this context is the reduction 
of testosterone to dihydrotestosterone in associ
ated glands of the male genital tract, and the 
formation of oestrogens from testosterone or 
androsterone in the liver, brain and blood of 
mammals. The inactivation of steroid hormones 
occurs mainly in the liver, but in mammals and 
reptiles it also occurs in the kidney. The degrada
tion p'athways are not yet known in detail, even 
for the mammals. Important steps in inactiv
iation, however, include the reduction of the 4-
en-3-oxo configuration and the 20-oxo group. The 
newly formed 3-hydroxy group is esterified with 
glucuronate or sulphate and the conjugates are 
excreted in the urine [9, 39, 74]. 

16.3.2 Steroid-Binding Proteins 

Because of their relatively low solubility in water, 
the steroid hormones can only be transported in 
the blood plasma when they are bound to prote
ins. Serum albumin binds steroids unspecifically 
with relatively low affinity, and most vertebrates 
have specific steroid-binding plasma proteins 
[34]. The difference between the affinity con
stants of the binding proteins (10-8 moUl) and the 
intracellular receptors (10-9 moUI) thermodynam
ically favours the uptake of steroid molecules into 
the cell. Two types of steroid-binding globulins 
are usually found in the vertebrates from the tele
osts to the mammals; of these, the corticosteroid
binding globulin (CBG) or trans cortin binds all 
C21 steroids, including progesterone, and the 
hormone-binding globulin (SHBG) binds Cl8 and 
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C19 steroids. Plasma proteins from sharks, rays 
and lampreys bind C2b C18 and C19 steroids with 
the same low affinity, and the blood of the com
mon hagfish Myxine contains no steroid-binding 
proteins of any sort. Transcortin-like proteins are 
apparently widely distributed from the bony fish 
onwards. There are, however, large differences in 
amino acid composition and molecular mass 
between, for example, human and chicken tran
scortins. CBG, like other plasma proteins, is sec
reted by the liver but the corresponding human 
mRNA is also found in the lung, testis and 
kidney. Human CBG consists of a polypeptide 
chain of 383 amino acids and five oligosacchari
des, which make up about 23 % of the molecular 
mass of 58 kDa. The amino acid sequence shows 
no similarity to other steroid-binding proteins but 
does exhibit significant homology to al
antitrypsin and other serpins [44]. 

Sex hormone-binding globulin has been found 
in many mammals, but is absent from rodents, 
elephants and the birds. Reptiles possess SHBG 
and, in fact, have separate androgen- and 
oestrogen-specific proteins. SHBG-like proteins 
have also been detected in various amphibians 
and teleosts [102]. The SHBG of the mammals 
is a dimer of two identical polypeptides of 
367-373 amino acids with three carbohydrate 
chains, although it binds only one steroid mol
ecule [45, 126]. At least in the N-terminal region, 
it shows sequence similarity to the similar-sized 
androgen-binding protein (ABP) from mamma
lian testis; the function of ABP appears to be to 
concentrate androgens and thereby amplify their 
effects on spermatogenesis and sperm maturation 
[41, 57]. A similar protein is found in the testis of 
the spiny dogfish Squalus acanthias [73]. The 
steroid-binding protein from rat prostate appar
ently functions in a feedback mechanism to regul
ate androgen activity; it is a tetramer of four dif
ferent polypeptides that both bind to, and are 
induced by, androgen. This protein shows signifi
cant sequence homology to the uteroglobin from 
the uterus and lung of the rabbit; this is a homo
dimer of about 16 kDa that is both induced by 
and binds to progesterone. The 91 co dons of the 
gene sequences of the pre-uteroglobins of the 
rabbit and of the hare Lepus capensis have five 
synonymous substitutions, suggesting that the 
two species separated about 4 million years ago; 
there are also six amino acid-exchanging substitu
tions, which suggests an unusually high rate of 
evolution [72]. 

16.3.3 Corticosteroids 

Only in the mammals are steroid-producing and 
catecholamine-producing (chromaffine) cells of 
the adrenal gland organized into the cortex and 
medulla of a compact organ; in the birds, reptiles 
and amphibians they are mixed together in vari
ous ways, and in fish they form two separate 
organs. The corticosteroids carry a side-chain of 
two C atoms on C-17, and these can be substi
tuted with hydroxy or oxo groups. Additional 
oxygens on C-3, C-ll, C-17 or C-18 result in a 
large number of related steroids, most of which 
are inactive metabolic products. Due to the large 
number of polar groups, the corticosteroids are 
quite soluble in water. All biologically active cor
ticosteroids influence both the carbohydrate and 
the mineral balance, but as one function usually 
predominates a distinction may be drawn bet
ween glucocorticoids and mineral corticoids. The 
glucocorticoids all have a hydroxy or oxo group at 
C-ll (for the formula see Fig. 16.10), whereas the 
ll-deoxysteroids act as mineral corticoids. One 
exception to this rule is aldosterone, in which the 
ll-hydroxy group forms a semi-acetal, together 
with the aldehyde group on C-18; this is unique to 
this molecule (Fig. 16.11a). The glucocorticoids 
stimulate the synthesis of various enzymes of glu
coneogenesis, resulting in glycogen storage. The 
mineral corticoids act primarily on ion transport 
via the ATPases of the cell membrane, and regul
ate the excretion of sodium and calcium in the 
distal tubules of the kidney [39, 74]. The spect
rum of corticosteroids varies between the differ
ent vertebrate groups. Cortisol predominates in 
most mammals. Only in the case of the rat, 
mouse and rabbit is there almost no cortisol but 
only corticosterone. However, exogenous cortisol 
is still highly active in these species. Birds appear 
to completely lack cortisol, and corticosterone 
predominates in the reptiles and the amphibians. 
Cortisol is, however, the main corticosteroid of 
the teleosts. Aldosterone appears to be absent 
from the agnathans, elasmobranch and teleosts, 
but is present in the dipnoans and all tetrapods. 
In the teleosts cortisol also regulates sodium 
uptake by the gills. In the birds, reptiles and 
amphibians, aldosterone and also corticosterone 
appear to be involved in regulation of the mineral 
balance; both act, to some extent, antagonistic
ally. From this it is clear that the classification into 
glucocorticoids and mineral corticoids is only 
strictly observed in the mammals [39, 74]. 



> 

OH C) 

Fig.16.11a-<:. Tautomeric forms of aldosterone and sev
eral unusual steroid hormones of vertebrates [39]. a Alde
hyde and semi-acetal forms of aldosterone; b 11~-

16.3.4 Sex Hormones 

Although neither the biosynthesis nor the action 
of the C19 and C18 steroids are strictly sex specific, 
they are usually referred to as male and female 
hormones. The androgens regulate the appear
ance of the male primary and secondary sexual 
characteristics. They are produced in the testis 
but also arise in the adrenal cortex and the ovary. 
The main product of the mammalian testis is tes
tosterone. In some species, intermediates of tes
tosterone synthesis are also found in the blood
stream, e.g. pregnenolone and progesterone in 
the rat, and dehydroepiandrosterone and andros
tenediol in the rabbit. The androgens isolated 
from the mammalian testis also show species
specific differences in composition; for example, 
a particularly high proportion of sulphated inter
mediates occurs in humans, the dog and the pig. 
Testosterone is reduced to dihydrotestosterone 
(Sa-androstan-17~-01-3-one) in associated glands 
of the genital tract or other peripheral organs; 
this then binds to specific receptors in the target 
organ and is apparently the biologically active 
androgen. The ratio of testosterone to dihydrotes
tosterone in the blood plasma is about 10 : 1. 

Even in the anurans, the main product of the 
testis is dihydrotestosterone, and the other Sa
metabolites arise only in the peripheral organs. 
Large amounts of Sa-metabolites are otherwise 
found only in some birds, e.g. the chicken and the 
Japanese quail Coturnix coturnix; the urodelans, 
reptiles, other birds and the mammals have only 
trace amounts of these androstan derivatives. The 
fish are unique amongst the vertebrates in that 
their gonads have 11-hydroxylase activity, which 
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hydroxy testosterone of teleosts; c equilin (left) and equile
nin (right) of the horse 

is otherwise found only in steroid-producing adre
nal tissues. In this case, the testis produces mainly 
11~-hydroxytestosterone (Fig. 16.11 b) and 11-oxo
testosterone. 11~-Hydroxytestosterone is more 
active than testosterone itself and is apparently 
the natural androgen. The teleost Coris julis 
undergoes a natural sex change in that after lay
ing the eggs the females undergo a change in col
our and turn into males; in addition to these sec
ondary types, there are also primary males that 
look like females. Only the secondary males pro
duce large amounts of 11~-hydroxytestosterone. 
Their different colouring, is apparently associated 
with the higher androgen activity of this steroid; 
primary males and females can be induced to 
change colour by injection of high doses of testos
terone [94]. 

In addition to progesterone, the mammalian 
ovary produces mainly oestradiol-17~ and oest
rone; the horse additionally produces low 
amounts of the C18 steroids equilin and equilenin 
(Fig. 16.11 c), which are more unsaturated and 
weaker in activity. The oestrogens are formed 
mainly in ripe follicles and progesterone is 
formed in the corpus luteum. In some species, the 
latter also has the capacity to synthesize oestro
gen, e.g. in humans and pigs but not in cows or 
sheep. Androgens are also formed in the ovary, 
apparently in cells of the stroma. Thus, the ovary 
contains different steroid-synthesizing cell types 
whose individual activities have not yet been 
completely defined. In humans and all other 
mammals where pregnancy lasts more than 
70 days, the placenta secretes not only progeste
rone but also large amounts of oestrogens, lead
ing to a marked increase in oestrogen excretion in 
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the urine. In all mammals except the primates, 
oestrone is the main oestrogen in the urine, 
whereas in humans and the anthropoid apes it is 
oestriol. In addition, the primates produce 
oestradiol-17~ and the other mammals produce 
oestradiol-17a. 

Enzymes that can aromatize the A ring and 
produce oestrogens have been found in the testis 
of mammals, reptiles and teleosts. The produc
tion of oestrone and oestradiol-17~ is especially 
high in the testes of the horse and pig; these are 
amongst the most oestrogen-rich tissues and stal
lion urine was formerly used as a copious source 
of oestrogen. The possible biological importance 
of this female hormone in the testis is not known. 
In males of the zebra finch Poephila guttata there 
is intensive oestrogen synthesis in the hypo
thalamus-hypophysis region of the brain; the hor
mone is involved in the regulation of song activity 
[103]. The biosynthesis of oestrogen in mammals 
occurs by either the ~ 5 (cattle) or the ~ 4 pathway 
(horse, pig). Inactivation of oestrogen in this case 
is not by reduction of the A ring, as for other ster
oid hormones, but by substitution of various ring 
positions with hydroxy or oxo groups; this increa
ses the water solubility, and with it the excretabil
ity. Thus, oestradiol-17~ is converted via oestrone 
to oestriol, during which the biological activity 
declines in the ratio 100: 20 : 1. The female hor
mones control the reproductive processes in 
mammals, with oestrogens regulating the growth 
and progesterone the differentiation of the uterus 
lining and the maintenance of pregnancy. The 
oestrogens are also involved in regulating the 
reproductive rhythms of all other vertebrate 
classes, but comparative studies are hindered by 
their relatively low concentrations compared with 
those of the corticosteroids and androgens. As in 
the mammals, oestradiol-17~ appears to be the 
most important female sex hormone in the other 
vertebrates, but the biological role of progeste
rone is not so clear [39]. 

Certain steroids in vertebrates function as sex 
pheromones. For example, in various fish species 
oestrogens excreted into the water by females 
attract and activate the males. Females of the 
goldfish Carassius auratus produce a steroid 
(Fig. 16.12a) that as a hormone promotes matura
tion of oocytes, and as a pheromone stimulates 
sperm release in the males [110]. Steroidal sex 
pheromones are also found in mammals, prob
ably including humans. Males of the domestic pig 
produce in the maxillary gland a fragrant steroid 
(Fig. 16.12b) that suppresses the movements of 
the female and thereby facilitates copulation; the 

Fig. 16.12a, b. Steroidal sex pheromones of the vertebra
tes [3]. a 17a,20~-Dihydroxy-4-pregnen-3-on is a sexual 
pheromone of female goldfish; b 5a,16-androsten-3a-ol is 
a sexual pheromone of male domestic pigs (boars) 

steroid has also been detected in the sweat of 
human males [3]. 

16.4 Ecdysteroids 

In 1954, Butenandt and Karlson isolated 25 mg 
ecdysone from 500 kg silkworm pupae, but the 
correct structural formula of this hormone 
(Fig. 16.13) was first published by Karlson in 
1965. In the intervening period, a further moult
ing hormone was found in various insects and 
crustaceans; it was known at first as "~

ecdysone", "crustecdysone" or "ecdysterone" but 
is now designated 20-hydroxyecdysone (Fig. 
16.13). Ecdysone and 20-hydroxyecdysone were 
for a long time considered to be the only 
moulting hormones of the arthropods, but sub
stances in addition to, or instead of, 20-
hydroxyecdysone are now known from several 
species: makisterone A in insects and a brachy
uran, ponasterone A in various brachyurans 
(Fig. 16.13), and several unidentified molecules in 
the Pantopoda [12]. All such moulting hormones, 
together with their metabolites and other similar 
steroids in animals and plants, are classified as 
ecdysteroids. They differ from the steroid hormo
nes of the vertebrates in that the cholesterol side
chain is maintained in an extended form, and 
they are more water soluble due to a higher num
ber of OH groups [65, 132]. 

The concepts of the cellular modes of action of 
the steroid hormones were first established in the 
1970 s, mainly from studies of the insect moulting 
hormones. Of particular help was the fact that 



Cholesterol 

Phytosterol 

Makisterone A 

? 
--"---- HO 

5~- Ketodiol 

Ponasterone A 

Fig.16.13. Biosynthesis of ecdysteroids [49]. 1, Hydroxyla
tion at C-25, C-22 and C2; 2, hydroxylation at C-20; 3, 

gene activation of ecdysteroids could be directly 
observed in the formation of so-called puffs on 
the giant chromosomes from the salivary glands 
of the Diptera. The ecdysone-dependent heat
shock gene hsp27 of Drosophila melanogaster 
includes sequences with significant similarity to 
the steroid-response elements of the vertebrates 
[76]. The ecdysteroids apparently act not only on 
the transcription of certain genes but also post
translation ally, e.g. on the phosphorylation of 
some proteins [65, 132]. At least seven members 
of the steroidlthyroid hormone receptor super
family have been identified so far in Drosophila 
melanogaster. They are involved in the regulation 
of development and are known after characteris
tic mutations: knirps (kni), knirps-related (knrl), 
embryonic gonad (egon), 75B, ultraspiracle (usp 
or 2C), seven-up (svp) and tail-less (tll). All these 
receptors have the typical DNA-binding domain 
with two zinc fingers, and svp, 75B and 2C are 
also very similar to vertebrate receptors in their 
hormone-binding domains [48, 125]. 

Ecdysteroids, like all steroids, are produced 
from cholesterol. The arthropods themselves are 
not able to synthesize cholesterol de novo, but 
many tracer experiments with insects and crusta
ceans have shown that they can metabolize ste
roids in their diet to ecdysteroids. The site of bio-
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Ecdysone 

20-Hydroxyecdysone 

hydroxylation at C-22, C-2, C-20 (order?); 4, hydroxyla
tion at C-25. See text for further explanation 

synthesis in insect larvae is the prothorax gland, 
in crustaceans it is the Y organ at the base of the 
antennae, and in ticks it is the epidermis [131]. 
The prothorax gland degenerates towards the end 
of the pupal resting stage but many adult insects 
produce ecdysteroids, either in the follicle cells of 
the ovary or, in some cases, in the oenocytes. At 
least in the lepidopterans the biosynthesis is 
regulated by the prothoracicotropic neurohor
mone (PTTH), the structure and mode of action 
of which is known for several species (p. 307). It is 
certain, however, that factors or mechanisms 
other than PTTH are involved in the regulation of 
ecdysteroid synthesis and secretion. Only the 
final steps of the biosynthetic pathway are known 
in any detail (Fig. 16.13): the first confirmed 
intermediate is a 5~-ketodiol, which is converted 
to ecdysone by hydroxylation on C-25, C-22 and 
C-2. The main product formed from radio labelled 
cholesterol in the prothorax glands of Manduca 
sexta and other lepidopterans is not ecdysone but 
3-dehydroecdysone, a compound that does not 
feature in the classical scheme of biosynthe
sis. Ecdysone can be produced from 3-de
hydro ecdysone by a 3-dehydroecdysone reduc
tase in the haemolymph and other tissues. This 
enzyme is found not only in the Lepidoptera but 
also in Blattaria, Orthoptera, Coleoptera and 
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Diptera [40, 63]. Little is known about the other 
enzymes of ecdysteroid synthesis; the 25- and 22-
hydroxylases are apparently microsomal, and the 
2-hydroxylase is a mitochondrial cytochrome P-
450 monooxygenase, but without the characteris
tic inhibition by CO [49, 58]. 

The best-known enzyme of ecdysteroid biosyn
thesis is the 2O-monooxygenase that hydroxylates 
ecdysone to 20-hydroxyecdysone. This is not pre
sent in the prothorax glands but is found in the fat 
body, the Malpighian tubules, the follicle epithe
lium and other tissues. It is a typical cytochrome 
P-450 monooxygenase with microsomal and mito
chondrial forms in species-specific proportions 
[109]. It is still a matter of debate whether ecdy
sone or 2O-hydroxyecdysone is the actual moult
ing hormone. It was shown in 1973 that the two 
hormones bring about different puff patterns in 
the giant chromosomes of Chironomus. In 1978, 
experiments with Drosophila showed that the two 
hormones have the same effects but that 20-
hydroxyecdysone is 50- to 100-fold more active 
than ecdysone. Three cell lines of Drosophila 
melanogaster with very different capacities for the 
hydroxylation of ecdysone showed the same 
response to the two moulting hormones. Depend
ing upon the test model, ecdysone and 20-
hydroxyecdysone can have very different, even 
complementary, effects. It may be that a hormo
nal effect of ecdysone that still functions in primi
tive arthropods has been lost during evolution, so 
that in some groups it is now essentially only a 
pro-hormone for 20-hydroxyecdysone [65, 132]. 

Makisterone A differs from 20-hydroxy
ecdysone only by having a methyl group on 
C-24 , i.e. it is a CZ8 ecdysteroid (Fig. 16.13). In 
the insects, this ecdysteroid has so far been 
detected only in several species of Hemiptera, 
Diptera and Hymenoptera, and in the crusta
ceans in the brachyuran Callinectes sapidus; it is, 
however, probably widely distributed in the arth
ropods. The insects referred to include Droso
phila melanogaster, Apis mellifera and various 
phytophagous Hemiptera from the families Pen
tatomidae (e.g. Oncopeltus fasciatus and Dysder
cus cingulatus) and Alydidae (Megalotomus quin
quespinosus). The diet of all these species con
tains almost no cholesterol and, in addition, they 
lack the ability to produce cholesterol from 
ingested Cz8 and CZ9 steroids by cleavage of the 
24-alkyl residue. Hence, they synthesize their 
moulting hormones from 24-methylsterols. How
ever, in the course of evolution they have turned 
the problem to their advantage and adapted to 
this rather unusual moulting hormone; in some 

Hemiptera makisterone A is tenfold more active 
than 20-hydroxyecdysone. Even the predatory 
pentatomid Podisus maculiventris, which un
doubtedly obtains sufficient cholesterol in its 
diet, still relies upon makisterone A [30, 31, 
65, 132]. Ponasterone A (Fig. 16.13) was disco
vered in 1979 in the brachyurans Callinectes sapi
dus, Carcinus maenas and Gecarcinus lateralis. 
This is converted to 20-hydroxyecdysone by 25-
hydroxylation and to inokosterone by 26-
hydroxylation. Both end products are found as 
natural hormonal components in crustaceans but 
in some insects, e.g. Bombyx mori, they are 
derived from exogenous ponasterone A [68]. 

In some adult insects, ecdysteroids that are 
synthesized in the follicle cells of the ovary are 
accumulated in species-specific proportions in the 
haemolymph or eggs; e.g. in the migratory locust 
Locusta migratoria ecdysteroids occur in the 
ovary and haemolymph or eggs in the ratio 50 : 1, 
and in the wax moth Galleria melonella in the 
ratio 1 : 1. Compared with the relatively simple 
ecdysteroid spectrum of the larval stages, the 
composition of ecdysteroids in the females and in 
the eggs is very complex. Here, there are not only 
large quantities of synthesis intermediates, such 
as 2,22-dideoxyecdysone and 2-deoxyecdysone in 
Bombyx mori, but also inactivation products, 
such as 20,26-dihydroxyecdysone in Carausius 
morosus, ecdysone-22-phosphate in Bombyx 
mori, 26-hydroxyecdysone-26-phosphate in Man
duca sexta and ecdysonic acid in Schistocerca gre
garia [32,35, 86, 119]. The majority of ecdyster
oids in the ovary and eggs are always conjugated. 
The insects mainly contain ecdysteroid-22-
phosphate and also 26-phosphate [119], but, in 
contrast, the ticks have 22-fatty acid esters 
[22, 23], Twenty-two long-chain fatty acyl esters 
of ecdysone have recently been discovered in 
freshly laid eggs of the house cricket Acheta 
domestica [128]. The most unusual conjugate has 
been found in freshly laid eggs of Locusta migra
toria (Fig. 16.14); here, the 22-0H of ecdysone is 
bound via a phosphate residue to N6-isopentenyl 
adenosine (cytokinin), which functions in plants 
as a growth regulator but is also found as the 
phosphate in mammalian cells [120]. During 
embryogenesis in Schistocerca gregaria and other 
orthopterans, the conjugates are gradually hydro
lyzed, and the released ecdysteroids are further 
metabolized to inactive end products. Thus, in 
these primitive insects, the ecdysteroids of the 
ovary are involved in the development of the 
embryo, whereas in the more highly developed 
insects they regulate the production of yolk pro-
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Fig.16.14. Ecdysone conjugated with cytokinin [W(iso
pentenyl) AMP] from the eggs of the migratory locust 
Locusta migratoria [120] 

tein in the fat body. Ecdysone even stimulates 
yolk protein synthesis in male mosquitoes. The 
observation that vitellogenin synthesis in some 
dipterans declines only a little, or not at all, after 
ovariectomy suggests the existence of further sites 
of ecdysteroid production; the oenocytes are a 
prime candidate [49, 71, 119]. 

The moulting hormones appear to be the sub
ject of very rapid turnover; 83 % of 480 ng of 20-
hydroxyecdysone (an extremely large amount) is 
converted to more strongly polar metabolites 
within 10 min of injection into adult Drosophila 
males [107]. The metabolism of ecdysone can 
occur by various pathways, and more than 60 me
tabolites have been identified to date. The most 
important reactions are: C-20 hydroxylation; oxi
dation at the C-3 position with the formation of 
3-dehydro ecdysteroids; formation of the 3a
epimer by reduction of the 3-dehydro bond; 
hydroxylation at C-26 and further oxidation to 
ecdysonic acid; and phosphorylation or acetyla
tion of the 3a-, 3~-, 22a- or 26~-hydroxyl groups 
[65, 108, 132]. Little is known about the enzymes 
of ecdysone metabolism in insects. The 22-
phosphotransferase of the locust Schistocerca gre
garia has been purified [59]. 14-Deoxyecdysone is 
a major product of ecdysone metabolism in the 
mouse, whereas endogenous dehydroxylation of 
ecdysteroids has never been observed in the 
insects. The 14-deoxy ecdysteroids detected in 
Gryllus bimaculatus apparently arise from the 
metabolism of gut symbionts [50]. Ecdysteroids 
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that are phosphorylated or acylated on the 22a
hydroxyl group may be storage and/or inactiva
tion products. The corresponding esters, espe
cially with the fatty acids 16: 0, 18: 0, 18: 1 or 
18 : 2, have been observed in insects and also in 
ticks, spiders, scorpions and millipedes [22, 23, 
65, 132]. Ecdysteroids in the haemolymph are 
probably always transported bound to proteins. 
In contrast to the transport proteins of the juve
nile hormones, those for the moulting hormones 
have been relatively little investigated. In the fly 
Calliphora vicina, the ecdysteroids are bound to 
the larval haemolymph protein calliphorin. A 
haemolymph protein that binds 20-hydroxy
ecdysone in the migratory locust Locusta migra
toria has been purified to a high degree. It has a 
mass of 270-280 kDa and is probably a dimer; it 
binds 20-hydroxyecdysone with a binding con
stant of about 10-7 molll but has a 100-fold lower 
affinity for ecdysone [17]. 

Surprisingly large amounts of ecdysone, 20-
hydroxy-ecdysone and ponasterone A were found 
in plants as early as 1966. The subsequent syste
matic investigations have led so far to 
the identification of about 70 biologically active 
plant ecdysteroids. Such "phytoecdysteroids" are 
extraordinarily widespread in the plant kingdom; 
they are found in half of all fern families, almost 
all families of the gymnosperms, and approxim
ately every fifth family of the angiosperms. The 
biochemical prerequisites for biological activity 
are the 6-oxo-7-en structure, the cis association of 
the A and B rings and a complete side-chain. The 
hydroxyl groups on C-14 are more important than 
those on C-3 and C-22, whilst those on C-2 and C-
25 appear to have no importance for moulting 
hormone activity. Many of the phytoecdysteroids 
are C28 or C29 steroids with an alkyl group on C-
24. The concentrations of ecdysteroids in plants 
are usually much higher than in arthropods, being 
as a rule between 10 mg/kg and 1 g/kg dry weight 
and sometimes exceeding 20 g/kg. The biological 
significance of the phytoecdysteroids is probably 
mainly defence against phytophagous insect lar
vae. There appears to have been coevolution of 
the regulation of moulting in insects and defence 
mechanism of plants [27]. 

In contrast, the importance of the ecdysteroids 
of the non-arthropod invertebrates, i.e. cnidari
ans, platyhelminths, nematodes, annelids and 
molluscs, is a complete mystery. Representatives 
of these groups have been found to contain, 
for example, ecdysone, 2-deoxyecdysone, 20-
hydroxyecdysone, 20,26-dihydroxyecdysone and 
ecdysone-24-0-~-glucoside. The concentrations 



646 16 Sterols and Steroids 

are usually lower than those in the arthropods 
[79, 82, 85]. A notable exception is the Mediter
ranean anemone Gerardia savaglia, which has 
about 3 g 20-hydroxyecdysone per kg dry weight 
[42]. 

16.5 Bile Acids and Bile Alcohols 

The liver of all vertebrates produces a secretion, 
bile, which in many species is temporarily stored 
in a gall bladder before it is released into the first 
section of the small intestine, the duodenum. Bile 
contains steroids which as bile alcohols carry sev
eral hydroxyl groups and as bile acids carry an 
additional carboxyl group. In native bile, the bile 
alcohols are always esterified with sulphate and 
the bile acids are conjugated with taurine or gly
cine. Both steroid types are therefore present as 
anions and are referred to collectively as bile 
salts. Because the polar groups of the bile salts lie 
exclusively, or predominantly, on one side of the 
flat molecule (Fig. 16.16a), they have marked 
amphiphilic properties. Hence, bile salts can 
carry out several important functions in fat diges
tion and absorption: 

1. They participate in the emulsification of fats in 
the small intestine and stabilize the fat emul
sion by orientating themselves on the fat drop
lets with their hydrophilic side facing out
wards. 

2. They stimulate lipases and cholesterol ester
ases. 

3. They allow the formation of the mixed micel
les required for the effective transport of lipo
lysis products through the hydration layer of 
the microvillous border of the gut epithelium. 

In fact, triacylglycerols and phospholipids can be 
hydrolysed and resorbed in the gut lumen without 
bile, albeit at about one-third of the efficiency as 
with bile, but cholesterol and most of the fat
soluble vitamins can only be resorbed with the 
participation of bile [25]. 

Bile acids and bile alcohols are found only in 
vertebrates. However, invertebrates do make use 
of biodetergents that are involved in a similar way 
in fat digestion and resorption, but which have 
completely different chemical structures. In the 
crab Cancer pagurus compounds made up of fatty 
acids, sarcosine and taurine exercise such a func
tion (Fig. 16.15). Emulsifying compounds with 
fatty acids and amino acids have also been 
detected in other arthropods, e.g. sarcosine-free 

Fig.16.15. Decanoyl-sarcosyl-taurine, an emulsifier from 
the crab Cancer pagurus [46) 

acyltaurine in the crayfish (Astacus, Orconectes) , 
and acyl derivatives of various amino acids in spi
ders (Tegenaria, Cupiennius) and insects (Gryl
Ius). A completely different type of emulsifier has 
been found in the edible snail Helix pomatia; 
hydrolysis of this emulsifier gives sulphate, satur
ated fatty alcohols (Cn to C16), glycerol and fatty 
acids. The emulsifying activity is apparently based 
upon the sulphate residues bound to the fatty 
alcohols and glycerol (123). 

The basic structnral elements of the bile 
alcohols are 5a- or 5~-cholestan (C27) , 27-
norcholestan (C26) , 26,27-dinorcholestan (C2S) 

and cholan (C24) (Fig. 16.16b). The evolutionarily 
more ancient C27 bile acids are derived from 5a
and 5~-cholestan, and the C24 acids are derived 
from 5a- and 5~-cholan. Unconjugated C28 bile 
acids have only been found in some anurans; they 
carry a methyl or carboxyl group on C-24 
(Fig. 16.16). 5a(Allo )-bile acids make up only a 
few percent of the total in mammals but are the 
main bile components in some lower vertebrates. 
Four basic types can be distinguished amongst the 
conjugated bile alcohols and acids: (1) sulphate 
esters of the C27 bile alcohols are found in the 
agnathans to the amphibians; (2) the more primi
tive C27 bile acids are always conjugated with tau
rine and are widespread in reptiles and amphibi
ans, and are present in some fish; and (3-4) the 
C24 bile acids represent the latest stage of bile 
acid evolution. They are missing from the agna
thans, cartilaginous fish and amphibians at the 
root of the evolutionary progression, but are typ
ical of the derived, more highly developed groups 
of teleosts, lizards, snakes, birds and mammals. 
In most groups they are conjugated with taurine; 
only the higher mammals (Eutheria) also have 
glycine-conjugated C24 bile acids [46]. 

16.5.1 Biosynthesis of Bile Acids 
and Bile Alcohols 

The precnrsor of the bile salts is cholesterol; at 
least in the mammals, the major pathway of cho
lesterol degradation in the liver is conversion to 
bile acids. About 1 g bile salts is produced daily in 
humans, which have a pool of 3-5 g. However, as 
the majority of bile acids in the gut are reab-
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a) 

(5a) Allocholic acid (5~) Cholic acid 

b) 

Fig. 16.16 a, b. Bile alcohols and bile acids [2S, 46]. a Spa
tial structure of the Sa and S~ bile acids, illustrated with 
(Sa) allocholic acid (3a,7a,12a-trihydroxy-Sa-cholanic 
acid) and (S~) cholic acid (3a,7a,12a-trihydroxy-S~
cholanic acid (R = CH(CH3)CH2CH2COOH). b The ring 
systems and side-chains of bile acids and alcohols: the pos
sible substitution sites are numbered. For clarity, the con
jugation residues have been omitted. However, in the gall 
bladder all alcohols carry a sulphate residue on one of the 
primary OH groups of the side-chain; myxinol bissulphate 
has sulphate residues on C-3 and on C-26 (or C-27). All 
bile acids are conjugated with taurine (or glycine). 
The trivial and systematic names of all bile acids and alco
hols mentioned in the text: 

Bile alcohols 
Arapaimol B 

Scymnol 

Sa-Dermophol 

S~-Dermophol 

ArapaimolA 

Sa-Chimaerol 

S~-Chimaerol 

5a-Bufol 

S~-Bufol 

Sa-Cyprinol 

S~-Cholestan-2~,3a,7a,12a, 
26,27-hexol 
S~-Cholestan-3a,7a,12a,24,26,27-
hexol 
Sa-Cholestan-3a, 7 a ,12a ,2S ,26,27-
hexol 
S~-Cholestan-3a,7a,12a,2S,26,27-

hexol 
S~-Cholestan-2~-3a,7a,12a,26-
pentol 
Sa-Cholestan-3a,7a,12a,24,26-
pentol 
S ~-Cholestan-3a, 7 a ,12a,24 ,26-
pentol 
Sa-Cholestan-3a, 7 a,12a,2S ,26-
pentol 
S~-Cholestan-3a,7a,12a,2S,26-
pentol 
Sa-Cholestan-3a,7a,12a,26,27-
pentol (Fig. 16.17) 

R R= 

~4 26 

23 25 

27 

24 - Methylcholestan 

Latimerol 

26-Deoxy-5a
chimaerol 
27-Deoxy-5a
cyprinol 
Myxinol 
5a-Ranol 

5~-Ranol 

Sa-Petromyzonol 

Bile acids 
Chenodeoxycholic 
acid 
Deoxycholic acid 

H yodoexycholic 
acid 
Lithocholic acid 

a-Muricholic acid 

~-Muricholic acid 

w-Muricholic acid 

Phocaecholic acid 

Pythocholic acid 

Ursodeyxycholic 
acid 
Varanic acid 

Cholestan 

27 -Norcholestan 

26,27 - Dinorcholestan 

Cholan 

Sa-Cholestan-3~,7a,12a,26,27-
pentol 
Sa-Cholestan-3a,7a,12a,24-tetrol 

Sa-Cholestan-3a, 7 a,12a , 26-tetrol 

Sa-Cholestan-3~,7a,16a,26-tetrol 
(24R)-27-Nor-Sa-cholestan-
3a,7a,12a,24,26-pentol 
(24R)-27-Nor-S~-cholestan-
3a,7a,12a,24,26-pentol 
5a-Cholan-3a,7a,12a,24-tetrol 

3a,7a-Dihydroxy-S~-cholanic acid 
(Fig. 16.17) 
3a,12a-Dihydroxy-S~-cholanic acid 
(Fig. 16.17) 
3a,6a-Dihydroxy-5~-cholanic acid 

3a,7a-Hyxdroxy-SB-cholanic acid 
(Fig. 16.17) 
3a,6B,7a-Trihydroxy-5B-cholanic 
acid 
3a,6B,7B-Trihydroxy-5~-cholanic 
acid 
3a,6a,7~-Trihydroxy-SB-cholanic 
acid 
3a, 7 a ,23-Trihydroxy-S~-cholanic 
acid 
3a,12a,16a-Trihydroxy-5~-cholanic 
acid 
3a,7~-Dihydroxy-5B-cholanic acid 

3a,7a,12a,24-Tetrahydroxy-5B
cholestanic acid 
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sorbed and recycled into bile (entero-hepatic cir
culation), about 20-30 g bile acids are released 
into the gut each day. The bile acids may be chem
ically modified by gut bacteria during their resid
ence in the gut lumen, and may be further meta
bolized in the liver after resorption. The metabo
lites produced by this combination of bacterial 
and animal metabolism are referred to as second
ary bile acids. For example, the deoxycholic acid 
which is commonly found in higher vertebrates 
arises from the cleavage by gut bacteria of the 7a
hydroxyl group of cholic acid [46]. 

The biosynthesis of various bile acids and bile 
alcohols from cholesterol has been demonstrated 
by tracer experiments for all classes of vertebra
tes. The synthesis of cholic acid from cholesterol 
initially requires the introduction of hydroxyl 
groups into the 7a and 12a positions, the epimer
ization of the 3~-OH to 3a-OH, and the reduc
tion of the /).5 double bond. The intermediates 
formed are 7a-hydroxy-4-cholesten-3-one and 5~
cholestan-3a,7a,12a-triol. Finally, a part of the 
side-chain on C-24 is cleaved off as propionyl
CoA (Fig. 16.17). The biosynthesis of the bile 
alcohol Sa-cyprinol proceeds analogously via Sa
cholestan-3a,7a,12a-triol. The numerous tracer 
experiments on vertebrates of all classes and 
involving different precursors or intermediates 
have resulted in a confusing picture of the meta
bolism of bile salts; the same product can appar
ently be produced via different pathways from the 
same precursor, but the same precursor also 
yields different products depending upon the spe
cies and the physiological condition of the experi
mental animal. A multitude of species-specific 
differences is even found in the metabolism of the 
bile alcohols and bile acids, and this is probably 
based upon differences in enzyme complement. 
For example, some amphibians and all crocodiles 
lack the ability to shorten the cholesterol side
chain, and certain hydroxylations are restricted to 
individual groups or species [2S, 46]. The enzy
mes involved in the biosynthesis of bile salts have 
also been only partly described in the mammals, 
and there are almost no comparative data. The 
7a- and 12a-hydroxylases are microsomal cyto
chrome P-4S0 enzymes, but the 27-hydroxylase 
is located in the mitochondria [lS]. Prior to con
jugation, bile acids must be activated by the bile 
acid: CoA ligase. This is the rate-limiting step of 
bile acid conjugation. The ligase isolated from the 
liver of the codfish Ophiodon elongatus has a 
much lower affinity than the mammalian enzyme 
and is present in lower amounts [122]. The bile 
acid-CoA : taurine/glycine acyltransferases from 

the chicken and bovine liver have been isolated. 
The taurine-specific enzyme of the chicken has a 
mass of 47-51 kDa and is significantly shorter 
than the glycine/taurine-specific bovine enzyme 
of 63-6S kDa. It may be that the ability of the 
bovine enzyme to bind glycine as well as taurine 
is related to the extension of the polypeptide 
chain by about 12S amino acids. The transferases 
from non-mammals are highly specific for tau
rine. The liver enzyme of the teleost Ophiodon 
metabolizes glycine with a 100-fold lower effi
ciency than taurine. This teleost liver enzyme is a 
dimer of 100 kDa, whereas the enzymes from 
mammals and birds are monomers of SO and 
60 kDa, respectively [122]. 

16.5.2 Bile Salts of Individual Animal 
Groupsl 

The gall bladders of agnathans in the genera Myx
ine and Eptatretus, which are considered to be the 
most primitive vertebrates, mainly contain myx
inol bissulphate. This is also the most primitive 
bile alcohol that still includes the complete cho
lesterol basic element (Sa-cholestan) and a 3~
hydroxyl; it is the only double sulphated bile alco
hol and is much less effective as a detergent than 
any other bile alcohol. The predominant bile salt 
of the higher agnathan Petromyzon marinus is 
Sa-petromyzonol sulphate; this is much more 
developed and has a shortened side-chain and a 
3a-hydroxyl group. The cartilaginous fish also 
contain unique bile salts; the Sj3-chimaerolz from 
Chimaera monstruosa differs from the scymnol, 
which is common in sharks and rays, by the 
absence of the 27-0H. Cholic acid is also pro
duced from radio labelled cholesterol in the dog
fish Scyliorhinus canicula but is normally present 
only in trace amounts [46, 61]. The latimerol 
found in the crossopterygian Latimeria chalum
nae, one of the oldest bony fish, has a primitive 
3~-hydroxyl group and appears to be the evolu
tionary precursor of Sa-cyprinol. In fact, in addi
tion to latimerol, the crossopterygians have the 
related 5a-cholestan-3~, 7a,12a,2S,26-pentol and 
Sa-cyprinol, as well as traces of different CZ7, Cz6 
and even Cz4 bile acids [62]. 

1 The structures of all the bile alcohols and bile acids 
mentioned in the text are given in Fig. 16.16. 

2 As for all bile alcohols, these are also found in the gall 
bladder as sulphate esters; for the sake of brevity, "sulph
ate" is omitted from the names of the bile alcohols in the 
following text. 
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Cholesterol 

70.- Hydroxy- 4-cholesten -3 -one 

5~ -Cholestan - 30.,7 0.- diol 5~-Cholestan -30.,70., 12a-triol 50. -Cholestan -30.,70.,120. - triol 

HO" 

(Tauro-) 
Chenodeoxycholic acid 

Lithocholic acid 

(Tauro-) 
Cholic acid 

Deoxycholic acid 

Fig. 16.17 • The biosynthesis of bile acids and alcohols [25]. 
The taurine conjugation is shown only for chenodeoxy
cholic acid and cholic acid. 1, 7a-Hydroxylation; 2, oxida
tion at C-3 and /).5//).4 isomerization; 3, 12a-hydroxylation; 
4a, /).4-3-oxosteroid-5a reduction; 4b, /).4-3-oxosteroid-5~ 

The lung fish (Dipnoi) are distributed over 
three continents; Lepidosiren paradoxa is found 
in South America, Neoceratodus Josteri exists in 
Australia, and the four species of Protopterus are 

~I 

50. -Cyprinol 

OH 

OH 

reduction; 5, oxidative cleavage of the side-chain at C-24 as 
propionyl-CoA; 6, conjugation with taurine (or glycine); 
7,26- and 27-hydroxylation; 8, formation of secondary bile 
acids by gut bacteria 

found in Africa. Nevertheless, the bile salts of the 
Dipnoi are all very similar. 27-Deoxy-5a-cyprinol 
is found in all three, 5a-cyprinol in Protopterus 
and Lepidosiren, and 5a-bufol in Lepidosiren and 
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Neoceratodus; 5a-chimaerol and 26-deoxy-5a
chimaerol are restricted to Neoceratodus. The 
large proportion of 5a-bufol in Lepidosirenis an 
indication of the relationship between the Dipnoi 
and the amphibians. The primitive bony fish, 
such as Acipenser, Polyodon, Amia, Lepisosteus, 
Polypterus and Calamoichthys, contain predo
minantly taurocholic acids and only traces of bile 
alcohols. In contrast, their derived evolutionary 
descendants, the teleosts, exhibit all possible 
variations of the bile salt spectrum from the most 
primitive, which consists mainly of 5a-cyprinol 
(Cyprinidae, several Catastomidae) or 5a
chimaerol (several Catastomidae) and only traces 
of taurine-conjugated C24 bile acids, to those 
which consist almost exclusively of such bile acid 
conjugates, e.g. the catastomid Carpoides carpio 
and the gymnotid Electrophorus electricus. The 
giant Amazonian fish Arapaima gigas (Osteoglos
sidae) is unique in possessing arapaimol A and B 
in addition to taurocholate [46]. 

The amphibians also possess characteristic bile 
salts. For example, the gymnophion Dermophis 
mexican us has 5~-dermophol, the urodelans have 
5a-dermophol, 5a-bufol or 5a-cyprinol and, in the 
genus Salamandra, 5a-ranol is also present. To 
date, a total of 14 different bile alcohols has been 
identified in the anurans; these include the par
ticularly common 5a- and 5~-ranol and 5~-bufol. 
Non-conjugated C28 bile acids have been identified 
in the American bullfrog Rana catesbeiana and the 
toad Bufo bufo formosa. No bile alcohols are 
found from the reptiles onwards, only C27 or 
G4 bile acids; however, the alcohols may appear 
under pathological conditions, even in man. The 
bile acids of the reptiles are all taurine conjugated. 
The gall bladder of the crocodile has mainly 
3a,7a,12a-trihydroxycoprostanic acid, which is an 
intermediate in the synthesis of cholic acid. Thus, 
the crocodile lacks the ability to shorten the 
side-chain. The turtles have a C27 bile acid, 
tetrahydroxy-sterocholanic acid, which carries a 
unique 22-hydroxyl group, but they apparently 
also have the capacity to produce C24 bile acids. 
The lizards normally synthesize cholic acid or allo
cholic acid; only the Varanidae are unusual in hav
ing a C27 bile acid, varanic acid [1]. The snakes, of 
which more than 80 species have been investig
ated, also contain mainly 5~-G4 bile acids. The 
pythocholic acid of the boas and pythons is a sec
ondary bile acid. This arises by conversion of the 
cholic acid, secreted from the liver, to deoxycholic 
acid by gut bacteria; this is further 16a
hydroxylated to pythocholic acid by the liver fol
lowing reabsorption. The capacity for 16a-

hydroxylation is found only in this group of primi
tive snakes, and the 23-hydroxylation of bile acids, 
which occurs in some species of the Viperidae and 
Colubridae, is also highly characteristic [46]. 

Chenodeoxycholic acid was for a long time 
regarded as the typical bile acid of the birds but, 
in fact, cholic acid and ursodeoxycholic acid 
are also found. ~-Phocaecholic acid, previously 
known from only the seal, has additionally been 
found in large quantities in the duck Anas platy
rhynchos [55]. The mammals have almost exclus
ively 5~-C24 bile acids which are conjugated with 
taurine or glycine. Taurine-conjugated trihydroxy 
acids, in particular cholic acid, normally predo
minate in carnivorous mammals, and glycine
conjugated dihydroxy acids, especially chenode
oxycholic acid and deoxycholic acid, predominate 
in the herbivorous mammals, although some tri
hydroxy acids are also found in the herbivores. 
Glycine-conjugated bile acids are found only in 
the higher mammals (Eutheria); in the cloacal 
(monotremes) and pouched (marsupial) mam
mals, the usual three bile acids are conjugated 
with taurine. Whereas in the primates the three 
bile acids are bound partly to glycine and partly 
to taurine, the rabbit has almost exclusively 
glycine-conjugated deoxycholic acid. Amongst 
the rodents, the beaver Castor canadensis has the 
typical herbivorous spectrum with glycine
conjugated chenodeoxycholic acid as the main 
component. However, the rat and the mouse have 
cholic acid and also' the typical a- and ~
muricholic acid, all mainly conjugated with tau
rine. In addition, the mouse has w-muricholic 
acid, a secondary bile acid of unknown origin. 
The three typical bile acids of the Carnivora are 
found predominantly in the taurine-conjugated 
form. In contrast to the meat-eating bears, the 
vegetarian bears have glycine-conjugated dihyd
roxy acids such as chenodeoxycholic acid or urso
deoxycholic acid. In addition to the usual taurine
conjugated bile acids, the marine mammals (Pin
nipedia) have a characteristic acid, phocaecholic 
acid [47]. The Artiodactyala have both glycine
conjugated chenodeoxycholic acid and hyodeoxy
cholic acid, which may be either primary or sec
ondary bile acids. Thus, chenodeoxycholic acid is 
converted to hyocholic acid by 6a-hydroxylation 
in the pig liver, and hyodeoxycholic acid is then 
produced by cleavage of the 7a-hydroxyl group 
by gut bacteria; 6a-hydroxylation is a speciality of 
the pig (Suinae). The usual three bile acids predo
minate in the ruminants but, in contrast to those 
found in other herbivorous mammals, they are 
partly taurine conjugated [46]. 



16.6 Calciferols 

The calciferols are referred to as D vitamins 
because feeding of these compounds or their ste
rol precursors alleviates certain deficiency sym
ptoms (rachitis). They are, however, perhaps bet
ter categorized as hormones that regulate the cal
cium balance. This activity, as for that of the clas
sical steroid hormones, involves binding to intra
cellular receptors and effects on the expression of 
certain genes. The biosynthesis of cholecalciferol 
(vitamin D3) occurs as follows: cholesterol is 
oxidized in the skin to ~ 7 -dehydrocholesterol; the 
bond between C-9 and C-lO is broken by UV 
irradation; the resulting 9,1O-secosteroid (pre
vitamin D3) converts spontaneously into chole
calciferol (Fig. 16.18). Because the vitamin-D
binding protein in the blood plasma has a greater 
affinity for vitamin D3 than for the pre-vitamin or 
for 7-dehydrocholesterol, the cholecalciferol is 
selectively transported from the skin by the blood 
circulation. The analogous ergocalciferol (vita
min D2) is produced from exogenous ergosterol. 
The photochemical formation of secosterols, 
which additionally occurs to a considerable extent 
in phytoplankton, also functions as a protection 
against injurious UV irradiation [83]. 

Cholecalciferol and ergocalciferol are hydro
xylated to 25-hydroxycalciferol by a microsomal, 
NADPH-dependent cytochrome P-450 system, 
mainly in the liver, although calciferol-25-
hydroxylase is also found in the micro somes of 
the lung and kidney. The further metabolism of 

HO 

(UV) 
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the D vitamins takes place mainly in the kidney 
cortex, where the 25-hydroxy-calciferol is con
verted by hodroxylation at C-l, C-23, C-24 or C-
26 into various dihydroxy or trihydroxy metaboli
tes. Two of the metabolites produced in the 
kidney are the biologically active hormones 
la,25-dihydroxycalciferol and 24,25-dihydro
xycalciferol. These active substances can also be 
produced extrarenally; 25-hydroxy-calciferol-l
hydroxylase and 24-hydroxylase have been 
detected in the bone cells of mammals and birds 
and in the placenta. The situation is especially 
complex in pregnant animals, where not only the 
maternal kidney and placenta but also the kidney 
and other organs of the embryo are involved in 
the formation of the two active calciferol metabo
lites; the placenta allows transport of 25-
hydroxycalciferol from the mother to the foetus 
but prevents the return transport of the dihydrox
ycalciferols. 25-Hydroxycalciferol-l-hydroxylase 
is a mitochondrial cytochrome P-450 oxygenase 
that requires ferredoxin and NADPH. It is regul
ated by the hormones of the parathyroid gland 
and other hormone glands, as well as by the con
centrations of calcium and phosphate ions. la,25-
Dihydroxycalciferol inhibits the 25-hydroxycalci
ferol-l-hydroxylase (product inhibition) but sti
mulates the 25-hydroxycalciferol-24-hydroxylase. 

The conversion of 25-calciferol to la,25-
dihydroxycalciferol and 24,25-dihydroxycalciferol 
is apparently possible in all vertebrates. These 
processes have even been detected in the com
mon hagfish Eptatretus stoutii and in various 
sharks and rays, which have no bones [83]. It may 

Ergosterol 

24 26 

(spontaneous) 

Fig.16.18. The synthesis of calciferol 
[83] Pre-vitamin-D3 

Cholecalciferol 
(Vitamin - D3 ) 
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be that the calciferol metabolites are involved in 
calcium homeostasis, maintaining, for example, 
the calcium concentration in the blood plasma of 
the shark at a level one-third that of the surround
ing seawater. At a concentration of 20-80 I-tg/l, 
25-hydroxycalciferol is the major component in 
the blood plasma of all birds and mammals exa
mined; this is followed by calciferol, 24,25- and 
25,26-dihydroxycalciferol at 1-10 I-tg/l. The con
centration of 1a,25-dihydroxycalciferol is one 
order of magnitude lower at 0.02-0.06 I-tg/l. Cho
lecalciferol (vitamin D3) and its metabolites are 
almost always found at concentrations 20- to 100-
fold higher than those of ergocalciferol (vita
min D2); the sheep appears to be an exception in 
which the concentrations are more-or-Iess equal 
[83]. Cholecalciferol and ergocalciferol are 
equally effective in humans, Old World apes, cat
tle and rats. In the New World apes, cholecalcife
rol is clearly superior and must be considered to 
be the active substance in all other vertebrates; 
for example, it is 100-fold more effective than 
ergocalciferol in the chicken. In agreement 
with this is the observation that 25-hydroxy
ergocalciferol is less tightly bound than 25-chole
calciferol in the blood plasma of fish, reptiles, 
birds and monotremes, but in the Placentalia 
binding is more-or-Iess equal. The calciferol 
metabolites in the blood plasma are bound to a 
specific vitamin-D-binding protein (DBP). The 
DBP of the mammals belong to the a-globulins; 
these are monomeric glycoproteins of 51-55 kDa 
with 1 % carbohydrate which, according to the N
and C-terminal sequences, constitute their own 
protein family [93]. 

The two dihydroxycalciferols apparently have 
different functions and are not completely inter
changeable. Chickens or Japanese quails contain
ing only 1a,25-dihydroxycalciferol have eggs that 
develop normally but do not hatch; however, if 
24,25-dihydroxycalciferol is added to the diet, the 
hatching rate is the same as with calciferol itself. 
Similarly, skeleton development in young chick
ens is normal only when both forms are available. 
The two forms apparently affect different cell 
populations of the bone. The osteoclasts, respon
sible for the absorption of bone and calcium 
mobilization, are stimulated by 1a,25-dihydro
xycalciferol, and the cartilage cells and osteo
blasts, responsible for bone formation, are 
stimulated by 24,25-dihydroxycalciferol. 1a,25-
Dihydroxycalciferol additionally stimulates gut 
resorption of calcium and phosphate ions, as well 
as calcium reabsorption in the kidney tubules. In 
summary, 1a,25-dihydroxycalciferol appears to 

be responsible in particular for calcium homeos
tasis, and 24,25-dihydroxycalciferol is responsible 
for bone formation and mineralization [83]. 

Calciferol receptors are found at all active 
sites, i.e. in the calcium-transporting cells of the 
gut, kidney, bone and milk glands, and also in 
hormone glands whose hormones influence calci
ferol hydroxlases, e.g. the parathyroid, hypophy
sis and pancreas. This distribution has been 
shown in different mammals and birds, and also 
in lower vertebrates such as the eel Anquilla 
anquilla, where 1a,25-calciferol receptors have 
been found in the gut, gills, hypophysis, Stannius 
bodies, liver and brain, but not in the kidneys, 
muscle or skin. Different receptors that are spe
cific for 1a,25- or 24,25-dihydroxycalciferol have 
been isolated from the parathyroid of the chicken 
[83]. 1a,25-Dihydroxycalciferol receptors from 
various mammals and the chicken have been 
sequenced via the cDNA. They are polypeptides 
of about 60 kDa that bind 1a,25-dihydro
xycalciferol selectively with high affinity and 
then interact with the DNA. The cysteine-rich 
DNA-binding domains in particular are very simi
lar to the corresponding regions of other steroid 
receptors and the erb-A oncogene [13, 77]. 

The calciferol balance in the fish appears to 
differ in several important respects from that in 
the birds and mammals. Although the photo
chemical formation of cholecalciferol is hardly 
significant, because of the UV-absorbing nature 
of water, many fish nevertheless contain large 
amounts of this substance, and are important 
sources of calciferol. This is also true of the carti
laginous fish, in which the skeleton is not calci
fied. Fish blood plasma also contains a vitamin D
binding a-globulin. Although fish liver, gut and 
kidney have been shown to contain cytochrome 
P-450, the liver microsomes do not produce polar 
metabolites other than 25-hydroxycalciferol from 
calciferol; the kidney metabolizes neither 25-
hydroxycalciferol nor calciferol [130]. It is not 
clear whether 25- and la-hydroxylation are pos
sible in invertebrates. There are earlier results 
showing the formation of 25-hydroxycalciferol in 
terrestrial snails, but the present conclusion is 
that neither 25-hydroxycalciferol nor 1a,25-
dihydroxycalciferol have been unambiguously 
demonstrated in either the gastropods, bivalves 
or echinoids [70]. 
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17 Ester Hydrolases, ATPases and Carboanhydrases 

17.1 
17.1.1 
17.1.2 
17.1.3 
17.1.4 
17.2 
17.2.1 
17.2.2 
17.2.3 
17.2.4 

Carboxylester Hydrolases 
Carboxyl, Aryl and Acetyl Esterases 
Cholinesterases 
Lipases and Cholesterol Ester Hydrolases 
Phospholipases 
Phosphatases and Phosphodiesterases 
Alkaline Phosphatases 
Acid Phosphatases 
Substrate-Specific Phosphomonoesterases 
cAMP and cGMP Phosphodiesterases 

Many biomolecules are esterified with carbonic 
acid, phosphoric acid or sulphuric acid. The enzy
mes responsible for the hydrolytic cleavage of the 
esters are the carboxylester hydro lases , phos
phoesterases and sulphatases. In addition to the 
phosphomonoesterases, we will also consider the 
phosphodiesterases and nucleases that are spe
cific for cAMP and cGMP, as well as the ATPases 
that cleave phosphoric acid anhydride bonds. The 
ion-transporting ATPases will be discussed toge
ther with comparative biochemical data on ion 
channels. The chapter ends with a discussion of 
carboanhydrases. 

17.1 Carboxylester Hydrolases 

The carboxy lester hydrolases include the (car
boxyl) esterases, lipases and cholinesterases. The 
carboxylester hydrolases sequenced so far show 
27-53 % sequence agreement on pairwise com
parison and thus belong to the same protein 
super-family. Unfortunately, the sequence data 
available are insufficient to draw conclusions 
about the evolution of this enzyme family and to 
construct a genealogical tree. All known 
carboxylester hydro lases have a serine in the act
ive centre, but the serine esterases are not related 
to the serine proteases [29, 43]. Surprisingly, the 
amino acids 30-575 of acetylcholinesterase from 
the electric organ of Torpedo agree about 28 % 

17.2.5 
17.3 
17.3.1 
17.3.2 
17.3.3 
17.3.4 
17.4 
17.5 

Nuc1eases 
ATPases (With an Excursus on Ion Channels) 
Na+,K+-ATPase 
Ca2+ -ATPase 
K+ ,H+ -ATPase and Anion-Sensitive ATPase 
Ion Channels 
Sulphatases 
Carboanhydrases 
References 

with amino acids 2210-2750 of bovine thyroglo
bulin; in addition, six of the eight cysteine resi
dues are conserved, resulting in similar folding 
[146]. It is not easy to differentiate between (car
boxyl) esterases and lipases. According to the 
usual definition, lipases should only be active on 
substrate aggregates at the ester-water interface; 
in fact, lipases also cleave substrates in molecular 
or micellar solution (e.g. paraoxon), whereas 
microsomal carboxyl esterases also attack emulsi
fied tributyrylglycerol. A practical distinction is 
that triacylglycerols with long-chain fatty acids 
are only cleaved by lipases. Amongst the enzymes 
termed phospholipases some should be classified 
as carboxyl esterases and others as phosphodies
terases. 

17.1.1 Carboxyl, Aryl and Acetyl Esterases 

The esterases cleave aliphatic esters of short
chain carboxyl acids (preferentially C3 to C6) and 
also aromatic esters, aromatic amides and thioes
ters. Some also catalyse acyl transfer to alcohols 
or amino acids. The classification of these enzy
mes is especially difficult for the following 
reasons [123]: 

1. With few exceptions, neither the natural sub
strate nor the biological function is known for 
any esterase; artificial substrates are used for 
identification and activity determinations, e.g. 
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the chromo gens 4-nitrophenylester and naph
thylester. 

2. The substrate preferences of the different 
classes show considerable overlap. 

3. Most esterases exist in multiple forms, on the 
one hand because of marked genetic poly
morphism, and on the other hand as the result 
of variable glycosylation and other post
translational modifications. 

4. Other enzymes have esterase activity; exam
ples include serine proteases, and even prote
ins which are not usually considered to be 
enzymes, like serum albumins. 

5. Only a few esterases have been sequenced so 
far. 

Thus, classification of the esterases relies not only 
on substrate specificities (which overlap consider
ably) but also on responses to inhibitors. The 
Enzyme Commission of the International Union 
of Biochemistry (rUB) differentiates between 
four main classes. The carboxyl esterases in a nar
row sense, named also ali- or B-esterases 
(EC 3.1.1.1), are inhibited by diisopropylphos
phofluoridate (DIPF) and other organophospha
tes. They therefore belong to the serine hydrola
ses, which are irreversibly damaged by phospho
rylation of the active serine. In contrast, the aryl
or A-esterases (EC 3.1.1.2) not only are insensi
tive to organophosphates but can even cleave 
compounds such as paraoxon (diethyl-4-
nitrophenylphosphate); however, they are inhi
bited by p-hydroxy- or p-chloromercuribenzoate 
(PHMB, PCMB). The acetylcholinesterases 
(EC 3.1.1.7) and the so-called non-specific choli
nesterases (EC 3.1.1.8, also pseudo- or butyryl
cholinesterases) are inhibited not only by DIPF 
but also by eserine (physostigmine). The last 
group, the acetyl- or C-esterases (EC 3.1.1.6) are 
insensitive to all known inhibitors and are charac
terized by their specificity for acetic esters. 

To describe the esterase spectrum of fish 
muscle, Hart and Cook in 1976 introduced three 
further classes, of which type ER is just as insen
sitive as the acetyl esterases but shows broader 
specificity, ESe are inhibited only by eserine and 
not by DIPF, and finally Esdp are inhibited by 
DIPF as well as by PHMB or PCMB [55]. A 
strong distinction between "A-esterases", which 
are active against paraoxon, and "aryl esterases", 
which are active against phenylacetate, has been 
suggested by investigations of the blood serum of 
11 mammalian species, where both activities were 
always found, and 14 bird species, where higher 
aryl esterase activity was always present but little 

or no A-esterase activity occurred [88]. Other 
authors, however, recommend the rejection of all 
such classifications and recognition only of those 
esterases for which the natural substrate is 
known, such as the juvenile hormone esterases of 
the insects, or from Drosophila melanogaster 
esterase 6 which cleaves the pheromone cis
vaccenylacetate [123]. At least a dozen esterases 
can be separated by, for example, electrophoresis 
in practically all cells of animals down to the Pro
tozoa; they include representatives of several of 
the classes defined by the Enzyme Commission. 
However, the same tissue, even in closely related 
species, may have a completely different pattern. 
Thus, no conclusions about the biological roles of 
esterases can be arrived at from this classification. 

The carboxyl esterases in the narrowest sense 
(EC 3.1.1.1) have been investigated most thor
oughly in mammalian liver. There they are bound 
to the cytoplasmic side of the endoplasmic reticu
lum, probably via phospholipids. Their function is 
not clear but they are at least involved in detoxi
fication processes. Several such enzymes from 
mouse and rat liver can be separated by electro
phoresis; some are monomers of 57-60 kDa and 
others have the otherwise rather rare trimeric 
structure. In the trim eric esterase 6A of the 
mouse, titration of the active centre with para
oxon gives an equivalent mass of 178 kDa; there
fore, the active centres of the three subunits are 
not functionally equivalent. The 14 isoenzymes 
known so far from the mouse are encoded by two 
gene clusters on chromosome 8. The trimeric 
esterase 6A, widely found in many organs, is 
immunologically very similar to esterase 1F from 
the blood and esterase 9A from the liver and 
kidney; the corresponding genes lie adjacent in 
cluster 1. Apart from this, there are considerable 
differences in immunological reactivity, substrate 
specificity, inhibitor responses and quaternary 
structure between the products of the two gene 
families [135, 139]. 

The best-known aryl esterases (EC 3.1.1.2) are 
those from mammalian blood plasma. The bovine 
and human enzymes have molecular masses of 
440 and 240 kDa, respectively; they are associ
ated with high-density lipoproteins (HDL). These 
enzymes are defined not so much by their sub
strate specificity, as arylesters can be cleaved by 
other esterases, carboanhydrases and proteases, 
but much more by their responses to inhibitors. 
They are not inhibited by DIPF or eserine but by 
PHMB, PCMB and other SH reagents as well as 
by heavy metals. They cleave aromatic esters, in 
particular acetates, but not aliphatic esters. 



Because they also attack phospho ester bonds in 
organophosphates such as paraoxon, they may 
also be classified as phosphatases. The blood 
plasma of many vertebrates also contains an ace
tyl esterase that is specific for the acetate residue 
in the platelet-activating factor 1-alkyl-2-acetyl
sn-glycero-3-phosphocholine. This enzyme is 
apparently present in all mammals but is missing 
from birds (chicken, pigeon, turkey) and anurans 
(Rana pipiens); it has been reported in the snake 
Thamnophis sirtalis, the turtle Terrapene carolina 
and the teleosts Salmo gairdneri and Lepomis 
macrochirus. The action of the platelet-activating 
factor has, as yet, been investigated only in mam
mals, and thus an explanation for the particularly 
sporadic distribution of this enzyme is not avail
able [21]. The insects have just as complicated a 
spectrum of esterases as do the vertebrates. For 
example, 18 esterases have been separated elec
trophoretically in the mosquito Culex tarsalis, of 
which 14 can be classified as carboxyl esterases, 
two as acetylcholinesterases and one each as an 
aryl esterase and an acetyl esterase. Here again, it 
is impossible to derive the biological importance 
of these different enzymes. The aryl esterases 
take part in the detoxification of the organo
phosphate insecticides and are apparently wide
spread in insects. Such an enzyme from the bug 
Triatoma infestans is one of the few insect ester
ases so far subjected to purification attempts [92]. 
Quite understandable interest has been aroused 
by the esterases that inactivate juveline hormones 
by cleavage of the methyl group. The specific 
juvenile hormone esterases are distinguishable 
from non-specific esterases in that they are 
not inhibited by DIPF but are inhibited by cer
tain inhibitors which are only effective in this 
case, e.g. EPPAT (O-ethyl-S-phenyl-phospho
amidothiolate). These enzymes have been dis
cussed already in connection with the juvenile 
hormones (p. 615). The insect esterases are model 
examples of enzyme polymorphism. For this rea
son, two highly polymorphic esterases from Dro
sophila mojavensis have been isolated and studied 
in detail. Esterase 4 is a dimer of 62- to 64-kDa 
subunits with a-naphthylacetate as the optimal 
substrate. The usual inhibitors are only effective 
at very high concentrations (DIPF, eserine) or are 
only very weak (PCMB); thus, the enzyme is 
classifiable as an acetyl esterase (EC 3.1.1.6). 
Esterases 4 and 5 differ in only 6 of their 34 N
terminal amino acids, and are apparently prod
ucts of duplicated genes, such as are found in 
other Drosophila species, but which are expres
sed in a species-, stage- or organ-specific manner 
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[122]. A carboxyl esterase isolated from Caenor
habditis elegans shows significant similarity, at 
least in the 13 N-terminal amino acids, to the lat
ter two enzymes from Drosophila mojavensis 
[98]. 

17.1.2 Cholinesterases 

Essential components of the cholinergic synapses 
of probably all metazoans are enzymes that can 
hydrolase acetylcholine. It is not clear, however, 
whether these enzymes are comparable with the 
cholinesterases of the vertebrates, and they are 
characterized in particular by specific inhibition 
by eserine. Two types of cholinesterase can be dis
tinguished in the vertebrates. The acetylcholines
terase (EC 3.1.1.7, AChE) of cholinergic synap
ses is well known for its extremely high turnover 
rate of 15000 S-I. In addition, many cells contain 
an enzyme that cleaves many other choline esters 
in addition to acetylcholine; this is known as 
butyrylcholinesterase (BChE) or pseudocholin
esterase (EC 3.1.1.8). A clear differentiation 
between AChE and BChE is only really possible 
in the higher vertebrates; in lower vertebrates 
and invertebrates the association of acetyl
choline-cleaving activity with one or other of the 
two types is not always possible. For example, 
the BChE from the heart of the electric ray Tor
pedo sp. is responsible for the physiological inac
tivation of the transmitter in the heart, and this 
enzyme hydrolyses acetylcholine better than 
butyrylcholine. The cholinesterases from the 
muscles of the flounder Pleuronectes flesus and 
the enzyme designated as an acetylcholinesterase 
in Drosophila lie between AChE and BChE in 
their specificities [26, 158]. AChE and BChE are 
glycoproteins with a high degree of heterogeneity 
between tissues in their quaternary structure, 
charge and carbohydrate composition. In the ver
tebrates, they are found particularly in the nerv
ous system and muscle, but also occur in erythro
cytes and other cells, in blood plasma and egg 
yolk, where their function is completely un
known. The muscle-derived electric organs of the 
electric eel Electrophorus electric us and the elec
tric rays Torpedo californica, T. marmorata and 
Narce japonica are especially rich in AChEs 
[166]. 

AChEs and BChEs exist in multiple molecular 
forms. The asymmetrical forms A4, A8 and A12 
are made up of one, two or three catalytic tetra
mers bound to a triple-helical, collagen-like tail 
unit (Fig. 17.1). This tail unit contains hydroxy-
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Fig.17.1. The structure of the asymmetrical acetylcholin
esterase A12 from the electric organ of the electric eel 
Electrophorus electricus [95] 

proline and hydroxylysine. The A forms are pro
duced intracellularly but are then transported to 
the basal lamina, where they are bound by ionic 
interaction with the tail unit. The globular forms 
G1, G2 and G4 contain one, two or four catalytic 
subunits. In G2 and G4, the subunits exist as 
dimers linked by disulphide bridges; however, the 
dimers do not dissociate under reducing condi
tions and, therefore, other sorts of bonds 
between the subunits must be present. The G 
forms are either water soluble and easily extract
able, or membrane bound and only released by 
detergent treatment ("amphiphilic forms"). The 
G2 AChE of erythrocytes and many other cells is 
anchored to the plasma membrane by glycosyl 
phosphatidylinositol. In contrast, the G4 AChE 
of mammalian brain has an as yet incompletely 
characterized hydrophobic anchor of 20 kDa that 
is bound asymmetrically to only two of the subun
its and contains fatty acids but no inositol [19, 26, 
166]. 

The A forms of the AChEs are at their highest 
densities in the neuromuscular junctions and elec
tric organs, where, in fact, the G forms predomin
ate. Apart from in muscles and electric organs, 
the A forms are found only in peripheral ganglia; 
all other cell types contain only G forms. A forms 
are found in the muscles of all vertebrates from 
the agnathans onwards, but are not present in the 
invertebrates. A12 forms of AChE and BChE are 
known from mammals and birds. The predomin
ant form in the breast muscle of the chicken is a 
hybrid molecule with an equal number of AChE 
and BChE subunits [26, 127]. Membrane-bound 
G2 AChEs are apparently ubiquitous. They have 
been identified, for example, in electric organs, 

in flounder muscle, in the erythrocytes of various 
mammals, in blood platelets, and in the periph
eral ganglia and brain of Drosophila. In contrast 
to the peripheral ganglia, the central nervous sys
tem contains only G forms of AChE. A 
membrane-bound G4 AChE from mammalian 
brain has been especially well investigated. 
AChEs and BChEs also exist in soluble form in 
body fluids. About 95 % of the cholinesterase 
activity of human blood plasma is due to G4 
BChE [26]. 

The A forms of AChE and the membrane
bound G2 AChE from the electric organs have 
catalytic subunits of different sizes (72 and 
69 kDa). The electric organs of Torpedo cali/or
nica, T. marmorata and the related species Narce 
japonica contain a third subunit of 76 kDa. The 
subunits differ in sequence only in a few amino 
acids at the C-terminus, and arise by alternative 
splicing of the same gene. The AChE gene of Tor
pedo consists of three exons for amino acids 
1-1511, 1512-1678 and 1679-1718 of the A sub
unit. The newly synthesized subunit of the amphi
philic G2 contains a C-terminal, non-polar exten
sion which is replaced by glycolipid in the mature 
protein [147, 153,166]. Complete, or almost com
plete, amino acid sequences are so far available 
for only the Torpedo AChE, Drosophila AChE, 
foetal bovine AChE, human BChE and rabbit 
BChE [26, 70, 146]. As yet, it is not possible to 
compare the sequences of AChE and BChE of 
the same species. However, bovine AChE shows 
greater similarity to the Torpedo AChE sequence 
(60 %) than to the human BChE sequence 
(50 %). The catalytic subunits of all these enzy
mes are similar in length: 537 amino acids for 
human hydrophilic BChE, 574 amino acids for 
the hydrophilic Torpedo AChE, 537 amino acids 
for mature amphiphilic Torpedo AChE, and 577 
amino acids for amphiphilic Drosophila AChE. 
The sequence around the active serine is always 
Gly-Glu-Ser-Ala-Gly [26]. 

Of the invertebrate cholinesterases, only those 
of some insects have been examined in any detail. 
The main form of AChE from Drosophila mela
nogaster is an amphiphilic dimer, but amphiphilic 
monomers are also present. The hydrophilic 
dimers and monomers reported are possibly pro
teolytic artefacts. The polypeptide chains of the 
amphiphilic dimers, which are anchored in the 
membrane at the C-terminus via a glycosyl phos
phatidylinositol, are post-translationally cleaved 
into two fragments of 55 and 16 kDa. The AChE 
gene of Drosophila has ten exons and is thus 
much more fragmented than the vertebrate gene, 



but the last two introns have the same position 
[2, 44, 51]. G 1 AChEs and G2 AChEs are also 
detectable in other insect species; the report in 
1978 of an A form in Musca domestica probably 
requires reexamination [12]. In contrast to other 
esterases, there is no known polymorphism of the 
Drosophila AChE; no electrophoretic variants 
were found in studies of 25 populations of Droso
phila melanogaster and 30 populations of D. pseu
doobscura. The results of density gradient centri
fugation suggest the existence of G 1, G2 and G4 
forms of AChE in the ascidian Ciona intestinalis; 
asymmetric forms, on the other hand, appear to 
be absent. AChE aggregates 8S (450 kDa), lOS, 
18S and 32S have been isolated from the trema
tode Schistosoma mansoni [165]. 

17.1.3 Lipases and Cholesterol Ester 
Hydrolases 

There are four lipolytic activities in mammalian 
gnt: (1) the preduodenallipases or gastric lipases, 
which are produced in glands beneath the tongue, 
in the pharynx or in the stomach, depending upon 
the species; (2) the colipase-dependent pancreas 
lipase; (3) the bile salt-dependent lipases of the 
pancreas and the milk; and (4) the phospholipase 
Az, also from the pancreas. 

The preduodenallipases of humans, rats, mice, 
cattle and sheep are mainly produced in the 
Ebner glands beneath the tongue, and those of 
the guinea-pig, rabbit, dog, horse, and pig are 
produced in the major cells of the stomach. They 
are especially active in the stomach, where in 
humans 30 % of triacylglycerols (TAGs) are 
already cleaved. Their activity varies greatly with 
the species [48, 104]. The rat and human lingual 
lipases are glycoproteins with 377-379 amino 
acids and show 78 % sequence agreement. The 
enzyme acts as a typical lipase only on aggregated 
substrates, but in contrast to pancreas lipase pre
ferentially hydrolyses the sn-3 ester bond and 
shows marked product inhibition; thus, TAG 
cleavage only results in diacylglycerol (DAG). 
The pH dependence is broad, with an optimum of 
4.5, and it is quite possible that the enzyme func
tions at neutral pH in the small intestine. What
ever the case, the lingual lipases promote the 
emulsification of fats in the small intestine; DAG 
is produced and free fatty acids accumulate at the 
fat-water interface [13, 48]. 

The classical pancreas lipase (EC 3.1.1.3) is 
classified as bile salt-independent because it is 
fully active in the absence of bile salts and is, in 
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fact, inhibited by bile acids above their critical 
micellar concentration of 0.03-0.07 %; it is sti
mulated by calcium ions. Human pancreas lipase 
consists of 465 amino acids and shows 85 % 
sequence agreement with the pig enzyme, and 
70 % agreement with the dog enzyme [85]. Micel
lar TAGs are attacked by pancreas lipase only 
after partial lipolysis by gastric lipase [13]. The 
pH optimum is 9. The pancreas lipase shows 
maximum activity when it is anchored by colipase 
to the surface of lipid micelles. Colipase is pre
sent in the pancreatic secretion as an inactive pro
enzyme that is activated by the tryptic hydrolysis 
of an Arg-Gly bond; in the process, an oligopep
tide of four or five amino acids is cleaved off. The 
heat- and acid-stable colipase has been reported 
from vertebrates of all classes down to the com
mon hagfish Myxine glutinosa; the complete 
sequence is known for pig, horse and human coli
pase and the N-terminal sequence is known for 
the enzyme from the chicken and the shark Acan
thias vulgaris. The polypeptide is very conservat
ive: the N-terminal sequences of shark and man 
agree 57 %, and those of the shark and chicken 
agree 64 %. Nevertheless, the heterogeneous sys
tem of human lipase and shark colipase is fivefold 
less active than the human homologous system. 
This is probably due to differences in the charge 
of the colipase, which has a pI of 10.2 in the shark 
compared with 5.8 in humans [85, 157]. 

The bile salt-dependent lipase of the pancreas 
or cholesterol esterase is secreted as an inactive 
monomer of 65 kDa; in the rat it is polymerized 
to active hexamers by trihydroxy bile acids and to 
higher aggregates by dihydroxy bile acids. The 
porcine and human pro-enzymes are converted to 
active dimers by the action of cholic acid. The 
enzyme acts upon soluble esters, such as triacetyl 
or tripropionyl glycerol, methylbutyrate or lysole
cithin, but also upon insoluble esters of choleste
rol and vitamins A, D and E in bile acid-stabilized 
micelles; it has little activity against emulsified 
fats [113]. Human and gorilla milk contain a 
lipase that is activated by bile acids and is of crit
ical importance for milk digestion in infants. It is 
synthesized in the milk glands and makes up 
about 1 % of the total protein of human milk. It is 
apparently encoded by the same gene as the bile 
salt-dependent lipase of the pancreas. The 
sequence consists of 722 amino acids and is 
homologous to other serine esterases [4, 113]. 
The milk enzyme is not present in other mammals 
such as the cow, goat, pig, horse, rat or guinea
pig; nor is it present in rhesus monkeys, and it 
was therefore considered to be a relatively recent 
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acquisition in the evolution of the higher prima
tes. More recently, it has been found in the milk 
of dogs at about the same level as in humans, and 
in the cat at somewhat lower levels. The activity 
in these two animals is, however, more dependent 
upon the lactation phase than in humans, which 
explains previous negative results with the dog. 
The human, dog and cat enzymes have corre
sponding pH optima of 7.3-8.5, and are also all 
strongly inhibited by eserine; in addition, they all 
have an absolute requirement for glycocholic or 
taurocholic acid and are inhibited by secondary 
bile acids such as taurodeoxycholic and glycode
oxycholic acids [46]. 

Lipases are found in the spectrum of digestive 
enzymes of all animals examined but have rarely 
been examined in detail. The gut lipases of the 
insects are similar to the pancreas lipases in that 
they are stimulated by calcium ions, preferentially 
cleave primary ester bonds of TAG, and produce 
sn-2-monoacylglycerol (MAG) [36]. In contrast, 
the TAG/DAG lipase secreted together with other 
hydro lases into the medium by the ciliate Tetrahy
mena is not stimulated by Ca2+, and also has a 
much smaller size of 30.5 kDa [42]. Intracellular 
lipolytic activity is found in almost all animal 
cells. However, the assay methods used did not 
distinguish clearly between lipases and esterases 
in many cases, and only a few such enzymes have 
been examined further. The hormonally regulated 
lipase from mammalian and avian fat tissue is 
especially interesting; adrenalin, noradrenalin, 
glucagon and ACTH bring about the phospho
rylation of the enzyme via a cAMP-dependent 
protein kinase and, thereby, its activation. The 
fat-tissue cells (adipocytes) ofthe rat and chicken 
contain a large lipid-rich complex with the ability 
to cleave acyl residues from TAG, DAG, MAG 
and cholesterol esters. A 42-kDa TAG/MAG 
lipase can be separated from a 45-kDa MAG 
lipase. The former is also phosphorylated by a 
cAMP-dependent protein kinase but is not acti
vated; in this case activation requires interaction 
with other polypeptides [16]. 

Lipoprotein lipase and hepatic lipase are 
involved in the metabolism of plasma lipoprote
ins. The lipoprotein lipase supplies the ca. 100 g 
plasma fatty acids that are metabolized daily in 
humans [183]. This enzyme is located on the 
lumen side of the endothelial cells and produces 
TAG chylomicron residues and IDL (intermedi
ate lipoproteins) by hydrolysis of chylomicrons 
and VLDL (very low density lipoproteins). Its 
main function is apparently to supply fatty acids 
to various tissues. Lipoprotein lipase is found in 

several different tissues, e.g. fat tissue, heart, 
skeletal muscle, lung, milk glands, brain and 
kidney; it is also detectable in milk itself. The 
enzyme is a glycoprotein whose sequence of 
448-450 amino acids is very similar in humans, 
mice and cattle [183]. It requires apolipoprotein 
C-II as the cofactor for maximal activity and is 
inhibited by 1 molll NaCl. The hepatic lipase 
requries no cofactor and is active in 1 molll NaCI; 
however, the two enzymes are very similar and 
in vitro can cleave phospholipids, TAG, DAG 
and MAG. The hepatic lipase is located mainly 
on the sinusoidal surface of the liver, and its 
apparent function is to hydrolyse TAG in IDL and 
phospholipids in HDL. The enzyme in the rat is a 
glycoprotein with 8 % carbohydrate and a poly
peptide chain of 472 amino acids that carries two 
N-glycosylation sites [79]. Lipoprotein lipase and 
hepatic lipase belong to the super-family of the 
serine esterases. A hypothetical genealogical tree 
can be constructed to show how gene duplication, 
exon shuffling and loss of introns combined to 
convert an ancestral gene with 14 introns into the 
gene of the colipase-dependent pancreas lipase 
with 12 introns, and the genes of the lipoprotein 
lipase and hepatic lipase with 9 introns. The tree 
also includes vitellogenins YPl to YP3 of Droso
phila; these show 35-40 % sequence agreement 
with lipoprotein lipase in part of their sequences 
[77, 124]. 

Like the adipocyte lipase of the vertebrates, 
the lipolytic activity in insect fat bodies is also 
hormonally regulated; the adipokinetic hormone 
(AKH) from the corpora cardiaca phosphoryla
tes, and thereby activates, the lipase via a cAMP
dependent protein kinase; this stimulates the 
release of sn-l,2-DAG into the haemolymph 
where it is bound to the transport protein lipo
phorin. It is not clear whether formation of the 
DAG involves the cleavage only of the sn-3 bond 
or whether sn-2-MAG is produced initially and 
then converted to sn-l,2-DAG by a specific acyl 
transfer. The flight muscles of the Lepidoptera 
contain high lipolytic activity that is mainly 
involved in the energy-yielding metabolism of 
lipids; MAG is cleaved with high efficiency. The 
TAG- and DAGIMAG-specific activities can be 
separated electrophoretically, but it is not known 
whether an enzyme complex, analogous to that in 
the fat tissue of the chicken, is present [36]. The 
enzyme in the flight muscle of the migratory 
locust Locusta migratoria is inhibited by the CL 

protein of the haemolymph, Conversion of lipo
protein N ellow to A + in the haemolymph as a result 
of AKH activity occupies the majority of the CL 



protein and thus brings about a four- to fivefold 
increase in the hydrolysis of DAG in the lipopro
tein [59, 179]. Whilst membrane binding of mam
malian lipoprotein lipase occurs via glycosami
no glycan , the locust enzyme does not bind to 
heparin and therefore cannot be purified by 
bioaffinity chromatography [59]. 

Various types of cholesterol ester hydrolases 
are known in mammals. The lysosomes have an 
enzyme with a pH optimum of 4.5, and the cyto
plasm of most cells contains a neutral enzyme 
with a pH optimum of 7.5. Little is known in 
detail about a third type from the mitochondria. 
The cytoplasmic cholesterol ester hydrolase of 
the vertebrates is very similar to the hormone
regulated lipase of the adipocytes: both are acti
vated by ACTH via a cAMP-dependent protein 
kinase and are inhibited by DIPF; they are both 
84-90 kDa in size and have a very similar 
cleavage-peptide pattern. The cholesterol ester
ase of the pancreas is identical to the bile salt
dependent lipase [113]. Rat testis contains two 
chromatographically distinct cholesterol ester 
hydrolases which agree in many of their proper
ties, although they show rather different tempera
ture stabilities; whereas one of them, like the cor
responding enzyme from the liver and kidney, is 
stable up to 37°C, the other is rapidly inactivated 
at temperatures above 32 °C. It may be remem
bered that spermatogenesis in mammalian testis 
ceases completely at temperatures above this 
approximate limit. The temperature-labile 
enzyme in rats who have had the hypophysis 
removed is induced by FSH but not by LH and is, 
therefore, probably located in the Sertoli cells. 
The temperature-stable enzyme, on the other 
hand, is FSH- and LH-dependent and is appar
ently present in both the Sertoli and the Leydig 
cells. The unusual properties and specific location 
of the temperature-labile enzyme suggests that it 
is specifically adapted to a particular biological 
function in the testis [38]. 

17.1.4 Phospholipases 

There exist various enzyme types that hydrolyse 
phospholipids [175]. The phosphOlipases AI> A2 
and Bare carboxylester hydro lases of different 
specificity, whereas phospholipases C and D may 
be classified as phosphodiesterases (Fig. 17.2). 
Phospholipases of type Al cleave the ester bonds 
at sn-l of various gylcerophospholipids, thereby 
producing sn-2-lysophospolipids. They are found 
in two quite different forms in almost all cells. 
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Fig.17.2. The sites at which phospholipases A" A2, B, C 
and D attack the lecithin molecule 

The membrane-bound phospholipase Al is local
ized in cell membranes, micro somes and the 
Golgi apparatus; it has an alkaline pH optimum 
and is stimulated by Ca2+ ions. The soluble phos
pholipase Al is found in the cytoplasm and the 
lysosomes; it has an acidic pH optimum and is not 
stimulated by calcium ions but may be inhibited 
by them. Whereas high activities of phospholi
pase A2 are found in pancreas secretions and ani
mal toxins, vertebrate phospholipase Al is never 
extracellular. The identification of phospholipases 
in mammalian blood is not without its problems; 
this is because lecithin: cholesterol acyltransferase 
also shows A2 activity and TAG lipase has Al 
activity. Thus, it is particularly interesting that a 
phospholipase detected in the haemolymph of the 
moth Manduca sexta is clearly identifiable as Al 
on the basis of experiments with specifically 
labelled phosphatidylethanolamine. The enzyme 
is unusually large with a molecular mass of 
155 kDa, is stimulated by Ca2+ and is active 
against phosphatidylethanolamine and phospha
tidylglycerol but not the predominant phosphati
dylcholine of the haemolymph or TAG [112]. 

The phospholipases A2 cleave the sn-2 ester 
bonds in glycerophospholipids and produce sn-l 
lysophospholipids. Specific lysophospholipases 
are responsible for cleavage of the second acyl 
residue from the lysophospholipids that result 
from phospholipases Al and A2 activity. Phospho
lipases A2 have their highest activities in the tox
ins of snakes, bees and scorpions, and in the 
pancreatic secretion in mammals. Lower intracel
lular activities are found in all cell compartments, 
where, with the exception of the mitochondria, 
they are always accompanied by phospholipase 
Al activity. The intracellular phospholipases Az 
are much less well known than the extracellular 
forms. The lysosomal enzymes have acid pH 
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optima and are inhibited by Caz+; the other cell 
organelles contain enzymes with pH optima of 
8-9.5 that are stimulated by calcium ions. The 
enzymes from the blood platelets of the rat or the 
human spleen are atypical in that they are synthe
sized with a signal sequence but the membrane
bound, mature polypeptide of 124-125 amino 
acids has no transmembrane segment. The 
enzyme from human spleen shows only 39 % 
agreement with that of the pancreatic secretion 
[64, 73]. All phospholipases A2 are monomers or 
dimers of small rigid polypeptides with about 125 
amino acids and six or seven disulphide bridges. 
More than 30 complete and several partial 
sequences are known. The enzymes from the 
pancreas and snake venom are sequence homolo
gues and have very similar tertiary structures [37], 
but, nevertheless, can be subdivided into several 
structural classes. The first class includes the 
enzymes from the pancreas and the venoms of the 
more primitive cobras (Elapidae) and the sea sna
kes (Hydrophiidae). Characteristic of these enzy
mes is a disulphide bridge between ll-Cys and 69-
Cys. The enzymes of the second class, from the 
venom of the pit vipers (Crotalidae), have a C
terminal extension of six amino acids, with the 
terminal cysteine linked by a disulphide bridge to 
the 50-Cys of the active centre. Invariant in both 
classes are the 48-His, the 49-Asp of the calcium
binding site, and the loop with 28-Tyr, 30-Gly and 
32-Gly; the characteristic residues 48-His and 49-
Asp are also found in the phospholipase A2 of bee 
venom. Thus, it is rather strange to find that the 
venoms of the water moccasin Agkistroson pisci
vorus and the fer-de-lance Bothrops atrox contain 
not only typical A2 enzymes of the second class 
but also A2 with a lysine residue in position 49. In 
contrast to all the others, these enzymes do not 
bind calcium in the absence of the substrate; the 
order in which the catalytically active ternary 
complex is formed is such that calcium is bound 
to the enzyme after, rather than before, the phos
pholipid [94]. Without taking into account the 49-
Lys, a dendogram has been constructed in which 
three groups can be distinguished. The first inclu
des the A2 from the pancreas and the venoms of 
the Asiatic Elapidae, the second the Az from the 
Hydrophiidae venoms and the Australo-Asiatic 
Elapidae, and the third the venoms of the Crotali
dae and Viperidae. Surprisingly, all neurotoxic 
venoms belong in the second group. The dendo
gram probably contains paralogous sequences 
(p.155) and therefore cannot be accepted as a 
reliable description of A2 evolution [37]. The 
phospholipase Az from bee venom agrees with 

the enzymes from mammalian pancreas and 
snake venom in the position of the cysteine resi
dues, but otherwise shows little similarity [80]. 

The existence of phospholipases B, which can 
cleave fatty acids from both phospholipids and 
lysophospholipids, was for some time controver
sial but is now accepted. Phosphatidylinositol
specific phospholipases C (PI-PLC) are compon
ents of a widely found signal transduction system 
in which they generate the secondary messengers 
inositol trisphosphate and diacylglycerol by 
hydrolysis of phosphatidylinositol-4,5-bisphos
phate. This signal transduction pathway links 
very different stimuli with effector processes such 
as cell growth and differentiation, contraction, 
engram formation and photo transduction in 
invertebrates. As in the case of the control of 
adenylate cyclases and cGMP phosphodiestera
ses, activation of PI-PLC probably involves as yet 
undefined G proteins. There are at least five 
isoenzymes of PI-PLC in mammals; these are 
subdivided into the four classes a-o and differ 
widely in their molecular size and amino acid 
sequence. PLC-a has a mass of 56.6 kDa (cDNA 
from rat basophilic leukaemic cells), PLC-~ 
138.2 kDa, PLC-y 148.4 kDa and PLC-o 
85.8 kDa (all cDNAs from rat or bovine brain). 
The sequences of PLC-~, -y and -0 are only simi
lar in certain regions, and PLC-a is completely 
different from the other three classes. Thus, it is 
surprising that these enzymes all have very simi
lar catalytic properties. They hydrolyse phospha
tidylinositol (PI), phosphatidylinositol-4-phos
phate (PIP) and phosphatidylinositol-4,5-bisphos
ph ate (PIP2), but not phosphatidylcholine or 
phosphatidylethanolamine, and they are Ca2+

dependent [133]. A cDNA and corresponding 
PLC protein isolated from Drosophila melano
gaster shows extensive similarity in its sequence 
of 1095 amino acids to PLC-o from bovine brain. 
This is a product of the gene norpA (no receptor 
potential A); mutants with this gene have no PLC 
activity in their eyes, and consequently no recep
tor potential and are blind. Thus, the PLC 
encoded by norpA apparently belongs to the pho
totransduction system of the Drosophila eye 
[170]. A further PLC, expressed in Drosophila 
brain, has been sequenced via the cDNA and 
designated plc-21. Its sequence of 1305 or 1312 
amino acids is clearly different from the norpA 
sequence [149]. A PLC with a unique specificity is 
found in Trypanosoma brucei. This cleaves the 
glycosyl phosphatidylinositol, by means of which 
the variable surface glycoprotein (VSG) is 
anchored in the membrane, but has little activity 



against free phosphatidylinositol. The enzyme is 
activated under certain conditions and then relea
ses the VSG. The sequence of this PLC has no sig
nificant similarity to the PI-PLCs of mammals or 
to other proteins [58]. Phospholipases Dare 
widespread in plants but are probably of no 
importance in animals [175]. 

17.2 Phosphatases 
and Phosphodiesterases 

Amongst the phosphatases (phosphomonoestera
ses), membrane-bound alkaline phosphatase and 
the mainly lysosomal acid phosphatase are ubi
quitous in their distribution. Both enzymes act 
upon a large variety of substrates. In addition, 
there is a series of phosphomonoesterases of nar
rower specificity, e.g. for sugar phosphates, acyl 
phosphates, dolichyl phosphates or phosphopro
teins. Phospholipases C and D and the nucleoti
dases are also specific phosphomonoesterases; 
although these enzymes are found in vertebrates 
of all classes, there have been few comparative 
biochemical studies [41]. The enzymes specific for 
cyclic nucleotides are amongst the most interest
ing of the phosphodiesterases because of their 
importance in cellular regulation. The nucleases 
are also phosphodiesterases, and in this case 
there is a wealth of comparative biochemical 
data. A pyrophosphohydrolase degrades diguano
sine tetraphosphate Gp4G, a purine reserve of the 
brine shrimp (Artemia salina), asymmetrically 
into GTP and GMP, and also cleaves the aden
osine compounds Ap4A and Ap4G. Asymmetric 
Np4N-pyrophosphohydrolases have also been 
isolated from various mammalian tissues [128]. 

17.2.1 Alkaline Phosphatases 

The membrane-bound alkaline phosphatases in 
mammals have their highest activities in the gut 
and placenta, followed by bone and kidney; 
lower activities are found in the liver, lung and 
spleen. These are dimeric glycoproteins of about 
160 kDa with two zinc ions per subunit. An 
enzyme that has been partially purified from the 
lizard Agama agama has similar characteristics. 
Under physiological conditions, the mammalian 
enzyme shows such strong negative cooperativity 
that only one of the two substrate-binding centres 
is actually active; however, at the optimal pH of 9 
the enzyme shows Michaelis-Menten kinetics. At 
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least two isoenzymes of alkaline phosphatase are 
present in mammals; these are distinguished by 
their inhibition by the amino acids L-phenylalanine 
and L-homoarginine. The organ-specific isoen
zyme of the liver, bone, kidney and placenta has a 
higher affinity for homo arginine and the intesti
nal enzyme has a greater affinity for phenylala
nine. A further organ-specific isoenzyme is found 
in the human placenta and in that of other higher 
primates; in contrast to the isoenzyme of the 
liver, bone and kidney (LIBIK isoenzyme) this 
has a higher affinity for L-phenylalanine than for 
homoarginine. The human placental enzyme is 
first expressed in the 4th month; up to this time, 
human placenta, like that of other mammals, 
contains the LlB/K isoenzyme. The human 
enzyme is unique in showing high polymorphism, 
with 3 common and at least 15 rarer variants. The 
genes of the intestinal and placental isoenzymes, 
together with related genes such as placental-like 
and foetal-intestinal, form a cluster on chromoso
me 2; the gene for the LlB/K isoenzyme is found 
on chromosome 1, and because of its large intron 
of more than 50 kb is at least fivefold larger than 
the other genes. The human intestinal pre
phosphatase agrees in 86.5 % of its 528 amino 
acids with the placental isoenzyme but only 
56.6 % with the LlB/K isoenzyme. The LlB/K 
isoenzyme was apparently the first to separate in 
the evolution of the alkaline phosphatases, and 
the placental isoenzyme first appeared in the pri
mates. Human and rat LlB/K pre-phosphatases 
have 88 % identical amino acids, and the human 
placental alkaline phosphatase still agrees 33 % 
with the alkaline phosphatase of E. coli. Thus, 
the rate of evolution of the alkaline phosphatases 
is relatively low [57, 78, 167]. 

The variety of the alkaline phosphatases is 
increased by the presence of differentially glyco
sylated forms in different organs. In a large com
parative study, an organ-specific intestinal isoen
zyme was found in all mammals and birds exa
mined as well as in the tortoise Geoclemmys 
reevesi. In contrast, the gut, liver and kidney of 
the lizard Anolis carolinensis, the snake Elaphe 
climacophora, and various amphibians and fish 
all contained an isoenzyme that is resistant to 
both L-phenylalanine and homo arginine , and 
consequently represents a new type of alkaline 
phosphatase [185]. An alkaline protein is also a 
normal component of milk. The enzyme finds its 
way into the milk-gland secretion during the 
merocrine secretion of milk fat together with the 
membranes of the ejected cells. The milk enzyme 
corresponds immunologically to the organ-
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specific isoenzyme but differs from the liver 
enzyme in its sialic acid content [54]. 

Alkaline phosphatases have been partially 
purified from and characterized for a series of 
invertebrate animals, e.g. annelids [130], crusta
ceans [27, 131], insects [63, 116] and molluscs 
[129]. Although many of these investigations stem 
from the same laboratory, they present a quite 
heterogeneous picture. Electrophoretically or 
chromatographically distinct isoenzymes were 
only observed in a minority of species, e.g. four 
in Spirographis and no fewer than nine in Culex. 
The molecular masses, as determined by gel 
filtration, range from 285 to 295 kDa in SquiUa 
and Helix (Cepaea) to 800 kDa or more in Asteria 
and Octopus. Values between 207 and 609 kDa 
were recorded for the four isoenzymes from Spi
rographis. The pH optima range from 8 (Culex) 
to 11 (Asterias, Octopus). The substrate specific
ity of the invertebrate phosphatases appears to be 
even lower than that of the vertebrate phosphat a
ses. Determinations for Squilla by using 4-
nitrophenylphosphate showed that ATP, ADP, 
AMP, glucose-I-phosphate, glucose-6-phosphate 
and even inorganic pyrophosphate were compe
titive inhibitors but cAMP was not; the affinities 
for ATP and ADP were even higher than for 4-
nitrophenylphosphate. Nucleotides and sugar 
phosphates were also competitive in the annelids, 
but ATP and ADP were either non- or uncompe
titive inhibitors. The annelid enzymes are inhi
bited by phenylalanine but those of the crusta
ceans and molluscs are not; cysteine is much 
more effective than phenylalanine as an inhibitor 
in Culex. 

17.2.2 Acid Phosphatases 

Most vertebrate tissues contain several ceU 
compartment-specific isoenzymes of acid phos
phatase which are clearly encoded by different 
genes. The heterogeneity of the enzymes is fur
ther increased by post-translational modifica
tions, in particular by variable glycosylation. 
Mammals have a microsomal type I of 200 kDa, a 
lysosomal type II of 90-120 kDa and two cytoso
mal types of lower molecular mass: type III of 
40 kDa and type IV of 8-18 kDa. The isoenzy
mes also differ in their substrate specificity and 
response to inhibitors: I and II have a broad 
specificity and, in contrast to III and IV, are inhi
bited by fluoride and tartrate; III appears to 
act preferentially on nucleotide triphosphates, 
whereas IV is specific for flavin monophosphate 

and 17~-oestradiol-3-phosphate. However, the 
biological roles of the different isoenzymes are far 
from clear. Unfortunately, very few sequences 
have been determined so far. The acid phospha
tase from lysosomes of the rat liver has a trans
membrane segment and nine N-glycosylation 
sites in a polypeptide chain of 393 amino acids. It 
is synthesized as a membrane protein with a sig
nal sequence of 30 amino acids, transported to 
the lysosome via the Golgi apparatus without a 
mannose-6-phosphate marker, and is then partly 
released into the lysosomal matrix after cleavage 
of a C-terminal fragment [60]. The human and rat 
lysosomal enzymes agree 89 % in their sequences 
and the soluble prostate enzymes agree 75 % ; in 
either species these two enzymes agree by only 
about 50 % [125, 138]. 

Lower vertebrates also have acid phosphatases 
but these are not directly comparable with the 
isoenzymes of the mammals. The liver of the frog 
Rana esculenta contains four isoenzymes with dif
ferent substrate specificities and molecular mas
ses of 240, 110,38 and 17 kDa [68, 120]. The acid 
phosphatase from the tadpole tail tissue of Xeno
pus laevis has received particular attention; four 
isoenzymes are recognised and the activity increa
ses markedly during metamorphosis. Three isoen
zymes, I-III, can be distinguished chromato
graphically in the carp liver. These are all dimers 
with subunits of 59 kDa (I and II) or 46.5 kDa 
(III). Isoenzyme I is apparently a sialic acid-rich 
derivative of isoenzyme II [119]. The liver phos
phatase of the catfish Ictalurus punctatus is a 
homodimer of 35-kDa subunits, the two forms of 
which differ only in their carbohydrate fractions 
[67]. 

The acid phosphatases of many Drosophila 
species have been thoroughly investigated genet
ically because of their marked polymorphism. 
Null variants of acid phosphatase exist and show 
no reduction in viability or fertility under labora
tory conditions. The acid phosphatases of Droso
phila, like the lysosomal isoenzymes of the ver
tebrates, are homodimeric glycoproteins with 50 
to 60-kDa subunits. They are also inhibited by tar
trate and fluoride and cleave various phospho
monoesters, including AMP and glucose-6-
phosphate. Choline phosphate is metabolized by 
the Drosophila phosphatase to the same limited 
extent as it is metabolized by the liver enzyme, 
but it is attacked by the prostate enzyme [109]. 
Five acid phosphatase isoenzymes have been isol
ated from the silkworm Bombyx mori [62]. Sev
eral acid phosphatase (AcP) isoenzymes from the 
eggs and embryos of the sea urchins have also 



been described. Of the two soluble enzymes, 
AcP-1 resembles the cytoplasmic isoenzyme IVof 
the mammals in that it has a molecular mass of 
14-16 kDa, metabolizes mainly FMN as well as 4-
nitrophenylphosphate, and is not inhibited by flu
oride. AcP-2 resembles the cytoplasmic isoen
zyme III of the mammals in its molecular mass of 
42-48 kDa and its relative specificity for ATP and 
ADP; however, in contrast to the mammalian 
enzyme, it is inhibited by fluoride. In addition to 
the soluble enzymes, sea-urchin eggs also contain 
a phosphatase of 600-700 kDa that is bound to 
the yolk platelets and, like the typical lysosomal 
enzyme, is inhibited by fluoride and tartrate. The 
yolk platelets contain further typical lysosomal 
enzymes and therefore probably originate from 
lysosomes; however, the mechanism that pre
vents the release of stored nutrients before fertil
ization but activates release thereafter is not 
known [184]. The ciliate Tetrahymena possesses a 
phosphatase that corresponds to the lysosomal 
prostate enzyme in its pH optimum of 4.5-5.0, its 
dime ric structure with subunits of about 
55-60 kDa and its broad specificity; unlike the 
mammalian enzyme, it attacks the terminal phos
phoric acid bonds of ATP and ADP and is sec
reted into the environment [5]. 

17.2.3 Substrate-Specific 
Phosphomonoesterases 

Fructose-l,6-bisphosphatase (FBPase) is a key 
enzyme of gluconeogenesis. However, it can also 
form a substrate cycle (futile cycle) together with 
phosphofructokinase (PFK); this may enhance 
the allosteric effects at this important glycolysis 
regulation point or simply serve to produce heat 
(p.527). As described in detail in Chapter 14, 
FBPase and PFK are counter-regulated; AMP 
and fructose-2,6-bisphosphate inhibit the phos
phatase and simultaneously stimulate the kinase. 
The liver and kidney have by far the highest 
FBPase activities, but it is found in most other tis
sues. Two or three organ-specific isoenzymes of 
FBPase can be distinguished in the mammals; 
there is consistently a liver type and a muscle type 
that is also present in, for example, the kidney. 
Immunological, electrophoretic and kinetic in
vestigations have further shown the existence of a 
third small intestine-specific isoenzyme in the 
mouse, rat and golden hamster but not in the 
guinea-pig, rabbit or dog [101]. 

All FBPases are heterotetramers with subunits 
of about 36.5 kDa. The 335- to 336-amino-acid 
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sequences of the enzymes from the pig kidney 
and sheep liver are known; although they belong 
to different isoforms, they differ in only 34 amino 
acids. In contrast, rat liver contains an FBPase 
which has a 27-amino-acid C-terminal extension 
and with a mass of 40 kDa is therefore somewhat 
larger; however, it shows no differences in func
tional properties. Comparative investigations of 
the immunological cross-reactivity and molecular 
masses of enzymes from rodent species from five 
families showed that the 40-kDa FBPase only 
occurs in wild and laboratory brown rats Rattus 
norvegicus and the domestic rat Rattus rattus 
[39, 134]. The FBPase from rat brain is also atyp
ical. Whilst the FBPase from bovine brain, like 
other mammalian FBPases, has a Km of 2 !!molll, 
an absolute requirement for divalent metal ions, 
and is non-competitively inhibited by AMP, the 
enzyme from rat brain has a Km of 130 !!mol/l, no 
requirement for exogenous metal ions and no 
AMP inhibition [83]. 

In the vertebrates the highest activities of 
glucose-6-phosphatase are found in the liver and 
kidney, where it is involved in blood sugar pro
duction. The enzyme is intrinsic to the membrane 
of the endoplasmic reticulum and consists of two 
components: a highly specific translocase that 
transports glucose-6-phosphate from the cyto
plasm into the lumen of the endoplasmic reticu
lum (or into isolated microsomes), and a non
specific hydrolase that only metabolizes substra
tes presented from the lumen side of the mem
brane. These vectorial properties of the native 
enzyme explain the different substrate specifi
cities and affinities of microsomes after treatment 
with detergents. The glucose-6-phosphatase from 
the liver of the carp Cyprinus carpio appears to 
be very similar to the enzyme from mammalian 
liver [154]. The activity in vertebrate skeletal 
muscle is always very low, but the activity is some
what higher in heart muscle. Much higher activ
ities are found in the flight muscles of Hymenop
tera, Diptera and some Lepidoptera; the flight 
muscles of the wasp vespa vulgaris and some 'spe
cies of the bumble bee genus Bombus have activ
ities as high as those in mammalian liver. It is pos
sible in this case that the enzyme is part of a sub
strate cycle allowing more effective regulation of 
glucose phosphorylation. 

The biological function of trehalose-6-
phosphatase is the cleavage of trehalose-6-
phosphate, the initial product of trehalose biosyn
thesis. However, the enzyme from the fat body of 
the fly Phormia regina can attack glucose-6-
phosphate, and this activity is stimulated by free 
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trehalose. In contrast, the corresponding enzyme 
from the cockroach Periplaneta americana cannot 
cleave glucose-6-phosphate. To determine the dis
tribution of these two different enzyme types, the 
enhancement of glucose-6-phosphate cleavage by 
trehalose has been investigated in crude extracts 
for many insect species. The stimulation factors 
are 4.0 and about 2.0 for the purified enzyme and 
crude extract, respectively, of Phormia, and 1.0 
for the two types of preparation from Periplaneta. 
Values above 1.0 are found in Diptera from the 
families Sirphidae, Sarcophagidae, Calliphori
dae, Tachinidae and Tephritidae, but not from the 
Culicidae, Tipulidae and Drosophilidae or from 
non-dipterans. The reason for the occurrence of a 
special type of trehalose-6-phosphatase in only 
one evolutionary line of the Diptera is a matter 
for debate [47]. 

The substrate-specific phosphatases also 
include the phosphoprotein phosphatases, des
cribed in Chapter 3. Enzymes that specifically 
cleave acylphosphate bonds are widely found in 
the muscles of vertebrates and invertebrates. 
Three types are found in vertebrate muscle. In 
Type I, the polypeptide chain of the enzyme is 
linked to glutathione by a disulphide bridge, and 
type II is a disulphide dimer of the chain itself. 
The structure of the third type, which makes up 
only a few percent, has not yet been determined. 
The sequences are known for several of these 
enzymes. Acylphosphatase 1 from turkey muscle 
consists of 120 amino acids; 25-Cys is bound to 
glutathione by a disulphide bridge. The corre
sponding enzyme from the horse is 4 amino acids 
shorter at the N-terminus but otherwise shows 
only 17 amino acid differences to the turkey 
enzyme [22]. A phosphatase that is specific for 
dolichol phosphate, but was previously known 
only from bacteria and higher plants, has also 
been found in the ciliate Tetrahymena pyriformis; 
the enzyme has a pH optimum of about 5-6 and 
is only slightly inhibited by tartrate. An equally 
unusual enzyme from the sea anemone Metri
dium senile is specific for phosphonomonoester 
bonds, e.g. between aminoethyl phosphonate 
(AEP) and glycoproteins. This is a zinc protein 
that can be assayed with 4-nitrophenylphos
phonate and shows no activity with phosphoric 
acid esters. 

17.2.4 cAMP and cGMP Phosphodiesterases 

The cAMP and cGMP phosphodiesterases con
vert the cyclic nucleoside monophosphates cAMP 

and cGMP to the corresponding 5'-nucleoside 
monophosphates, and thereby regulate the 
cAMP and cGMP levels. Several of these enzy
mes are allosterically regulated by cyclic nucleoti
des and others are regulated by interaction with 
proteins, e.g. Ca2+ -calmodulin or transducin. The 
vertebrates have various isoeuzymes of these 
phosphodiesterases with different properties and 
organ distribution. This multiplicity of forms has 
an important, if not completely understood, role 
in the specific cell reactions to various hormones. 
The number of isoenzymes varies from one (ute
rus) to six (cerebellum), but only three types have 
been investigated in detail. The first type includes 
cytoplasmic enzymes with low affinity which are 
activated 5- to 60-fold by Ca2+ -calmodulin. They 
have a significantly higher affinity for cGMP than 
for cAMP, although cAMP is turned over more 
rapidly. These enzymes consist of subunits of 
about 60 kDa which are present in various 
degrees of aggregation. The second type is insen
sitive to Ca2+ and calmodulin, also consists of 
subunits of 50-60 kDa, but is probably mem
brane bound. For the third type, cAMP hydroly
sis is stimulated by cGMP. The activites with 
cAMP and cGMP are about equal but the affinity 
for cGMP is much higher [111]. 

The proportion of the different phosphodieste
rases differs greatly between organs. The first 
type is found in only trace amounts in the liver, 
and predominates in the heart and brain. The sec
ond type is present in many cells, and the third 
type is reported to be present in the adrenal gland 
and bovine heart. Despite considerable func
tional differences, these enzymes are apparently 
closely related; specific cG MPase and specific 
cAMPase from porcine kidney show immunolo
gical cross-reactivity [111]. The calmodulin
regulated phosphodiesterase from bovine brain, 
the cGMP-regulated enzyme from bovine heart, 
the cAMP-regulated enzyme encoded by the 
dunce+ gene of Drosophila melanogaster, and 
the cAMP phosphodiesterase encoded by the 
PDEE21 gene of bakers' yeast differ in size 
between 40 and 105 kDa, but all four enzymes 
have a homologous segment of about 275 amino 
acids in the region of the catalytic domain 
[25, 33]. The cGMP phosphodiesterase in the 
outer segment of the rods in the vertebrate eye 
and its role in the process of phototransduction 
will be dealt with in Chapter 19. 

Whereas Ca2+ -calmodulin-activated phospho
diesterases are present in almost all vertebrate tis
sues, they have seldom been found in the insects, 
despite the fact that insects have both calmodulin 



and various phosphodiesterases. About 40 % of 
the cAMP-specific phosphodiesterases in the 
head of Drosophila are calmodulin-dependent. A 
calmodulin-activated phosphodiesterase has been 
purified from the fat body of the silkworm Bom
byx mori and accounts for 3-5 % of the total 
activity. The enzyme cleaves cAMP and cGMP, is 
activated two- to fourfold by Ca2+ -calmodulin and 
has a mass of 115 kDa. Kinetic analysis suggests 
that the enzyme has two substrate-binding sites; 
the G site is catalytic only for cGMP, but the 
binding of cAMP as well as cGMP to this site has 
allosteric effects that reduce the affinity of the A 
site for its substrate, cAMP [106]. The dunce mut
ants of Drosophila melanogaster have a defective 
memory and reduced activity of the cAMP
dependent phosphodiesterase but have normal 
activity of the calmodulin-regulated enzyme. The 
dunce gene has a length of more than 100 kb and 
contains several other genes within its enormous 
intron of 80 kb. The dunce+ protein has 362 
amino acids and shows significant similarity to the 
vertebrate phosphodiesterases. Several homolo
gues of the dunce gene have been identified in the 
rat genome. One of these encodes a polypeptide 
of 610 amino acids; in the domain of 275 amino 
acids conserved in all phosphodiesterases this 
shows no less than 75 % sequence agreement with 
the Drosophila enzyme [33, 164]. 

17.2.5 Nucleases 

Amongst the polynucleotide-cleaving enzymes, a 
distinction based on substrate specificity can be 
drawn between DNases, RNases and non-specific 
nucleases; and based on the mode of action a dis
tinction can be drawn between endo- and exonuc
leases. The endonucleases produce either 5'- or 
3' -phosphate, and the exonucleases attack either 
from the 5' or the 3' end. Endonucleases are usu
ally base specific and preferentially or exclusively 
cleave phosphodiester bonds of certain nucleo
tide residues. Restriction endonucleases with 
specificity for certain recognition sequences of 
four or six nucleotides are found in large numbers 
in microorganisms but are apparently not present 
in animals. Individual examples of all the other 
nucleases mentioned above are known in animals 
[93]. An interesting example is a uracil-specific 
deoxyribonuclease from Drosophila melanogas
ter; it is present almost exclusively in the third lar
val stage. Whereas this enzyme can cleave already 
present uracil-containing DNA, the deoxyuridine 
triphosphatase (dUTPase) in the embryo can pre-
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vent the incorporation of uracil into DNA by 
removal of the precursor dUTP [50]. 

Most vertebrate ribonucleases are specific for 
the 3' ~phosphate groups of pyrimidine nucleoti
des and reduce RNAs to a mixture of mono- and 
oligonucleotides with terminal pyrimidine-3'
phosphate. They make up a protein super-family 
which also includes the angiogenic peptide angio
genin. A distinction can be made between sec
retory and non-secretory pyrimidine-specific 
RNases. The secretory enzymes are found in almost 
all secretory tissues and have pH optima of 8.0; 
typical examples are the pancreas RNases. The 
bovine RNase produced in the seminal vesicles 
and excreted in large quantities in the seminal 
plasma agrees up to 81 % with the pancreas 
RNase [163]. The non-secretory RNases have 
optimal activity at pH 6.5-7.0 and are present, in 
particular, in liver, lung, spleen and leukocytes. 
In most tissues these enzymes are found com
plexed with a ribonuclease inhibitor. The bovine 
liver RNase is only 47 % similar to that from the 
pancreas [61]. Both RNases are found together in 
body fluids such as urine, blood plasma and 
semen. The non-secretory RNase from human 
urine has about 30 % sequence similarity to the 
known secretory RNases of mammals [10]. 

The pancreas RNases have especially high 
activities in ruminants and in mammals with 
ruminant-like or caecal digestion. They appar
ently serve to degrade the large amounts of ribo
nucleic acids that enter the gut with the symbi
ontic microorganisms from the stomach and the 
caecum. About 40 pancreas RNases from mam
mals have been sequenced so far; most have 124 
amino acids and some are extended C-terminally 
to 126 (horse) or 128 amino acids (two-toed tree 
sloth Choloepus hoffmanni and several RNases 
from the Hystricomorpha). The RNase of the 
turtle Chelydra serpentina, the only one known 
outside of the mammals, shows 70 differences in 
its 119 amino acids to the bovine enzyme. 
Amongst the mammals, closely related species 
such as the domestic cow (Bos taurus) and the 
bison (Bison bison), or the sheep (Ovis aries) and 
the goat (Capra hircus) , have identical sequences. 
In contrast, the bovine and porcine RNases 
already differ at 26 positions. The guinea-pig 
(Cavia porcellus) possesses two non-allelic isoen
zymes which differ in 31 amino acids. Allelic poly
morphism of individual positions has been 
observed in various species [11, 145]. 

The asparagine residues at positions 21, 34, 62 
and 76 can be glycosylated; however, the carbo
hydrate content of pancreas RNases varies widely 
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with the species. The RNases of herbivores in 
which the caecum functions as a fermentation 
chamber, e.g. the pig, horse and rodents, are par
ticularly highly glycosylated. In contrast, the 
RNases of herbivores in which a part of the 
stomach serves as a fermentation chamber inha
bited by symbionts, are only weakly glycosyl
ated (ruminants, hippopotamus Hippopotamus 
amphibius, tree sloth Choloepus hoffmanni) or 
may even be completely lacking in carbohydrate 
(kangaroo Macropus giganteus). The individual 
RNase molecules of a single animal may be vari
ably glycosylated. The level of glycosylation 
clearly depends upon the activity of the cor
responding enzymes (glycosyl-transferases), but 
also to some extent upon the nature of the amino 
acids adjacent to the asparagines. Thus, for exam
ple, there are two variants of the sequence 34-37 
(Asn-Met-Thr-GlnlLys) in the hippopotamus, and 
only that with 37-Gln is glycosylated [8, 9,11]. 

17.3 ATPases (With an Excursus on Ion 
Channels) 

Instead of ester bonds, some enzymes hydrolyse 
acid anhydride bonds of phosphoric acid. Apart 
from ATPase, this class of enzymes also includes, 
for example, apyrase, which cleaves terminal 
phosphates from ATP and ADP, thereby degrad
ing ATP to AMP and two Pi residues. This 
enzyme was discovered in yeast in 1945 but its 
existence in animals was for a long time contro
versial as the same reaction can also occur by the 
interaction of (myosin) ATPase and adenylate 
kinase. However, genuine apyrase has since been 
demonstrated in the pancreas of the rat and pig, 
albeit without any indication of its function. The 
enzyme is found in the salivary glands of a wide 
range of blood-sucking arthropods, e.g. the bug 
Rhodnius prolixus, the mosquito Aedes aegypti, 
the tsetse fly Glossina austeni and the tick Ixodes 
dammini, where it probably has an antihaemos
tatic effect [143]. A further unusual phosphoric 
acid anhydride hydrolase is the diguanosine tetra· 
phosphatase which cleaves the diguanosine tetra
phosphate of the brine shrimp Artemia salina into 
GTP and GMP. A protein with the same specific
ity but somewhat larger (20 instead of 17.5 kDa) 
is also found in the rat liver; both enzymes cleave 
various dinucleoside tetraphosphates and would 
be better referred to as dinucleoside tetraphos
phatases. They are inhibited by nucleoside tetra
phosphate [171]. 

In the dynamic equilibrium of living orga
nisms, just as much ATP is cleaved as is produced. 
The release of the two energy-rich bound phos
phates of ATP can also occur via indirect path
ways, e.g. transfer reactions produce phosphoric 
acid esters which are later hydrolysed by phos
phatases, or there may be cleavage of the inor
ganic pyrophosphate ions arising from ligase reac
tions. Quantitatively more important is the cleav
age of ATP by myosin ATPase during contractile 
processes. However, by far the greatest propor
tion of ATP consumption lies with the ion
transporting membrane ATPases, the properties 
and evolution of which will be discussed in this 
section. The membrane-bound ATPases also 
include the terminal transphosphorylase of oxid
ative phosphorylation; this normally makes use 
of an electrochemical gradient for the synthesis of 
ATP from ADP and inorganic phosphate, but can 
also cleave ATP. This will be discussed in connec
tion with the electron transport system of the 
mitochondria. The membrane ATPases responsi
ble for active ion transport will be discussed toge
ther with ion channels and the Na+-dependent 
membrane transporter [156]. 

17.3.1 Na+ ,K+ ·ATPase 

The best-known ion-stimulated ATPase is the 
Na+,K+-ATPase of the cell membrane; as the 
"sodium-potassium pump" this removes excess 
sodium from the cell and admits potassium. This 
enzyme is found in all cells, and apart from in 
various mammalian organs has been studied 
especially in the electric organs of fish [75, 115], 
in the insects Drosophila melanogaster and 
Locusta migratoria [1, 81] and in the nauplius lar
vae of the brine shrimp Artemia salina [7, 15]. 
The Na+ ,K+-ATPase is an integral membrane 
protein that directly couples the hydrolysis of 
ATP with the counter-current transport of sodium 
and potassium ions. The enzyme consists of a 
catalytic a subunit of about 112 kDa and a B sub
unit of 35 kDa (without the carbohydrate por
tion) which is a sialoglycoprotein of unknown 
function [3, 17]. It is not clear how far a small 
membrane protein of 7.7 kDa (68 amino acids) 
that is also present during the isolation of the a 
and B subunits should be considered as the "y 
subunit'~ of Na+,K+-ATPase [30]. The functional 
cycle of the Na + ,K+ -pump begins with the bind
ing of an ATP and three sodium ions to the 
cytoplasmic side of the a subunit. As with all 
ATPases, the real substrate is an Mg2+ -ATP com-



plex. Phosphorylation of a certain aspartate resi
due brings about a change in conformation and 
ion affinity; as a result, the three sodium ions are 
released to the outside of the cell membrane and 
two potassium ions are bound. The subsequent 
hydrolytic cleavage of the phosphate residue 
reverses the conformational change, the potas
sium ions are released into the cytoplasm, and the 
cycle begins again. Thus, approximately three 
sodium ions are transported inward and two 
potassium ions are transported outward per ATP. 
The majority of the Na + ,K+ -ATPases are inhi
bited by cardiac glycosides such as digoxin and 
ouabain. The described conformational change 
involves a region of more than 80 amino acids; 
this changes between an a-helix and a ~-fold 
according to the state of phosphorylation/dephos
phorylation. Because the binding of Na+ or ATP 
to the cytoplasmic side and the binding of K+ or 
ouabain to the outside influences the conforma
tion, an energy transfer must occur between the 
cytoplasmic, transmembrane and extracellular 
domains. 

The number of ATPase molecules can be deter
mined from the ouabain binding; the combined 
activities of cellular ATPase activity and the 
Na+,K+-ATPase give a turnover rate, e.g. in the 
Malpighian tubules of the migratory locust 
Locusta migratoria, of 2645 ATP per ATPase 
molecule per minute [1]. However, ouabain
insensitive Na + ,K+ -ATPases also exist. In fibro
blast cell cultures mutants can be induced in 
which ouabain sensitivity is eliminated but ion 
transport is unaffected. The planarian Dugesia 
gonocephala is insensitive to as much as 8 molll 
ouabain. Ouabain-insensitive Na + ,K+ -ATPases 
have also been found in the gills of various mol
luscs. The reduced ouabain sensitivity of the 
Na + ,K+ -ATPase from the caterpillars of the mon
arch butterfly Danaus plexippus makes good 
biological sense: this species feeds on milkweed 
and consequently receives considerable quantities 
of cardiac glycosides in its diet. The differences in 
ouabain sensitivity are determined not so much 
by the binding of ouabain as by its dissociation. 
Sensitive enzymes form a stable, enzymatically 
inactive complex with the glycoside, whereas 
insensitive enzymes lack the lipid boundary that 
retards dissociation of the complex [151]. All 
Na + ,K+ -ATPases are inhibited by orthovanadate, 
and herein lies the biological role of this trace 
element. 

The mammals possess tissue-specific isoenzy
mes of Na + ,K+ -ATPase which have different a 
chains (a1, a2, a3) but always the same ~ chain; 

17.3.1 Na+,K+-ATPase 671 

these differ in Na+ affinity, regulation by insulin 
and thyroid hormone, and sensitivity to cardiac 
glycosides. In the rat, a1 (previously a) is expres
sed mainly in the kidney and lungs, a2 (previ
ously a+) is expressed in muscle, and a3 (previ
ously alII) is expressed in the brain. Foetal and 
neonatal heart tissue contains predominantly a3, 
whereas juveniles and adults possess a2. Pairwise 
comparison of the a subunits shows 85-86 % 
sequence agreement. Three homologous a subun
its are also recognized in humans; however, the 
human genome contains at least five a genes or 
pseudogenes [117]. Isoforms of Na+,K+-ATPase 
have also been observed in invertebrates. The 
nauplius larvae of the brine shrimp Artemia salina 
show polymorphism of the catalytic subunit a
GlylLys; the forms probably also differ in carbo
hydrate content [107]. 

The a chains have lengths of 1013-1018 amino 
acids. In most cases, the primary translation 
product has an additional five N-terminal amino 
acids that are removed post-translationally; how
ever, a signal peptide as such is not found. The 
domain structure in mammals and electric rays is 
identical. The N-terminal-third of the molecule 
has four hydrophobic transmembrane domains 
(H1-H4); this is followed by the cytoplasmic 
domain of more than 400 amino acids, and this 
carries, e.g. in the enzyme of sheep kidney, the 
phosphorylation site at 369-Asp and the ATP
binding site at 501-Lys. Four further transmem
brane domains (H5-H8) are found toward the C
terminal end of the molecule. Ouabain binding to 
the Na+,K+-ATPase of sheep kidney is probably 
at 310-Trp [151]. The Ca2+-ATPase from the sarco
plasmic reticulum of rabbit muscle has a similar 
molecular organization. A model derived for this 
latter molecule, based upon electron microscope 
observations, shows a stemmed sphere and this 
can probably also be assumed for the Na+,K+
ATPase (Fig. 17.3). 

The sequences of the human, rat, sheep and 
pig a subunits agree in 96-97 % of their amino 
acids; the a1 chains of the chicken and ray Tor
pedo are also very similar to each other [74]. The 
genome of Drosophila melanogaster contains 
only one gene for the a chain of Na + ,K+ -ATPase; 
the encoded sequence of 1038 amino acids agrees 
by about 80 % with that of the mammalian a sub
units [81]. In contrast, the a subunit of the brine 
shrimp Artemia salina is shorter at the N-terminus 
compared with those of both mammals and Dro
sophila; it has a length of only 996 amino acids. 
The sequence agreement with other a subunits 
amounts to only 69-72 % [7]. The ~ subunits of 
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the Na+,K+-ATPases from mammalian kidney 
consist of 302 amino acids. The N-terminal amino 
acids 1-33 probably lie in the cytoplasm. There 
follows a transmembrane domain that spans posi
tions 34-60, and the rest of the chain is extracel
lular. The three oligosaccharides on the ~ subunit 
are apparently bound to the asparagine residues 
157, 192 and 264, and these lie in typical -Asn-X
Serrrhr- sequences. The a and ~ subunits are 
bound by non-polar interactions [150]. The ~ sub
unit of the Na+ ,K+-ATPase from the brine shrimp 
Artemia is significantly homologous to those of 
various mammals, the chicken, Xenopus and Tor
pedo, although there are considerable differ
ences, particularly in the sequence of the cyto
plasmic, N-terminal domain [15]. 

17.3.2 Ca2+ -ATPase 

The cytosolic concentration of free calcium plays 
an important role in all cells in the control of vari
ous physiological processes. The Ca2+ concentra
tion in resting cells is about 0.1-0.2 !!molll and 
can increase by two orders of magnitude after 
stimulation. The calcium concentration of the 
extracellular fluids is about four orders of magni
tude higher than the cytosolic resting level. All 
cells possess several mechanisms for regulating 
the calcium level: voltage- or ligand-dependent 
ion channels allow the entry of calcium into cells 
along the electrochemical gradient; cell organel
les with calcium-binding proteins and ATP-driven 
calcium pumps serve in the intracellular storage 
of Ca2+ ions; and Ca2+-ATPases and Na+,Ca2+
exchange proteins in the plasma membrane 
remove excess calcium from the cell. The 
calcium-storing cell organelle of the skeletal 
muscle is the sarcoplasmic reticulum, and in non
muscle cells it is the endoplasmic reticulum or 

Fig.17.3. A model of the Ca2+ -ATPase from the 
sarcoplasmic reticulum of rabbit muscle [89]. For 
clarity, the arrangement of the a-helices (small 
rectangles) and the main domains with a~-sheet 
or a~ structure (squares) are drawn in one plane, 
in fact, the ATP-binding domain lies close to, 
and interacts with, the two other main domains 

the recently described "calcisome". The Ca2+
ATPases of the sarco( endo )plasmic reticulum are 
known as SERCA and those from the plasma 
membrane as PMCA [18]. The Ca2+-ATPase of 
the plasma membrane is activated by calmodulin. 
Phosphorylation is involved in the regulation of 
the muscle enzyme; this is achieved by a cAMP
dependent protein kinase in heart and skeletal 
muscle and by a cGMP-dependent enzyme in 
smooth vascular muscle [53]. The best-known 
Ca2+ -ATPase is that from the membrane of the 
sarcoplasmic reticulum (SR). The enzyme makes 
up about 90 % of the total membrane protein and 
can therefore be easily isolated. The functional 
cycle corresponds to that described above for the 
Na+,K+-ATPase, in this case with two Ca2+ trans
ported per ATP. Two calcium ions and Mg2+-ATP 
are bound to the cytosolic side with high affinity; 
a conformational change, triggered by a phospho
rylation, brings the calcium into the lumen of the 
SR vesicle, where its reduced binding affinity 
results in its release. Dephosphorylation restores 
the original high-affinity state of the enzyme; the 
inorganic phosphate ion is released into the cyto
sol. Regulation of the Ca2+ -ATPase involves a 22-
kDa protein of the SR membrane, phospholam
ban, which is phosphorylated at one site by a 
cAMP-dependent protein kinase and at another 
site by a calmodulin-dependent kinase; phospho
rylation of the two sites brings about an inde
pendent but additive stimulation of Ca2+-ATPase 
[132]. 

All Ca2+ -ATPases belong to the same protein 
super-family as the other ATP-driven ion pumps, 
produce a phosphorylated intermediate during 
the functional cycle, and have a similar molecular 
structure (Fig. 17.3). Despite their undoubted 
homology, the sequence agreement between 
Ca2+-ATPases and Na+ ,K+-ATPases only exceeds 
30 % in particular regions. In addition to the 
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highly conserved domains that are responsible for 
ATP binding and formation of the phosphoryl
ated intermediate, the Ca2+ -ATPases of the 
plasma membrane contain a further regulatory 
domain with the calmodulin-binding site and 
phosphorylation site. The regulatory domain con
sists of 120 amino acids in a C-terminal extension 
and is responsible for the larger molecular mass 
of PMCA (about 1200 amino acids = 135 kDa) 
compared with that of SERCA, Na+ ,K+ -ATPases 
and K+ ,H+ -ATPases (1000-1043 amino acids = 

100-110 kDa) [160]. The mammals possess tissue
specific isoenzymes of SERCA and PMCA and 
these are encoded by different genes or arise by 
alternative splicing. PMCAl is the "housekeep
ing form" of the enzyme present in the plasma 
membrane of all cells; PMCA2 is mainly expres
sed in the brain and heart, and PMCA3 in the 
brain and skeletal muscle. The three isoenzymes 
show 81-85 % sequence agreement [53, 160]. The 
sarcoplasmic reticulum of adult fast-twitch skele
tal muscle contains the isoenzyme SERCAla, 
whereas neonatal muscle contains the alterna
tively spliced SERCAlb. Slow-twitch skeletal 
muscle and heart muscle are characterized by the 
presence of SERCA2a, and smooth muscle and 
non-muscle cells have the alternatively spliced 
SERCA2b. SERCA3, which agrees with the 
other isoenzymes in 75-77 % of positions, is 
found in various muscle and non-muscle tissues 
[18, 187]. Ca2+-ATPases are found in all animals 
down to the protozoans [49]. The enzyme of the 
brine shrimp Artemia salina agrees in about 70 % 
of its 1003 amino acids with the mammalian SER
CAs [118]. 

17.3.3 K+ ,H+ -ATPase and Anion-Sensitive 
ATPase 

K+ ,H+ -ATPases are enzymes that generate pro
ton gradients by the hydrolysis of ATP or, con
versely, exploit the energy potential of H+ gradi
ents for ATP synthesis. They can be subdivided 
into three families. The K+ ,H+ -ATPases of mam
malian stomach and the H+ -ATPase of the 
plasma membrane belong, together with the 
Na+,K+-ATPase and Ca2+-ATPase, to the P
ATPases, which produce a phosphorylated inter
mediate during the functional cycle. These have a 
catalytic subunit of about 100 kDa and an H+ / 
ATP stoichiometry of 1.0. F-ATPases (or FoFl 
ATPases) are found in the plasma membranes of 
the Eubacteria and in the inner membrane of the 
mitochondria and chloroplasts; they function 

without a phosphorylated intermediate mainly in 
the synthesis of ATP, but they can also cleave ATP 
and pump H+ ions with an H+ / ATP stoichiometry 
of 3.0. They are made up of multi-subunit com
plexes of about 500 kDa. V-ATPases are compon
ents of the inner membranes of eukaryote cells, 
e.g. those of vacuoles, lysosomes, Golgi vesicles 
and coated vesicles. They transport H+ ions with 
an H+/ATP stoichiometry of 2.0. Like the F
ATPases, they produce no phosphorylated inter
mediate and are multi-subunit complexes of 
about 500 kDa. However, they are sufficiently 
different to the F-ATPases to constitute their own 
family [110]. 

The cells of the stomach mucosa are able to 
generate an H+ gradient of 1: 106 by the activity of 
an ATPase. This enzyme has been examined in 
detail in the frog and various mammals; it cataly
ses the electro neutral exchange of H+ and K+ and 
is highly specific for Mg + -ATP. It is a glycoprotein 
with a carbohydrate fraction of 20 %, which is 
rich in glucose but free of sialic acid. The human, 
pig and rat enzymes are composed of a catalytic a 
subunit of 114 kDa and a ~ subunit of 34 kDa. 
The a sequences agree by up to 60 % with the cor
responding subunits of Na+,K+-ATPase, and the 
~ subunits agree by 29-37 % [90, 91, 152]. 

The stomach mucosa also contains an anion
sensitive ATPase which was earlier thought to be 
responsible for chloride transport in exchange for 
hydrogen carbonate. It appears, however, that in 
the secretion of hydrochloric acid in the stomach 
only the H+ ions and not the Ct ions are actively 
transported. Anion-sensitive ATPases are found 
in many cells, not only in the stomach mucous 
membranes of mammals, reptiles and amphibians, 
but also in the intestinal cells of mammals, fish 
and insects, in mammalian erythrocytes and many 
mammalian organs, in the gills of fish and crusta
ceans, in the mantle tissue of mussels, and in the 
Malpighian tubules of insects [180]. These enzy
mes require magnesium or manganese ions and 
are sensitive to ouabain. They are stimulated by 
various quite different anions, such as hydrogen 
carbonate, chloride, selenite, sulphite, arsenite 
and borate, to a degree depending upon the spe
cies and cell; they are inhibited by thiocyanate 
and nitrate. The specificity for the nucleoside tri
phosphate is relatively low. GTP and ITP have the 
same activity as ATP with the enzyme from the 
rabbit kidney, but less than 50-60 % of the ATP 
activity with the stomach enzyme. Part of the 
anion-sensitive ATPase activity of the cell is loc
ated in the mitochondria, but there is also activity 
in the cell membrane and in the microsomes. 
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17.3.4 Ion Channels 

In contrast to the ion pumps, ion channels do not 
allow transport against a concentration gradient, 
but in their activated "open" state they can 
achieve transport rates that come close to those of 
free diffusion. Channel opening can be triggered 
by a chemical signal (ligand-gated channels) or by 
a change in the membrane potential (voltage
gated channels). The channel proteins include the 
connexins from the gap junctions (p. 238) and the 
synaptophysins from the synaptic vesicles. The 
two proteins have no sequence similarity but 
show a very similar topography with four trans
membrane segments. The activating signals for 
these proteins are unfortunately not known. 
Knowledge of the molecular structure of the ion 
channels has increased rapidly in recent years 
with the help of cDNA sequencing. However, it is 
not yet clear how many protein super-families are 
involved, nor is it known to what extent diversi
fication and convergence have played a role in the 
evolution of ion channels [14, 66, 102]. 

Sodium channels have been characterized in 
muscles, electric organs and nerve tissue of ver
tebrates, and from the brain of Drosophila mela
nogaster [14]. They are composed of a glycosyl
ated a subunit of 260 kDa (protein component 
208 kDa) and in mammalian muscle a ~1 subunit 
of 38 kDa and in the brain a ~1 subunit of 36 kDa 
and a ~2 subunit of 33 kDa (Fig. 17.4a). The 
amino acid sequences of the a subunits from the 
electric eel and rat brain and from a sodium chan
nel from Drosophila melanogaster have been 
determined from the cDNA or gene sequences, 
and have been shown to be significantly homolog
ous. Of the 1829-2008 amino acids, there is 60 % 
agreement between the electric eel and rat brain 
and approximately 50 % between Drosophila and 
vertebrates [23, 114, 121, 142]. 

a) 

b) 
+ + + + + + + + 

Each chain is made up of four homologous 
domains of 215-272 amino acids and the domains 
are joined by linkers of varying length; it would 
appear that the evolution of the sodium channels 
involved two gene duplications. The four homo
logous domains each consist of six a-helical trans
membrane segments (Sl-S6) and together form a 
channel (Fig. 17.4a). The N- and C-termini of the 
a chain are localized on the cytoplasmic side of 
the membrane. The S4 helix is unique amongst 
the transport segments in that it includes regu
larly arranged argmme or lysine residues 
(Fig. 17.4b). S4 is apparently important as a volt
age sensor; engineered changes in the S4 
sequence affect voltage sensitivity [162]. These 
regions are extremely well conserved in evolu
tion; Drosophila and the rat have 19 out of 24 
amino acids in common in the S4 regions of the 
fourth domain. The positively charged basic 
amino acids of S4 helices are each neutralized by 
negative charges in the lipid bilayer. According to 
the "sliding helix model", the resting potential 
stabilizes the S4 helix by forces exerted on these 
charges, which in the case of the positive charges 
are directed towards the channel lumen and for 
the negative charges are directed away from the 
lumen. Membrane depolarization diminishes 
these stabilizing forces and facilitates changes in 
conformation, in which the S4 helices undergo 
rotational movement with new charge pairing, 
and the channel opens. The sodium channel and 
other voltage-gated channels appear to have sev
eral conductance states [99]. The expression of a 
mRNAs from different sources in oocytes of 
Xenopus laevis have shown that the a subunits are 
sufficient for the formation of functional channels 
in the plasma membrane, but the ~ subunits 
greatly influence the transport kinetics of the 
channels [14]. Each vertebrate species possesses 
several tissue-specific types of sodium channels 

Fig. 17 .4a, b. Voltage-dependent ion channels. 
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a The sodium channel of the electric eel Electro
phorus electricus consists of an a. subunit, whose 
four transmembrane domains form the ion chan
nel, and two different ~ subunits [23]. b The 
sequence of the fourth S4 region (amino acids 
1415-1443) in the a. subunit of the sodium chan
nel from E. electricus is significantly homologous 
to a region (amino acids 359-387) in the product 
of the shaker locus of Drosophila melanogaster 
[121]. The basic amino acids marked with + are 
responsible for the voltage-dependent opening of 
the sodium channel + + + + + + + 



that have differing physiological and pharmacolo
gical properties and vary in their a subunits. For 
example, the sodium channels in nerves and 
muscles are blocked by even nanomolar con
centrations of tetrodotoxin, whereas those in the 
heart require micromolar concentrations [136]. 
The para locus of Drosophila melanogaster pro
duces a polypeptide of 1820 amino acids; this 
shows significant homology to the a subunit of 
rat, and generates several variants by alternative 
splicing [84]. 

The calcium channels of skeletal and heart 
muscle have the same molecular architecture as 
the sodium channels [14, 103, 181]. The al sub
unit of the calcium channel shows significant 
sequence similarity to the a subunit of the sodium 
channel, particularly in the S4 region. In addi
tion, there are subunits az (143 kDa), ~ (54 kDa), 
y (30 kDa) and () (24-27 kDa). The az and () sub
units are linked by a disulphide bridge and arise 
from the same primary gene product. All subunits 
except ~ are glycosylated [69, 72]. The calcium 
channels of humans and other mammals exist in 
several different tissue-specific forms, and show 
large differences in aj chain sequence. The al 
chain from heart muscle (2171 amino acids) shows 
66 % agreement with that from skeletal muscle 
(1873 amino acids); two al chains from rabbit 
brain (2273 and 2424 amino acids) show only 
40 % agreement with those from the heart and 
skeletal muscle, and show only 33 % agreement 
with one of the four forms from rat brain (rbA = 

2212 amino acids) [100, 105, 155]. The calcium 
channel from the muscle of the carp Cyprinus car
pio has an al subunit (1852 amino acids) that is 
highly homologous to that of mammalian muscle; 
az subunits are detectable but there is no indica
tion of either ~ or y subunits [52]. 

Potassium channels make up the most diverse 
family of voltage-sensitive channel proteins. A 
breakthrough in the definition of their structure 
occurred with the analysis of the shaker mutants 
of Drosophila. The shaking of the extremities of 
ether-anaesthetized specimens, giving rise to the 
name of the mutant, is due to a disturbance of the 
K+ flux [82]. The shaker locus consists of > 100 kb 
and produces various polypeptides of 500-600 
amino acids by alternative splicing; these have six 
transmembrane segments and typical S4 sequen
ces, and are very similar in individual domains to 
the a and al subunits of the sodium and calcium 
channels. Four such subunits make up a potas
sium channel. The splice variants of the shaker 
locus differ in their N- and C-terminal sequences. 
Expression in Xenopus oocytes results in different 

17.3.4 Ion Channels 675 

combinations of these variant channels with dif
ferent physiological properties [96]. Other genes 
encode shaker-related proteins (shah, shaw, shal) 
which show more than 50 % sequence agreement 
with the shaker protein; these also probably form 
K+-selective channels [20, 177]. The eag locus of 
Drosophila codes for a K+ -channel protein with a 
length of 1174 amino acids and seven transmem
brane segments; this has no sequence similarity 
to shaker and has a very different structure [176]. 
Using shaker as a probe, sequences with similar
ities to shaker and shaker-related proteins have 
been detected in mammalian brain. On the other 
hand, a gene isolated from mammalian kidney 
defines a second gene family of K+ -channel pro
teins that are not related to shaker [97, 177]. The 
diversity of K+ -channel proteins in the mammals, 
as in Drosophila, is based on the existence of 
multiple genes and splice variants, although 
many of the mammalian genes are intron-Iess 
and therefore show no alternative splicing [24, 
87]. 

The ligand-gated ion channels with reaction 
times of less than 1 ms are much faster than the 
G-protein-coupled receptors. These include as 
cation-selective ion channels the nicotinic acetyl
choline receptor, described in Chapter 8, and the 
neuronal glutamate receptor, and as chloride
specific ion channels mainly the glycine- and 
the y-aminobutyrate (GABA) receptors [161]. 
Because excitation involves cation influx and 
inhibition involves an increase in Cl- permeabil
ity, glycine and GABA are inhibitory transmit
ters. The glycine receptor from mammalian brain 
is a pentameric channel of five homologous sub
units: three a (48 kDa) and two ~ (58 kDa). The 
a subunit carries the ligand-binding site. Multiple 
forms of both subunits are known, and the C
termini each have four transmembrane segments 
(M1-M4). The nicotinic acetylcholine receptor 
and the GABA receptor have a similar penta
meric architecture and homologous transmem
brane segments. The M2 helix of all ligand-gated 
receptors contains mainly polar, uncharged 
amino acids and makes up the hydrophilic inner 
lining of the channel lumen. At both ends of M2 
are ion-selective filter structures, consisting of 
positively charged amino acids in the case of the 
anion-selective glycine and GABA receptors, and 
negatively charged amino acids in the case of the 
cation-selective acetylcholine receptor. Just one 
type of subunit expressed in Xenopus oocytes 
produces functional ion channels, and the com
bination of different subunits produces function
ally varied receptors [14]. A cDNA isolated from 
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the ray Torpedo marmorata and expressed in 
Xenopus oocytes results in a homodimeric Cl-
specific channel. This is a protein of 805 amino 
acids with 12-13 transmembrane segments and 
shows no sequence similarity to the glycine and 
GABA receptors or to the HC03-/Ct exchanger 
of erythrocytes (band-3 protein). Similar chloride 
channels probably occur in mammalian kidney 
[71]. 

17.4 Sulphatases 

The sulphatases are subdivided according to their 
substrate specificity into aryl, steroid, glyco- and 
chondroitin sulphatases, although in many cases 
the distinction is problematic. Because of the fre
quent overlapping of the substrate specificity of 
individual enzymes, this classification must be 
considered provisional; the real relationships 
between the sulphatase types cannot be deter
mined in the absence of sequence data. The enzy
mes designated as aryl sulphatases cleave various 
aryl and alkyl sulphate esters; 4-nitro
phenyl sulphate or catechol sulphate are used for 
enzyme assays and in most cases the physiological 
substrates are not known. Aryl sulphatases have 
been detected in bacteria, lower fungi, vertebra
tes and in many phyla of the invertebrates; they 
have especially high activities in molluscs. 
Enzyme preparations from the edible snail Helix 
pomatia and from other snails are commercially 
available for analytical purposes. 

The aryl sulphatases of the mammals are 
divided into two subclasses according to their 
subcellular localization. Type I (sulphatase C) 
includes membrane-bound, microsomal enzymes 
with neutral or weakly alkaline pH optima; these 
are only weakly inhibited by sulphate and 
phosphate. Many C sulphatases function as ster
oid sulphatases [141, 148]. The sulphatases of 
type II (sulphatases A and B) are mainly found in 
lysosomes, have acid pH optima and are strongly 
inhibited by sulphate and phosphate. Two groups 
(A and B) of type-II aryl sulphatases can be dis
tinguished [169]. The sulphatase A enzymes are 
anionic glycoproteins which are strongly inhibited 
by silver ions and exist as monomers of 
80-182 kDa at pH 7.5. The enzymes of the 
higher mammals aggregate to form dimers at 
pH 4.5, but those of the marsupials, such as the 
opossum and the red kangaroo, do not [168, 174]. 
Frequently occurring sulphate esters, such as 
cerebroside sulphate, ascorbic acid sulphate and 

tyrosine sulphate, may be the natural substrates 
of sulphatase A. The B sulphatases are cationic 
glycoproteins which are not inhibited by silver 
ions and are always monomeric. Sulphatase B is 
presumably involved in the metabolism of gly
cosaminoglycans by cleaving N-acetylgalactos
amine-4-sulphate compounds. Both A and B sul
phatases exist in multiple forms. The human aryl 
sulphatases A and B, together with steroid sul
phatase and glucosamine-6-sulphatase make up a 
family of homologous proteins with sequence 
agreements of 18-27 % on pairwise comparison 
[126]. A- and B-like aryl sulphatases can also be 
distinguished in the other vertebrate classes down 
to the amphibians and fish [31]. A-like sulphata
ses in the salmonids and other fish possibly have 
the special function of cleaving ascorbic acid 
sulphate. Ascorbic acid is essential for salmon, 
trout and other fish, and the much more stable 
sulphate ester probably plays an important role as 
a source of ascorbate. 

Multiple aryl sulphatases have been found in 
gastropods but these cannot be directly compared 
with the vertebrate enzymes. The gastropod enzy
mes are also glycoproteins but, unlike the ver
tebrate enzymes, they contain no sialic acid 
[28, 140]. Like the mammalian type A, the 
majority of invertebrate enzymes are active 
against cerebroside sulphate. This is not true, 
however, of the enzyme in the seminal plasma of 
the sea urchin Strongylocentrotus intermedius; as 
in other sea urchins, the enzyme facilitates pen
etration of the sperm through the gelatinous egg 
membrane. 4-Nitrophenylsulphate in the medium 
competitively inhibits the enzyme and retards fer
tilization. This enzyme was not found in the star
fish. The aryl sulphatase in the larvae (plutei) of 
the sea urchin Hemicentrotus pulcherrimus makes 
up about 0.5 % of the total protein. The native 
enzyme is about 670 kDa and is composed of 
63-kDa subunits with 551 amino acids, whose 
sequence shows no similarity to any other protein 
[144, 182]. 

Chondroitin sulphatases and glycosulphatases, 
which cleave ester sulphates from glycan sulpha
tes and sugar sulphates, have been detected in 
bacteria, mammals, arthropods, echinoderms 
and molluscs; they are often difficult to distin
guish from one another. They have been exa
mined in detail in the gastropods, where they 
show particularly high activity and apparently 
have digestive functions. The hepatopancreas of 
the Japanese snail Charonia iampas, which pro
duces glycan sulphate (charonin sulphate), con
tains a cellulose sulphatase which is inactive 



against chondroitin sulphate, and a genuine 
chondroitin sulphatase and two glycosulphatases 
which can attack, for example, glucose-6-
sulphate. A sulphatase isolated from the mussel 
Anomalocardia brasiliensis can completely desul
phatize chondroitin-4-sulphate and chondroitin-
6-sulphate without concomitant depolymeriza
tion. This degradation pathway for chondroitin 
sulphate differs fundamentally from that in the 
vertebrates, in which the polysaccharide is first 
reduced to monosaccharides by the sequential 
action of endoglycosidase, ~-glucuronidases and 
~-N-acetyl-galactosaminidases; only then is it 
desulphatized by 4- and 6-N-acetylgalactosamine 
sulphatases [34]. 

17.5 Carhoanhydrases 

The carboanhydrases (CA) or carbonate dehyd
ratases catalyse the reversible reaction, 

(17.1) 

They are present in vertebrates, invertebrates, 
higher plants and bacteria, and are involved in 
various processes, e.g. gas exchange, regulation 
of the acid/base balance, ion transport, the 
deposition and mobilization of calcium carbonate 
in skeletal structures, and photosynthesis. All 
known CAs are zinc proteins and make up a pro
tein family. All animal CAs also have esterase 
activity, e.g. against 4-nitrophenylacetate, and 
are strongly inhibited by acetazolamide (Ki = 10-6 

to 10-8 mol/I) and less strongly inhibited by azide, 
cyanide and halides. The plant CAs are much less 
sensitive to acetazolamide (Kl > 10-5 mollI) and 
have no esterase activity; the substrate-binding 
groove in this case is apparently much flatter than 
in the animal enzyme [35]. 

At least 6, and possibly 10-12, CA isoenzymes 
are found in mammals; these are encoded by dif
ferent genes, show large structural and functional 
differences, and to some extent are tissue specific 
[40, 108]. The highest CA activities in all verteb
rates are found in the erythrocytes, which are 
therefore commonly the starting point for 
investigations of CA. Human erythrocytes, and 
those of most other mammals, have two isoenzy
mes: the highly active CA II, and CA I, which at 
physiological pH values has about 10- to 20-fold 
lower specific activity. Apart from in erythrocy
tes, CA I is found in stomach mucosa and kidney; 
CA II is found in many tissues. A third type, 
CA III, with an even lower catalytic efficiency 
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was first discovered in 1978 in skeletal muscle, 
where it is restricted to slow, oxidative, red
muscle fibres; it apparently facilitates the diffu
sion of CO2 • CA III also occurs in the liver and 
lung and even in human erythrocytes [173, 178]. 
All three isoenzymes are monomeric proteins of 
29 kDa with 259-260 amino acids and one zinc 
atom. The strength of zinc binding varies; for 
example, it is weak in the common hagfish Myx
ine glutinosa and particularly strong in the kanga
roo Macropus eugenii. The sequence differences 
between the isoenzymes are reflected in the 
amino acid composition; CA I of mammals 
always contains 28-33 serine residues, whereas 
CA II has only 16-22 serine residues. CA I and 
CA II usually contain only one cysteine; sequen
ces with no or two cysteines are rare, e.g. in the 
main and subsidiary CA II of equine erythrocy
tes. In contrast, equine and bovine CA III have 
five cysteines and rabbit CA III has six. The func
tional properties of the three isoenzymes vary 
somewhat with the species, but CA activity, ester
ase activity and sensitivity to acetazolamide decli
nes consistently in the order II > I > III [178]. 

The relative proportion of the two CA types in 
erythrocytes varies greatly with the species. The 
ratio of I to II is 1: 2 in mouse and 5: 1 in humans; 
human CA I is the second most abundant erythro
cyte protein at 4 gil cells. Whereas the content and 
properties of isoenzyme II in human red blood 
cells is very constant, CA I activity is very 
variable and may even be completely absent with
out causing deficiency symptoms. Some mamma
lian species have no CA I in their erythrocytes, 
e.g. the ruminants such as cattle, sheep, goat and 
elk, the cat, the dolphin and the kangaroo Macro
pus eugenii. However, that the CA I gene is pre
sent may be concluded from the presence of CA I 
in the rumen of cattle and sheep. Thus, it is ques
tionable whether CA I has any sort of important 
function in red blood cells. CA I in particular 
shows considerable polymorphism in humans and 
many other mammals. Allelic variants are found 
at 11 positions of the CA I chain of the horse; the 
N-terminus of CA II may be either acetylserine or 
acetylthreonine [65]. The CA II genes of the labo
ratory mouse breeding lines YBR and BALB/c 
differ by one amino acid-exchanging substitution 
and two synonymous substitutions [172]. Apart 
from differences in the coding sequences, multiple 
CAs may also arise by post-translational modifica
tion, e.g. by step-wise deamidation of asparagine 
or glutamine, as occurs in human CA I, or by 
formation of a mixed disulphide with glutathione, 
as occurs in horse and sheep CA II. 
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In addition to the well-known types CA I-III, 
other CA types are known in mammals; these have 
different structural and functional characteristics 
and are probably encoded by their own genes. 
Membrane-bound carboanhydrases (CA IV), which 
are only released by detergent treatment, are found 
in the lung, kidney, skeletal muscle and hypophy
sis. The subunits of CA IV from human lung have a 
mass of 35 kDa and are therefore significantly lar
ger than the CAs I-III from the erythrocytes 
[40, 188]. The mitochondrial CA Vof hepatocytes 
is presumably involved in urea synthesis, gluconeo
genesis and fatty acid synthesis. CA VI is produced 
in the parotid gland and excreted in the saliva. It 
was discovered in sheep but is also found in 
humans, cattle and mice. Sheep CA VI shows only 
33 % agreement in its sequence of 307 amino acids 
with the small CA II [40]. 

The mammalian CAs are amongst the most 
frequently investigated proteins; numerous CA I, 
II and III enzymes have been sequenced. These 
proteins have changed only slowly during evolu
tion (see Table 4.12, p.161). Thus, all known 
sequences of CA I from mammals agree at 76 % 
of positions, and those of CA II agree 71 %; 
CA III of the horse and cattle are 91 % identical, 
and CA II of humans and the chicken are 70 % 
identical. A partial sequence from the turtle 
Macaclernys terrapin shares a surprising 60-66 % 
identity with human CAs I and II. The differ
ences between the isoenzymes are much greater: 
human CA I and CA II have only 60 % of their 
amino acids in common, and all known CAs I, II 
and III have only 40 % in common. Thus, the 
gene duplications that separated the isoenzymes 
occurred very early in the evolution of the verteb
rates. Despite the differences in sequence, the 
spatial structures of human CA I and CA II agree 
almost completely [6, 137, 172, 178]. Each of the 
isoenzymes I-III contains 20-32 amino acids 
which are characteristic of that particular isoen
zyme and are to a large extent invariable in the 
mammals [45]. 

The CA II gene of the mouse has a length of 
16 kb and consists of seven exons. No coinci
dence is found between the exons and the protein 
domains; on the contrary, the amino acids form
ing the substrate groove of the active centre, for 
example, are encoded by four different exons (2, 
3,5 and 6) [172]. The chicken CA II gene is 17 kb 
long and agrees with the mouse gene in the posi
tions of five out of six introns; however, the 
fourth intron has shifted during evolution, lying 
at codon 143 in the mouse and between co dons 
147 and 148 in the chicken [186]. The genes for 

CA I and CA II in the mouse lie tightly linked on 
chromosome 3, and differ by 39 % amino acid
exchanging substitutions. The CA I genes of the 
mouse and rabbit, the evolutionary lines of which 
separated about 80-90 million years ago, differ 
by 11 % such substitutions. According to these 
data, the duplication creating isoenzymes I and II 
occurred about 300-320 million years ago [45]. 

CA is found in the erythrocytes and various 
cells of animals other than the mammals. How
ever, the activities vary greatly, even between 
closely related species. For example, systematic 
investigations of amphibians have shown relative 
activities of 82 (Xenopus laevis) and 4964 (Bufo 
rnarinus) in the blood, and between 19 (Rana 
catesbeiana) and 2035 (Rana pipiens) in the 
kidney. Only one CA was detected initially in the 
erythrocytes of lower vertebrates, and this corre
sponded in many ways to mammalian CA II. It 
was concluded that CA I arose as an evolutionary 
novelty at the same time as the mammals about 
100-120 million years ago. This concept was 
abandoned with the discovery of a typical CA I in 
the gut tissue of the chicken, in addition to CA II 
in the erythrocytes; furthermore, the turtle 
Malaclernys terrapin has two CAs in its erythrocy
tes, one of which is present at a 10-fold lower con
centration but has a 36-fold higher specific activ
ity. However, these two isoenzymes cannot be 
compared directly with mammalian Cas I and II. 

Almost all erythrocyte CAs of the vertebrates 
have a molecular mass of 29-30 kDa, corre
sponding to 260 amino acids. The only exceptions 
are those of the sharks, e.g. Squalus acanthias 
with 34 kDa, Carcharias leucas with 35.9 kDa 
and Galeocerda cuvieri with 38.6 kDa. These 
shark enzymes contain no fewer than 18-25 cyste
ine residues per subunit, and most of them are 
oxidized to form disulphide bridges. The erythro
cyte CAs of most non-mammals contain 4-7 cys
teine residues; for example, there are 4 in the 
frog Rana catesbeiana, 6 in the trout Salrno gaird
neri, and 7 in the chicken. In contrast to the situa
tion in the elasmobranchs, most of these cysteine 
residues are not oxidized to disulphides; thus, the 
enzymes have their maximal activities in the pres
ence of protective SH compounds and are inhi
bited by p-chloromercuribenzoate (PCMB). This 
is not true, however, for all the CAs from lower 
vertebrates; for example, the teleosts Oncorhyn
chus gorbusha and Archosargus probatocephalus 
are more like the mammals and have only one 
cysteine per CA chain [76]. 

CAs have been reported in many invertebra
tes, such as the poriferans, cnidarians, annelids, 



molluscs and arthropods, but have not been cha
racterized in any detail. For a long time it was 
assumed that the red blood cells of invertebrate 
animals, in contrast to those of vertebrates, have 
no CA. However, CA activity has since been 
recorded in the haemoglobin-containing cells of 
the polychaete Glycera americana and in the 
haemerythrin-containing cells of the sipunculid 
Phascolopsis gouldi [56]. The red blood cells 
found in some mussels are free of CA, although 
the haemolymph of the oyster Crassostrea virgi
nica has a soluble CA. In its native form, this is a 
high molecular weight aggregate of 26.6S, and 
even after SDS treatment remains as aggregates 
of 500 kDa with 13 zinc atoms. The estimated 
equivalent mass of 38 kDa lies in the same range 
as that of the elasmobranch CA. The haemo
lymph of the spider Eurypelma californica con
tains a soluble CA of about 40 kDa. The enzyme 
is associated with a 16S lipoprotein that occurs in 
the haemolymph as a non-respiratory protein 
and constitutes about 20 % of the total protein 
[159]. 

CA was detected in the insects, in the non
biting midge Chironomus, as early as 1932, 
shortly after the discovery of the enzyme in mam
malian blood. However, it was not until 1979 that 
the first insect CA was characterized, namely that 
from the caterpillars of Manduca sexta. CA is 
mainly found in the fat bodies, midgut and 
integument of Manduca. It is detectable in the 
haemolymph, salivary glands, midgut and brain 
of pupation-mature larvae of the fly Musca 
autumnalis, but not in the Malpighian tubules, fat 
body, trachea or the remainder of the animal [32]. 
A fundamental difference exists between the 
Manduca enzyme and mammalian CA: whereas 
the latter is significantly inhibited by KCI and 
choline chloride, the insect enzyme is strongly 
activated by KCI and only weakly inhibited by 
choline chloride. This effect is apparently related 
not to differences in the active centres but to 
allosteric effects of the potassium ion. The CA in 
the gills of crustaceans and molluscs, like the 
enzymes of fish gills, are considered to have a role 
in maintaining the ion balance. Because of its 
possible involvement in calcification of the shell, 
the mantle tissue CA of the molluscs has received 
particular attention. The CA of the predatory 
snails Purpura lapillus (Nuricidae) and Pollinices 
lewisii has the interesting special function of bor
ing through mussel shells. The CA activity in the 
boring organ of Pollinices is threefold higher than 
in the mantle and sixfold higher than in the gills; 
the enzyme has a molecular weight of over 
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100 kDa. The boring process can be inhibited 
with acetazolamide. The boring sponges (Clioni
dae) probably exploit CA for the same purpose. 
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The extraction of energy from substrates always 
involves the complete or partial oxidation of the 
substrate, in the course of which electrons or 
hydrogen atoms are transferred to one or more 
consecutively activated acceptors. The primary 
acceptor must always be reoxidized, whilst the 
final acceptor accumulates in the reduced form. 
Oxygen is the ideal terminal acceptor because its 
reduction product, water, can be accumulated 
without harm. Under aerobic conditions, nutri
ents (with the exception of nitrogenous excre
tions) are oxidized completely to carbon dioxide 
and water. The majority of biologically useful 
energy, in the form of ATP, is obtained in this 
respiratory chain by electron transfer to oxygen 
(oxidative phosphorylation). 

The processes of aerobic energy-yielding meta
bolism can be divided into four phases (Fig. 18.1). 
In phase I, which may already occur in the gut 
lumen, nutrient compounds are degraded to their 
basic components without the release of energy. 
In phases II and III, hydrogen atoms or their 
electrons are transferred pairwise from the nutri
ent molecules to acceptors, and individual carbon 
atoms are released as CO2 • Whereas phase III 
(the citric acid cycle) is the final phase of oxidat
ive degradation that is common to all nutrients, 
phase II consists of various reactions that intro
duce different nutrients individually into the 
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cycle. Such reactions of phases II and III that do 
not include dehydrogenation or decarboxylation 
may be considered as preparatory to such steps. 
The stepwise transfer of electrons from the pri
mary acceptor to oxygen in the respiratory chain 
(phase IV) results in the formation of up to three 
energy-rich ATP residues per electron pair. With
out the involvement of the respiratory chain, ATP 
can also be formed in one reaction of the citric 
acid cycle, or in two reactions of phase II of car
bohydrate catabolism (substrate chain phospho
rylation). 

The components of the respiratory chain and 
oxidative phosphorylation are located in the inner 
membrane of the mitochondria, and the enzymes 
of the citric acid cycle, fatty acid ~-oxidation and 
oxidative decarboxylation are located in the mito
chondrial matrix. Because of their high solubility, 
the enzymes citrate synthase, aconitase, NAD
specific isocitrate dehydrogenase, succinate-CoA 
synthase, fumarase and malate dehydrogenase 
were thought to exist freely in the matrix. More 
careful extraction, however, has shown that these 
enzymes from rat liver mitochondria can be isol
ated as a high molecular weight complex which is 
apparently associated in vivo with the matrix sur
face of the inner membrane. The 2-oxoglutarate 
dehydrogenase complex and succinate dehydro
genase are tightly bound to the membrane [140]. 
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Energy-yielding metabolism requires transport 
processes through the mitochondrial membranes; 
oxygen, ADP, inorganic phosphate and substrates 
enter the mitochondria and water, carbon dioxide 
and ATP are removed. Furthermore, some bio
synthetic reactions involve both mitochondrial 
and cytosolic enzymes; examples include urea 
biosynthesis, gluconeogenesis and ammoniogene
sis in the kidney, and here too the transport of 
substances through both mitochondrial membra
nes is required. The outer membrane contains 
voltage-dependent, anion-selective channels with 
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Fig.18.1. A schematic 
representation of energy
yielding metabolism. In 
phase I, complex com
pounds in the diet are 
degraded to their basic 
components; in phases II 
and III, pairs of hydrogen 
atoms or their electrons 
are transferred to accep
tors; and in phase IV, 
these are oxidized by oxy
gen to water. Dehydro
genations are shown by 
~2H, and phosphoryla
tions from ADp to ATP by 
~(-P) 

an effective diameter of 1.7-2.0 nm; in their 
open state these allow the free passage of molecu
les up to 3 kDa. They consist of basic proteins of 
30-35 kDa, the porins, which are homologous in 
all eukaryotes and have no sequence similarity to 
the bacterial porins [34, 184]. Transport of sub
stances through the inner membrane requires 
specific transport proteins (TP) (transporter pro
teins, carrier proteins or translocases). As many 
as 12 specific trarisporters have been identified so 
far in mammalian mitochondria on the basis of 
their interaction with different substrates and 



inhibitors (Table 18.1), but they are not all pre
sent in all mitochondria. The transporters for 
adenine nucleotides, phosphate and pyruvate are 
present in all mitochondria, and the carnitine 
transporter is present in mitochondria of all fatty 
acid-oxidizing tissues. Other transporters have a 
more restricted distribution, e.g. the proton
dependent glutamate transporter (glutamate 
hydroxyl carrier) which is involved in the synthe
sis of urea and glucose from glutamate in the 
liver, the glutamine transporter required for 
ammoniogenesis in the kidney, the dicarboxyl 
transporter in all tissues carrying out gluconeoge
nesis, and the tricarboxyl transporter in all fatty 
acid-synthesizing tissues [38, 87]. 

The ATP/ADP TP, phosphate TP, 2-oxoglut
arate TP and the uncoupling protein belong to 
the same protein super-family [144]. Their 
sequences consist of three homologous repeats of 
about 100 amino acids; these repeats form six 
transmembrane segments and were apparently 
formed by gene triplication. The human and rat 
phosphate TPs show about 90 % sequence agree
ment and are cross-reactive with those of cattle 
and the blowfly [135]. Tissue-specific isoforms of 
the ATP/ADP and phosphate TPs are known 
from mammals. For example, there are two 
bovine ATP/ADP TPs, encoded by different 
genes, which differ in 33 of their 297 amino acids 
and predominate in either cardiac muscle or the 

Table 18.1. Transport proteins (TP) of the inner mitchond
rial membrane [38] 

(Type) Name Physiological substrate 

(Electroneutral; proton compensated) 
Glutamate hydroxyl TP Glutamate 
Pyruvate TP Monocarboxy acids, ketone 

bodies, branched keto acids 
Phosphate TP Phosphate, arsenate 
Ornithine TP Ornithine, citrulline, lysine 

(Electroneutral anion exchangers) 
Dicarboxylate TP Phosphate, malate, succinate, 

oxaloacetate 
2-0xoglutarate TP 

Tricarboxylate TP 

(Neutral) 
Carnitine TP 
Neutral amino acid TP 
Glutamine TP 

(Electrogens) 
Adenine nucleotide TP 
Glutamate/aspartate TP 

Malate, 2-oxoglutarate, 
succinate, oxaloacetate 
Citrate, isocitrate, 
phosphoenolpyruvate, malate, 
succinate 

Carnitine, acylcarnitine 
Neutral amino acids 
Glutamine 

ADP,ATP 
Glutamate/aspartate 
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gut. The human and bovine genomes contain a 
whole family of ATP/ADP TP homologous gene 
sequences [62, 132]. 

The degradation of carbohydrates by glyceral
dehyde phosphate dehydrogenase in the cytosol 
results in the formation of NADH which is 
reoxidized under aerobic conditions in the mito
chondria. However, the inner mitochondrial 
membrane is impermeable to NADH and NAD+, 
and the transport of reducing equivalents through 
the mitochondrial membranes is carried out by 
so-called shuttles, the most important of which 
are the malate/aspartate shuttle and the glycerol-
3-phosphate shuttle (a-glycerophosphate shut
tle). The 2-oxoglutarate/malate and the glutama
te/aspartate transporters take part in the malate/ 
aspartate shuttle. Because the ratio NADH: 
NAD+ is higher in the mitochondria than in the 
cytosol, the inward transport of reducing equival
ents takes place against a gradient with the con
sumption of energy. The energy-consuming step is 
actually the outward transport of the aspartate 
ion, together with a proton, in exchange for non
dissociated glutamic acid. No transporter is 
involved in the glycerol-3-phosphate shuttle 
because the mitochondrial glycerol-3-phosphate 
dehydrogenase binds its substrate to the outer 
side of the membrane and only transports reduc
ing equivalents through the membrane to the 
electron transport system. This transport requires 
no energy but yields only two, instead of three, 
ATPs per electron pair [38]. The malate/aspartate 
shuttle is the more important in vertebrate mito
chondria, whereas the glycerol-3-phosphate shut
tle is at its highest activity in insect flight muscles. 
The malate/aspartate shuttle is very important to 
insects in certain circumstances, e.g. in the eggs 
of Bombyx mori at the end of the diapause, when 
the large accumulation of sorbitol is converted 
back to glycogen and the resulting NADH must 
be reoxidized by the mitochondria [179]. 

The translocases, which make available sub
strates and cofactors but with the consumption of 
energy, the citric acid cycle, which produces 
reducing equivalents, and the respiratory chain, 
which reoxidizes NADH and yields ATP, show a 
strict functional and regulatory interdependency. 
A central role in this regulation is played by aden
ylate, i.e. the relative concentrations of ATP, 
ADP and AMP or quotients calculated from 
them, for example the "energy charge". The ratio 
[ADP]:[ATP] regulates the citric acid cycle at the 
NAD-specific isocitrate dehydrogenase [20], and 
the available ADP limits mitochondrial respira
tion (respiratory control) [38]. These regulatory 
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mechanisms are important points of interaction 
for the adaptation of mitochondrial metabolism 
to different environmental conditions. Investiga
tions of the respiration-stimulating effects of exo
genous substrates on isolated mitochondria are 
classic experiments of cell biology, with the mito
chondria of rat liver and insect flight muscles act
ing as model systems. Species- and tissue-specific 
substrate preferences are dependent in a complic
ated manner upon the available transporters and 
enzymes. 

The integrated multi-enzyme system of the 
citric acid cycle, the respiratory chain and oxidat
ive phosphorylation appears in principle to be the 
same in the mitochondria of all animals that have 
predominantly aerobic metabolism. Adaptive dif
ferences are mainly quantitative and involve the 
overall intensity of the oxidative process as well 
as the proportion of different substrates con
sumed in energy-yielding metabolism. Marked 
deviations in mitochondrial function are found in 
animals that are especially adapted to anaerobic 
energy metabolism, e.g. the parasitic worms and 
certain species from tidal zones (p.549). The 
complete enzyme system of the citric acid cycle is 
found even in the parasitic worms, although sev
eral enzymes, such as aconitase and isocitrate 
dehydrogenase, have very low activities (Tab
le 18.2). The existence of the citric acid cycle in 
animals that have continuously anaerobic meta
bolism is explained by the reverse use of the last 
part of the cycle for catalysing the reductive 
formation of succinate from malate, and by the 
necessity for the cycle, also under anaerobic 
conditions, as the starting point for the synthesis 
of essential cellular components. 

The cytochrome system is also present in the 
parasitic worms but often differs from that in the 
mammals by the existence of a branch or parallel 

Table 18.2. The activities (mU/mg protein) at 30°C of the 
enzymes of the citric acid cycle in mitochondria of the 
endoparasitic worms Ascaris lumbricoides and Fasciola 
hepatica compared with those of the rat liver [9] 

Pyruvate dehydrogenase 
Citrate synthase 
Aconitase 
Isocitrate dehydrogenase 

NAD specific 
NADP specific 

2-0xoglutarate decarboxylase 
Succinate dehydrogenase 
Fumarase 
Malate dehydrogenase 

Ascaris Fasciola Rat 

32 
10 
0.8 

0.4 
5 
4 

215 
225 

7650 

18 
15 
5 

o 
17 
22 
28 

100 
2180 

23 
25 
80 

1 
263 

18 
21 

432 
3100 

pathway leading to a different terminal oxidase, 
the so-called cytochrome o. Part of the electron 
transport system is necessary for the reduction of 
fumarate to succinate. Oxidative phosphorylation 
and respiratory control by the ADP concentration 
have been demonstrated, for example, in the 
mitochondria of the roundworm Ascaris lumbri
co ides [9]. Fumarate reduction is also the prefer
red direction of mitochondrial metabolism in 
various Kinetoplastida (Leishmania spp., Trypa
nosoma cruzi) and the ciliate Tetrahymena 
[23, 101, 157]. The facultatively anaerobic inver
tebrates of tidal zones show a relatively rapid 
switch between the different functional condi
tions of the mitochondria. Some protozoans, e.g. 
the trichomonads Entamoeba hystolytica and 
Giardia lamblia, lack mitochondria and thus lack 
both the enzymes of the citric acid cycle and the 
cytochrome system; however, a special sort of 
electron transport system is present instead [177]. 

Apart from the terminal oxidase of the respi
ratory chain, the cytochrome oxidase, there are 
several hundred other enzymes that can react 
directly with molecular oxygen. Several of them, 
e.g. the D- and L-amino acid oxidases, the oxyge
nases involved in tyrosine and tryptophan 
degradation and various hydroxylases, have been 
referred to already. The microsomal hydroxylases 
or mixed-function oxygenases, which contain 
cytochrome P-450 as the prosthetic group, are 
especially interesting for comparative bioche
mistry and will be discussed in detail 
(Sect. 18.5.2). Electron transfer to oxygen can 
give rise to particularly reactive and toxic reaction 
products, in particular the superoxide ion, O2-, 

and hydrogen peroxide, H20 2 • These are detoxi
fied by the superoxide dismutases, catalases and 
peroxidases, about which much is known that is 
of interest to comparative biochemistry. 

18.1 The Citric Acid Cycle 

The central position of the citric acid cycle in 
metabolism allows the introduction of carbon 
chains from very different biological substances 
(Fig. 18.1). In addition, intermediates ofthe cycle 
can be diverted and used for biosynthesis. The 
reducing equivalents, in the form of NADH or 
NADPH, required for various biosynthetic proc
esses can be made available by the mitochondrial 
dehydrogenases or their cytosolic isoenzymes. 
Few animals are able to convert fat to carbohyd
rate, as is possible, for example, in germinating 



plant seeds. For this purpose, the citric acid cycle 
must be modified to the glyoxylate cycle 
(Fig. 18.4). The citric acid cycle involves two 
decarboxylations and, on balance, completely 
degrades the introduced activated acetic acid to 
CO2; the acetyl-CoA released by ~-oxidation 
from fatty acids cannot be used for gluconeogene
sis via oxaloacetate. The net synthesis of carbo
hydrates from fatty acids is possible only if the 
decarboxylation can be circumvented; in the gly
oxylate cycle this occurs by the action of the enzy
mes isocitrate lyase and malate synthase. If, as a 
result of the utilization of intermediates for bio
synthesis, the oxaloacetate that is essential for the 
continuous functioning of the cycle is insufficient, 
this must be supplied by so-called anaplerotic 
reactions, of which the carboxylation of pyruvate 
or phosphoenolpyruvate is especially important 
(Fig. 18.2). 

The flux through the citric acid cycle is regul
ated on the one hand by the availability of sub
strates and cosubstrates, and on the other hand 
by the allosteric properties of various cycle enzy
mes, in particular NAD-dependent isocitrate 
dehydrogenase, but also citrate synthase, 2-
oxoglutarate decarboxylase and succinate dehyd
rogenase. The pyruvate dehydrogenase complex, 
which forms the connection between glycolysis 
and the citric acid cycle, is also allosterically 
regulated in a complex manner. In such a central 
and ubiquitous enzyme system as the citric acid 
cycle, changes in the kinetic-regulatory properties 
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Fig.18.2a-c. Enzymes of the carboxylation of phospho
enolpyruvate and pyruvate 
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of enzymes are especially important mechanisms 
of adaptive evolution. 

18.1.1 Pyruvate Dehydrogenase Complex 
and Citrate Synthase 

The pyruvate dehydrogenase complex (PDq 
catalyses the irreversible reaction 

Pyruvate + CoA + NAD+ 
~ acetyl-CoA + CO2 + NADH + H+ (18.1) 

and thereby introduces pyruvate from glycolysis 
or from the degradation of amino acids into the 
citric acid cycle. The PDC in the roundworm 
Ascaris lumbricoides also catalyses the condensa
tion of pyruvate with acetaldehyde to acetoin 
(Fig. 18.3). 

Three a-keto acid dehydrogenase complexes 
with similar structure are known in mammals: 
PDC, the 2-oxoglutarate dehydrogenase complex 
and the branched chain a-ketoacid dehydroge
nase complex. These are all multi-enzyme com
plexes that each have three enzyme activities: 
decarboxylase, dihydrolipoamide acetyltransfe
rase and dihydrolipoamide dehydrogenase. The 
first two enzymes are complex specific but the last 
enzyme is common to all three complexes [142]. 
The mammalian PDC is composed of six compon
ents: several a2~2 tetramers of pyruvate decarbox
ylase (El), the multimeric dihydrolipoamide ace
tyltransferase (E2), several homodimers of dihyd
rolipoamide dehydrogenase (E3) and a few mole
cules each of the El-specific protein kinase, the 
phospho-Erphosphatase, and one 50-kDa poly
peptide (protein X) which apparently has a regu
latory function. Pyruvate decarboxylase (El) con
sists of two a subunits of 41 kDa, two ~ subunits 
of 36 kDa and two molecules of thiamine pyro
phosphate. El is inactivated by phosphorylation 
of the a subunit and activated by dephosphoryla
tion. NADH and acetyl-CoA have inactivating 
effects on the PDC by influencing the protein 
kinase, and NAD+, pyruvate, ADP and Ca2+ 
have activating effects. Three phospho serine resi-

Fig.18.3. In the round
worm Ascaris, pyruvate 
dehydrogenase also cataly
ses the condensation of 
pyruvate with acetaldehyde 
to acetoin [9] 

o H 
II I CH,+COOH ~::~O 
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dues have been identified in the inactivated a se
quence [127, 142]. The multimeric aggregate of 
dihydrolipoamide acetyltransferase molecules (Ez) 
appears to form the core of the PDC. The sub
units of the human and porcine homodim
eric dihydrolipoamide dehydrogenases agree in 
> 98 % of their 509 amino acids; the enzyme thus 
shows very conservative evolution [130]. High 
molecular weight PDCs with similar kinetic
regulatory properties have been isolated not only 
from the tissues of mammals and birds and from 
various microorganisms but also from the fat 
bodies of the silkworm Bombyx mori, the gills of 
the mussel Modiolus demissus, and the round
worm Ascaris lumbricoides [104, 128]. The en
zyme complexes of the different species, however, 
differ significantly in the critical value of the 
NAD+:NADH ratio above which PDC is inhi
bited. This has a value of 10 for the rat liver, 5 for 
mussel gills, and 0.07-0.7 for the roundworm; in 
the latter case, the PDC is adapted to the higher 
level of reduction in Ascaris mitochondria [128]. 
Various termite species contain no pyruvate 
dehydrogenase activity whatsoever, and in this 
case the energy requirements are covered mainly 
by acetate that is produced by gut symbionts [120]. 

Citrate synthase (CS) catalyses the aldol con
densation of oxaloacetate and acetyl-CoA to cit
rate and CoA. The mammalian enzyme is a dimer 
of about 100 kDa. It is subjected to feedback 
inhibition by citrate and is also strongly inhibited 
by ATP and mono- and divalent metal ions. The 
less well-known CSs of the invertebrates agree to 
a large extent with the mammalian enzyme in 
their molecular mass and response to inhibitors. 
CSs have been examined from the adductor 
muscle ofthe scallop Pecten alba, from sea-urchin 
eggs, from the gut sacs of the starfish Luidia 
clathrata, from the agent of Chagas disease Trypa
nosoma cruzi, and from the parasitic flagellate of 
insects Crithidiafasciculata [23, 102,147]. The CS 
of Tetrahymena pyriformis is unusual and, like 
other enzymes of this ciliate, has some proka
ryotic features; it agrees with the CSs of other 
eukaryotes, but also with those of Gram-positive 
bacteria such as Bacillus subtilis, in having a 
molecular mass of 120 kDa, compared with 
250 kDa for Escherichia coli and other Gram
negative bacteria; it is also inhibited by ATP but 
not by NADH. However, the Tetrahymena CS is 
very different from the CSs of other animals and 
higher plants and resembles bacterial enzymes in 
that it is stimulated by KCI at higher concentra
tions and is specifically inhibited by DTNB 
( dithiobis-2-nitrobenzoate) [41]. 

IS.I.2 Aconitase and Isocitrate 
Dehydrogenases 

Aconitase catalyses the stereo-specific isomeriza
tion of citrate to threo-Ds-isocitrate such that the 
secondary hydroxyl group is bound to that part of 
the citrate molecule that arises from oxaloacet
ate. The enzyme from invertebrates has been lit
tle investigated, but the aconitase from the hepa
topancreas of the oyster Crassostrea virginica 
appears to be very similar to the rat liver enzyme 
[156]. 

The isocitrate dehydrogenases (IDH) catalyse 
the oxidative decarboxylation of isocitrate to 2-
oxoglutarate. Two IDH types can be distinguished 
in vertebrates, insects and molluscs: the NAD
specific IDH from the mitochondria, and the 
NADP-specific IDH, which in animals is present 
as different cytosolic and mitochondrial isoenzy
meso The intracellular distribution of the two 
enzyme types led to the idea that the NADP-IDH 
is not really an enzyme of the citric acid cycle but 
delivers NADPH for biosynthetic purposes. And, 
in fact, flight-muscle mitochondria, for example, 
contain much more NAD-IDH than NADP
IDH; this corresponds to the lower concentration 
of NADPH in these mitochondria. Furthermore, 
NAD-IDH in insects and mammals is part of a 
constant proportion group together with malate 
dehydrogenase and cytochrome oxidase, whereas 
NADP-IDH shows very variable activities rela
tive to these enzymes of energy-yielding metabol
ism [22]. However, in many cells the NAD
specific IDH has a much lower activity than that 
of the NADP-IDH, for example in vertebrate car
diac muscle, avian breast muscle, the red muscle 
and liver cells of fish, and the muscles of annelids, 
molluscs, crustaceans, xiphosurans and parasitic 
intestinal worms (Table 18.2) [9, 115]. The 
mantle muscle and hepatopancreas of the edible 
mussel Mytilus edulis contains almost exclusively 
NADP-IDH [143], whilst both types could be 
isolated from the shell-adductor muscle [79]. The 
NAD-specific enzyme is completely absent from 
the turbellarian Polycelis nigra and the proto
zoans Trypanosoma cruzi, Leishmania sp. and 
Tetrahymena pyriformis [23, 41, 101, 157]. As 
there is still a functioning citric acid cycle in these 
animals, it can be assumed that the mitochondrial 
NADP-IDH has the appropriate activity. The 
problem that the respiratory chain can only 
reoxidize NADH is solved by an NADPH:NAD+ 
transhydrogenase, which is known from the mito
chondria of mammals, fish, insects and parasitic 
worms [22]. It has been demonstrated that the 
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cytoplasmic NADP-IDH, for example, in the 
mantle tissue and hepatopancreas of the edible 
mussel, in the fly Drosophila and in vertebrates, 
together with glucose-6-phosphate dehydroge
nase, 6-phosphogluconate dehydrogenase and 
malic enzyme, produces NADPH for the biosyn
thesis of fatty acids and sterols. 

In contrast to the NADP-IDH, the NAD-IDH 
has marked regulatory properties and is probably 
the most important regulation enzyme of the 
citric acid cycle. ADP strongly stimulates the 
NAD-IDH of, for example, vertebrates, insects 
and mussels, and this effect may be such that no 
enzyme activity is measurable in the absence of 
ADP; ATP is inhibitory [20, 22, 79]. Ca2+ activa
tes the NAD-IDH from the cardiac muscle of 
mammals, birds, amphibians and fish, but not 
from insect flight muscle, higher plants or bacte
ria [105]; in fact, there is evidence that Ca2+ inhi
bits the insect enzyme [22]. Ca2+ regulation of 
NAD-IDH, like that of 2-oxoglutarate dehydro
genase, is apparently a novelty of vertebrate 
evolution. It allows the hormonal regulation of 
the citric acid cycle with Ca2+ as the secondary 
messenger without the far-reaching effects of a 
change in the ATP:ADP ratio or NADH:NAD+ 
ratio [105]. NADP-IDH usually shows no allos
teric properties, although it has been reported 
that the enzyme from the hepatopancreas of the 
edible mussel is inhibited, in order of effective
ness, by ATP > ADP > AMP [143]. 

18.1.3 The Citric Acid Cycle Between 
2-0xoglutarate and Oxaloacetate 

The 2-oxoglutarate dehydrogenase of the mam
mals is a multi-enzyme complex, similar to that of 
pyruvate dehydrogenase, which requires CoA, 
NAD+, Mg2+ and thiamine pyrophosphate, is sti
mulated by ADP and is inhibited by ATP and 
arsenite. The rather scarce comparative data 
show similar characteristics for the cardiac en
zyme complex of the mammals, birds, amphibi
ans and fish as well as of various insects and the 
gills of the mussel Modiolus demissus. In con
trast, the activation of 2-oxoglutarate dehydroge
nase by Ca2+, like that of NAD-IDH, is restricted 
to the vertebrates [22, 105, 128]. There are also 
few comparative biochemical data for the subse
quent enzymes of the citric acid cycle. Succinate 
thiokinase catalyses a substrate phosphorylation. 
The mammalian enzyme is specific for GDP or 
IDP and shows little activity with ADP. On the 
other hand, the enzyme isolated from the flight 

muscle of the fly Calliphora erythrocephala pre
fers ADP [22]. Of the two succinate thiokinases 
isolated from Trypanosoma brucei, one is ADP 
specific and the other GDP specific [70]. Succin
ate dehydrogenase is a component of the respirat
ory chain and will be discussed below together 
with fumarate reductase, which in anaerobic 
metabolism catalyses the opposite reaction. 
Fumarase is a highly conserved enzyme in evolu
tion; the human and porcine liver enzymes agree 
in 96 % of their 466 amino acids [145]. The cyto
plasmic and mitochondrial fumarases of the rat 
liver are encoded by the same gene; however, the 
mRNA of the mitochondrial enzyme codes for an 
additional N-terminal sequence of 41 amino acids 
[165]. 

There is relatively more information about 
malate dehydrogenase (MDH). This catalyses the 
reversible oxidation of malate to oxaloacetate 
and is strictly NAD specific in all animals. Most 
eukaryotes possess two types of MDH, mito
chondrial (mMDH) and cytoplasmic (cMDH); 
MDH is also found in the glycosomes of Trypano
soma cruzi and Leishmania mexicana [23, 114]. 
Whereas mMDH is an enzyme of the citric acid 
cycle, the function of cMDH lies in the supply of 
NADH for cytoplasmic biosynthetic processes, 
such as gluconeogenesis and lipid synthesis, and 
in preparations for the transport of reduction 
equivalents across the mitochondrial membrane 
(malate/aspartate shuttle). In anaerobic metabol
ism, the NADH produced by glyceraldehyde 
phosphate dehydrogenase is reoxidized by cMDH 
(p. 550). The cMDH and mMDH of all eukaryo
tes are dimers with subunits of 33-35 kDa; the 
MDHs of 33-39 kDa isolated from Leishmania 
probably arise by dissociation of dimers [114]. 
The ciliate Tetrahymena pyriformis is again an 
exception in that both its MDH isoenzymes are 
tetramers of 122 kDa and are of a type that is 
otherwise found only in Gram-positive bacteria; 
the kinetic properties of the Tetrahymena enzyme 
also correspond more to those of the bacterial 
MDH [42]. 

All these enzymes are homologues; even the 
bacterial MDH and the NADP-specific MDH 
from the chloroplasts of higher plants belong to 
the same protein family [48]. The genes of murine 
mMDH and cMDH have a similar organization 
with nine exons [155]. The pre-mMDH of the 
mouse consists of the 314 amino acids of the 
mature enzyme and a signal sequence (leader) of 
24 amino acids; this is typical of a mitochondrial 
enzyme and includes three basic but no acidic or 
hydrophobic residues. The sequence agreement 
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between the enzymes from the mouse and the pig 
is 95 % for mMDH and 93 % for cMDH (334 
amino acids), but mMDH and cMDH of the 
mouse have only 23 % common amino acids. 
Rather surprisingly, the agreement between the 
mouse cMDH and the MDH from Thermus fla
vus, and the agreement between the mouse 
mMDH and the MDH from Escherichia coli, are 
greater than that between the two mouse isoenzy
mes [73, 74]. 

Reptiles, birds and mammals have only one 
cMDH locus; in contrast, most fish and amphibi
ans have two cMDH loci, the products of which 
form a three-banded pattern of two homodimers 
and one heterodimer. Two cMDH loci are already 
found in the cartilaginous fish and apparently 
even in the acranian Branchiostoma lanceolatum 
and the ascidian Ciona intestinalis. Several poly
ploid species or species hybrids of the teleosts 
have as many as three or four cMDH loci. In the 
teleost Leiostomus xanthurus the homodimer AA 
is more temperature stable and corresponds to 
the cMDH of the higher vertebrates; BB, on the 
other hand, is less temperature stable but has a 
higher activity at lower temperatures [152]. Sev
eral electrophoretically distinct MDHs are also 
usually found in parasitic trematodes, cestodes 
and nematodes; for example, the canine round
worm Toxocara canis and the porcine roundworm 
Ascaris suum have three cMDHs and one 
mMDH, although these differ little in their func
tional properties [100]. 

18.2 Carhoxylases 

18.2.1 Pyruvate Carboxylase 

Pyruvate carboxylase (PC) catalyses the forma
tion of oxaloacetate from pyruvate (Fig. 18.2c). 
It is always located in the mitochondria, and in 
mammals has the structure of a tetramer of about 
500 kDa with four biotinyl groups [81]. In verteb
rates, PC is found especially in the liver and 
kidney, but also occurs in the fat tissue, brain and 
adrenal gland; in insects, it is present in the fat 
body [22]. Its main function in these organs is 
probably the provision of oxaloacetate for gluco
neogenesis and other biosynthetic processes. PC 
is absent from vertebrate skeletal muscle, but is 
found in the cardiac muscle of the frog and rat 
and has a high activity in the flight muscles of 
insects, where oxaloacetate is required for the 
activation of the citric acid cycle [22]. In the fla-

gellate Leishmania donovani from the Kineto
plastida, PC has an activity that is 30- to 50-fold 
higher than that of citrate synthase, and it serves 
to metabolize part of the pyruvate formed in gly
colysis to succinate via oxaloacetate, malate and 
fumarate; phosphoenolpyruvate carboxykinase 
(PEPCK) is not present [101]. Crithidia fascicu
lata from the same group of flagellates has some 
PC activity, but the carboxylation step in suc
cinate production is probably carried out by 
PEPCK; finally, Trypanosoma cruzi has no PC 
activity at all but does have an active PEPCK 
[23]. All PCs examined are only active in the pres
ence of acetyl-CoA, which increases the affinity 
for HC03- and ATP [57,81]. The ciliate Tetra
hymena pyriformis also has no PC and, as in 
plants, the anaplerotic function is taken over by a 
phosphoenolpyruvate carboxylase, a nucleotide
dependent enzyme that carboxylates phospho
enolpyruvate (PEP) to oxaloacetate. PEP carbox
ylase, like PC, is activated by acetyl-CoA. Flagel
lates of the genus Leishmania also possess a PEP 
carboxylase [101, 157]. 

18.2.2 Phosphoenolpyruvate Carboxykinase 

The direction of the reversible reaction catalysed 
by PEPCK varies according to the function 
(Fig. 18.2a). In gluconeogenesis, the enzyme has a 
decarboxylating action and in cooperation with PC 
brings about the production of phosphoenolpyruv
ate from pyruvate. In specialized anaerobes and in 
many protozoans, PEPCK catalyses the carboxyla
tion step in the metabolic pathway from the C3 

compound phosphoenolpyruvate to the C4 com
pound succinate. The reasons for the different 
directions of the PEPCK reaction, for example in 
vertebrates and parasitic worms, were discussed on 
p. 550. PEPCK in the vertebrate liver serves in glu
coneogenesis, and has higher activity with GDP/ 
GTP than with IDPIITP. Depending upon the spe
cies, the enzyme is found exclusively in the cytosol, 
e.g. in the rat, mouse and golden hamster, or 
almost entirely in the mitochondria, as in the rabbit 
and chicken, or equally distributed between the 
two compartments, as in humans, cattle, sheep, 
pigs, guinea-pigs, and the frog Rana catesbeiana 
[53,57, 121]. The PEPCKs from mammalian liver 
cytoplasm and mitochondria differ in their struc
tural, immunological and kinetic properties 
[51, 57]. The only sequence so far recorded is that 
of the 622 amino acids of the chicken PEPCK [31]. 

The two isoenzymes in the frog and tad
pole liver are identical immunologically and 



increase in parallel during spontaneous or 
triiodothyronine-induced metamorphosis. In 
vitro tracer experiments show that both are taken 
up into intact mitochondria and are therefore the 
same enzyme, corresponding apparently to the 
mitochondrial mammalian type [53]. The enzyme 
from the shark Squalus acanthias is 90 % mito
chondrial and differs from all other PEPCKs in its 
low substrate affinity (Km = 1 !A. mollI) and its 
activation by urea [75]. The tapeworm Moniezia 
expansa also possesses cytoplasmic and mito
chondrial PEPCKs which are very similar, if not 
identical [9). In contrast, the PEPCK in the 
nematodes Ascaris lumbricoides and Turbatrix 
aceti is predominantly cytoplasmic. The Ascaris 
enzyme, like that of the mammals, has a mass of 
about 65 kDa but differs from the latter in having 
a higher activity with IDP than with GDP [9). 
PEPCK is localized in the glycosomes of the fla
gellates Trypanosoma cruzi, T. brucei and Leish
mania mexicana [114]. The enzyme from T. brucei 
shows significant homology to the enzymes from 
bakers' yeast and E. coli, but no sequence similar
ity to the PEPCK from the rat, chicken or Droso
phila [126]. 

18.2.3 Malic Enzyme 

The reaction of the malic enzyme (ME) is, in 
principle, bidirectional (Fig. 18.2b). However, 
most MEs are much more active in decarboxyla
tion than in the opposite direction. The only 
exception is that the activities with pyruvate and 
malate are equally high, for example for the cyto
plasmic ME of the abdominal muscle of the 
prawn Crangon crangon [13]. All MEs require 
divalent metal ions such as Mn2+ or Mg2+. Most 
prefer NADP as the coenzyme, but many mito
chondria also have NAD-specific enzymes. 
NADP-specific MEs are also found in the cyto
plasm of many vertebrates and invertebrates; the 
NAD-specific enzyme is always mitochondrial. 
NADP-specific MEs show only little activity with 
NAD+ but the coenzyme specificity of the 
"NAD-specific" type is not so strict and these are 
better referred to as NAD(P) specific [168]. For 
example, the NAD-specific MEs from various rat 
organs show with NADP+ 62-71 % of the activity 
achieved with NAD+, and the ME from the flight 
muscle mitochondria of the beetles Catharius sp. 
and Leptinotarsa decemlineata shows 30-40 % 
[67, 176). In addition, the coenzyme specificity, 
like the kinetic properties of the ME, is depen
dent upon the divalent metal ion involved; for 
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example, the NAD(P)-specific MEs of various 
mammals and insects are active with NADP only 
in the presence of Mn2+ but not of Mg2+ [176]. 

NADP- and NAD-specific MEs vary widely in 
their species- and organ-specific distribution. In 
the rat, they have approximately equal activity in 
the testis and lung, the NADP type predominates 
in the brain, heart, kidney and muscle, and the 
NAD type predominates in the small intestine, 
spleen and thymus; the liver lacks both activities. 
In contrast, cardiac muscle mitochondria of the 
rabbit, guinea-pig, pigeon and rainbow trout and 
the breast muscle of the pigeon have both types 
together [158]. The NADP-specific MEs of ver
tebrate red muscle are mainly located in the mito
chondria and those of white muscle in the cyto
plasm. The main function of the cytosolic ME is 
probably the production of NADPH for biosyn
thetic purposes. The function of the mitochond
rial NADP-specific ME is less clear but may 
include the production of pyruvate. This enzyme 
is commonly found in tissues that show a high rate 
of cell renewal [98]. 

In insects, the NADP-specific enzyme is found 
mainly in fat bodies and the NAD-specific 
enzyme occurs in flight muscles [23]. In insect 
flight muscles that are specialized in the utiliza
tion of proline, the NAD-specific ME makes 
available pyruvate as the acceptor for the trans
amination reaction (see Fig. 12.6, p.421). The 
enzyme from the beetles Catharius sp. and Lepti
notarsa decemlineata has been isolated and cha
racterized [67, 176]. The NADP-specific ME 
from the abdominal muscle of the prawn Crangon 
crangon is exclusively cytoplasmic, and that of 
the crayfish Orconectes limosus is predominantly 
mitochondrial [13, 159]. In the mitochondria of 
animals which are specialized for anaerobic 
energy extraction, ME catalyses the oxidative 
partial reaction of the dismutation of malate to 
pyruvate and succinate (p. 551). These MEs are 
NAD specific in the parasitic nematodes and 
some tapeworms, but NADP specific in other 
cestode species and various annelids. The NAD
specific MEs of the roundworms Ascaris lumbri
co ides and Toxocara canis have been isolated and 
characterized [9, 45]. 

The MEs are tetramers with a molecular mass 
usually of the order of 260 kDa [13, 67, 158]. 
There are only a few exceptions: 130 kDa for the 
two MEs from the flagellate Trypanosoma cruzi 
[23], 190 kDa for the NAD-specific ME from 
trout heart [158], 220 kDa for the NAD-specific 
ME from the flight muscles of the potato beetle 
[176], and 320 kDa for the liver ME of the teleost 
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Dicentrarchus labrax [98]. The ME gene of the 
rat is unusually large at 95 kb and contains 
introns of> 15 kb [112]. In contrast to that of the 
cytoplasm, the mitochondrial ME from the musc
les of vertebrates and arthropods shows coopera
tivity that is dependent upon the pH and divalent 
metal ions. The Hill constant of the ME from the 
abdominal muscle of the crayfish Orconectes 
limos us increases from 1.1 to 1.8 between pH 7 
and 8. The NAD-specific ME from the flight 
muscle of the beetle Catharsius sp. shows a lower 
cooperativity, but a higher substrate affinity with 
Mn2+ than with Mg2+ [67]. All MEs are inhibited 
by oxaloacetate and ATP and many are also inhi
bited by succinate, ADP and AMP [67, 1~6]. 
Depending upon their functional roles, the mIto
chondrial and cytoplasmic MEs may respond 
rather differently. In the flagellate Trypanosoma 
cruzi, the cytoplasmic ME-II is only slightly in~i
bited by oxaloacetate (Ki = 90 Ilmol/l) , and ~s 
even stimulated by succinate and aspartate; It 
apparently serves in the degradation ?f excessi:e 
C4 acids such as aspartate. The mitochondnal 
ME-I has a much higher affinity for oxaloacetate 
(Ki = 9 Il mol/l) and is probably involved in the 
citric acid cycle and succinate formation [23]. 

Carbohydrate 
synthesis 

I 
o 
II 

H3C-C~CoA 

Acetyl-CoA 

18.3 The Glyoxylate Cycle 

In addition to the typical citric acid cycle enzymes 
citrate synthase, aconitase and malate dehydroge
nase, the glyoxylate cycle (Fig. 18.4) includes two 
further enzymes: isocitrate lyase, which rever
sibly cleaves isocitrate to succinate and glyoxyl
ate, and malate synthase, which produces malate 
from glyoxylate and acetyl-CoA. This pathway 
circumvents the decarboxylation steps of the 
citric acid cycle, on balance produces one succin
ate from two acetyl-CoAs, and allows the conver
sion of fatty acids to carbohydrates. The glyoxyl
ate cycle is widely found in bacteria, yeast, fern 
spores and plant seeds. In the animal ~ingdom, 
the enzymatic prerequisites for a functIonal gly
oxylate cycle are found in the protozoans Tetrahy
mena pyriformis and Leishmania sp., sev~ral 

parasitic and free-living nema~odes, the hve~ 
fluke Fasciola hepatica, the manne mussel PetYl
cola pholadiformis and the tick Hyalomma dro
medarii [12, 27, 122, 173]. In the vertebrates, fol
lowing some rather doubtful reports, e.g. for. the 
bladder of the toad Bufo marin us , a potentIally 
functional glyoxylate cycle has been found in the 
rat liver and in the brown fat of the black bear 
[32, 33]. All attempts to demonstrate the glyoxyl
ate cycle in insects and other arthropods have so 
far failed. In all cases, only one or the other of the 
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~C02 Fig.18.4. The glyoxylate cycle produces, on 
balance, one oxaloacetate from two acetyl
CoA residues, and thereby allows the net syn
thesis of carbohydrates from fatty acids. In . 
addition to enzymes of the citric acid cycle, It 
requires two further enzymes: 1, isocitrate 
lyase; and 2, malate synthase 



18.4 Electron Transport and Oxidative Phosphorylation 695 

two key enzymes was found to be present at low 
levels, e.g. isocitrate lyase in Prodenia eridania 
and Tribolium confusum, and malate synthase in 
Aedes solicitans and Periplaneta americana; the 
complete cycle was never present. Isocitrate lyase 
has even been isolated from the eggs of the tick 
Hyalomma dromedarii [22,27, 77]. Attempts to 
demonstrate a functional glyoxylate cycle by tra
cer experiments suffer from the problem that, 
because of the stereo-specificity of the aconitase, 
the carbon from acetyl-CoA is incorporated into 
oxaloacetate and glucose without any increase in 
their net synthesis. 

In the roundworm Ascaris lumbricoides, inten
sive gluconeogenesis from stored lipids occurs 
between days 10 and 25 of development; both the 
enzymes of the glyoxylate cycle and PEPCK oper
ate at their maximum activities during this time. 
At present, it is only possible to speculate about 
the biological importance of the glyoxylate cycle 
in this case; it is possible that it functions in the 
preparation of carbohydrate reserves required 
during migration of the larvae in the body of the 
host. However, in contrast to Ascaris, the adults 
of free-living nematodes also have a functioning 
glyoxylate cycle. In the vinegar threadworm Tur
batrix aceti, the cycle may be involved in the util
ization of the acetic acid in the natural environ
ment; in starving animals of this species and in 
Panagrellus redivivus gluconeogenesis takes place 
at the expense of stored lipid. In response to 
induced anhydrobiosis, Aphelenchus avena pro
duces large amounts of trehalose and glycerol 
from lipids via the glyoxylate cycle [99]. The gly
oxylate cycle in the liver fluke Fasciola hepatica 
may utilize ketogenic amino acids from the host's 
blood to replenish the large carbohydrate reser
ves which make up 15-20 % and 32 % of the live 
weight of adults and eggs, respectively [27]. 

The glyoxylate cycle in Ascaris and Turbatrix 
aceti is not localized, as in plants, in special cell 
organelles (glyoxysomes) but is found together 
with the citric acid cycle in the mitochondria. Iso
citrate dehydrogenase and isocitrate lyase thus 
compete for the same substrate. The NADP
specific isocitrate dehydrogenase has a higher 
activity and substrate affinity than the lyase and 
must, therefore, be down-regulated so long as the 
glyoxylate cycle is to function. Several inhibitory 
mechanisms have been proposed: the concerted 
effects of oxaloacetate and glyoxylate, phospho
rylation of the enzyme, or an increase in the ratio 
NADPH:NADP+ [137]. The nematode Caeno
rhabditis elegans is reported to contain special 
organelles which are comparable with the glyoxy-

somes of higher plants [27, 173]. Acetate can be 
exploited in gluconeogenesis by the ciliate Tetra
hymena, and here the isocitrate lyase and malate 
synthase are located in the peroxisomes. Whereas 
the plant glyoxysomes contain the full comple
ment of enzymes for the glyoxylate cycle, the 
Caenorhabditis glyoxysomes and the Tetrahymena 
peroxisomes lack citrate synthase, aconitase and 
malate dehydrogenase, and they must therefore 
function in cooperation with the mitochondria 
[27, 173]. Flagellates of the genus Leishmania 
possess isocitrate lyase and malate synthase but 
citrate production is so low in this case that the 
glyoxylate cycle is probably of little importance 
[101]. Of the two key enzymes of the glyoxylate 
cycle, only the isocitrate Iyases of some nemato
des have been characterized in any detail. Five 
forms can be separated in Turbatrix aceti; these 
range from tetramers of 480 kDa to monomers 
of 123 kDa. The enzyme from Caenorhabditis 
elegans has a mass of 256 kDa and that of Ascaris 
lumbricoides a mass of 214 kDa. All isocitrate 
lyases require Mg2+ and are specific for threo-Ds-

isocitrate; they are not active with the threo-Lg 
[27]. 

18.4 Electron Transport and Oxidative 
Phosphorylation 

The inner mitochondrial membrane contains a 
series of electron-transporting proteins which, 
according to the chemiosmotic theory, are ener
getically coupled to ATP synthesis by an electro
chemical proton gradient. The energy conversion 
system of the mitochondria and the correspond
ing systems in the thylakoid membranes of chlo
roplasts and the cell membranes of bacteria are 
the most complicated multi-enzyme systems 
known. Amongst the animals, the mitochondria 
of bovine hearts have been most intensively exa
mined. The inner membranes of these mito
chondria consist of 70 % protein and 30 % lipid, 
of which 40 % is phosphatidy1choline, 35 % phos
phatidylethanolamine and 15 % cardiolipin. The 
enzymes of electron transport and oxidative phos
phorylation comprise approximately half of the 
membrane proteins, and of the remaining prote
ins many are involved, for example, as transport 
proteins and dehydrogenases in energy-yielding 
metabolism [54]. The energy-conversion system 
of the mitochondrial membrane can be divided 
into five functionally independent multi-enzyme 
complexes (Table 18.3). Complexes I, III and IV 
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Table 18.3. The functional complexes of the respiratory 
chain and oxidative phosphorylation [28, 38, 118] 

Subunits Prosthetic groups 

I NADH:coenzyme Q 16-25 1FMN 
oxidoreductase 16-24 non-haem 

irons 
(5-6 centres) 

II Succinate:coenzyme Q 4 1 FAD 
oxidoreductase 8 non-haem irons 

(3 centres) 
Ubiquinone 

III Coenzyme Q: 6-8 2 b-type haems 
cytochrome c 
oxidoreductase 1 c-type haem 

2 non-haem irons 
(1 centre) 

Cytochrome c 

IV Ferrocytochrome c: O2 6-7 2 a-type haems 
oxidoreductase 2 Cu 

V ATP synthase 12 

make up the electron transport system (ETS) 
together with ubiquinone (coenzyme Q) and 
cytochrome c; this is also known as the respirat
ory chain. Strictly speaking, the succinate: coen
zyme Q oxidoreductase (complex II) does not 
belong to the ETS but, like other enzymes of the 
inner mitochondrial membrane, plays a support
ive role in that it transfers electrons from the sub
strate to coenzyme Q, but without taking part in 
the formation of the proton gradient [38, 124]. 
The ATP synthase constitutes complex V [54]. 
The individual complexes are typical integral 
membrane proteins which undergo diffusion 
motion at the membrane level; thus, their organ
ization can only be represented schematically 
(Fig. 18.5). Of a total of about 60 different poly
peptides making up the five complexes, 13 are 
encoded by mtDNA (p. 52). 

In the first part of the respiratory chain, the 
redox centres are quinoid structures (FMN, FAD, 
ubiquinone) and Fe/S clusters, and in the latter 
part of the chain they are the haem iron of cyto
chrome and protein-bound copper. Four main 
groups of cytochromes (a-d) can be distinguished 
on the basis of the structure of the prosthetic 
haem group and their protein bonds (Fig. 18.6). 
Cytochromes of the b group contain proto
haem IX, as is found in haemoglobin; in the 
haem group of the a cytochromes, the protohaem 
methyl group on C-18 is replaced by a formyl resi
due and the vinyl group on C-3 is replaced by a 
methyl-branched side-chain. All the cytochromes 
with covalent bonds between the haem side-

~ __ ~/ NADHINAD+ 

- Succinate 

ADP+Pj 

ATP 

Fig.18.5. The organization of complexes J-V of electron 
transport and oxidative phosphorylation in the inner mito
chondrial membrane can only be shown schematically 
[118]. The dashed line shows electron transport and the 
continuous lines show proton transport. Q, Coenzyme; C, 
cytochrome c 

chains and the protein are classified as c cyto
chromes. The cytochromes of the d group contain 
a dihydroporphyrin (chlorin) as the prosthetic 
group; the presence of d cytochromes, which are 
widespread in bacteria, has often been claimed in 
various protozoans but has never been unambigu
ously demonstrated. In general, the different 
cytochromes are identified by their spectral prop
erties; particularly sharp spectra are obtained by 
cooling the cytochromes to 77 K in liquid nitro
gen, although the spectra thereby obtained are 
shifted about 3 nm towards shorter wavelengths. 
The cytochromes, like the haemoglobins, show 
three absorption bands (a, ~ and Soret bands). 
For the exact designation of the individual 
cytochromes, either a number is added to the 
group letter (e.g. cytochrome bs and Cl) or the 
position of the a band at room temperature is 
given (e.g. cytochrome b-566). The general 
agreement of the cytochrome spectra from bovine 
heart, the oligochaete Tubifex sp. and yeast 
clearly shows the conservative evolution of the 
respiratory chain [72]. The cytochrome variants 
found in some protozoans and specialized anaero
bes will be discussed below. 

18.4.1 Complexes I-III 

Complex I (NADH:coenzyme Q oxidoreductase) 
is probably the most complicated and, up to now, 
the least well-known part of the respiratory chain. 
The isolation of an intact complex I has so 
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HO-CH 

Fig.18.6. The prosthetic groups of the three cytochrome 
types of animals. R is a multiply methyl-branched hydro
carbon chain, the structure of which is shown in different 
ways in current textbooks 

far only been achieved from bovine heart; 
inserted into an artificial membrane, this proved 
capable of proton translocation. Immunopreci
pitation with antibodies against the whole of com
plex I has led to the isolation of about 25 differ
ent polypeptides. Using the same method, com
plexes from human, rat and rabbit liver have been 
isolated; these have a similar polypeptide spect
rum to that of the bovine heart complex [28, 178]. 

Further pathways of electron transfer lead to 
coenzyme Q with the participation of flavoprote
ins but without the translocation of protons; these 
include the succinate: coenzyme Q oxidoreduc
tase (complex II) and the electron-transferring 
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flavoproteins of fatty acid B-oxidation, which 
are associated with the matrix side of the inner 
mitochondrial membrane, and glycerol-3-
phosphate:coenzyme Q oxidoreductase, which 
lies at the outer side of the membrane and thus 
has access to substrates in the cytoplasm. Succin
ate dehydrogenase, which is usually assigned to 
the citric acid cycle, should not be considered as 
an independent enzyme as it is only active when 
isolated with artificial acceptors, such as ferricya
nide or phenazine me tho sulphate (PMS). The 
natural functional unit that is competent for elec
tron transfer to coenzyme Q is complex II, which 
consists of four different polypeptides (Tab
le 18.3). Two of these make up succinate dehyd
rogenase, which is structurally similar in all pro
karyotes and eukaryotes; these are a 70-kDa pro
tein with an FAD and four FelS clusters and a 27-
kDa protein with a further three FelS clusters. 
The two smaller proteins of complex II, with 
masses of 15.5 and 13.5 kDa, are encoded in the 
chromosome and form cytochrome b-560. This is 
not the same as the cytochrome b from com
plex III, which is encoded by mtDNA. 

The NADH-specific fumarate reductase that is 
active in the succinate pathway of anaerobic 
metabolism includes not only a succinate: coenzy
me Q oxidoreductase but also an NADH:coenzy
me Q oxidoreductase and is, therefore, compe
tent for proton translocation (see Fig. 14.11, 
p.551). The complex II isolated from Ascaris 
suum contains cytochrome b-558; in the presence 
of the NADH:cytochrome c oxidoreductase 
(complexes I and III), cytochrome b-558 is 
reduced with NADH and reoxidized with fumar
ate. The relative activities of complexes II and III 
in the mitochondria of Ascaris are 20:1 and in rat 
liver mitochondria are 1:5. In Ascaris, the coen
zyme Q involved in electron transfer between 
NADH and cytochrome b-558 is rho do quinone 
(Fig. 18.7b), the more negative redox potential of 
which is responsible for the fact that fumarate is 
reduced and succinate is not oxidized. The fumar
ate reductases from other parasites, molluscs and 
oligochaetes and from mammalian heart also con
tain cytochrome b [82, 166]. 

Coenzyme Q of the mitochondrial respiratory 
chain introduces electrons into complex II, not 
only from the NADH of complex I but also from 
various other substrates. In vertebrates, the sub
strate is ubiquinone-lO (with ten isoprene units in 
the side-chain), although ubiquinones with shor
ter side-chains function equally well and are pre
ferred in experimental studies because of their 
higher water solubility [118]. Ubiquinones with 
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shorter or longer side-chains are common in 
protozoans and invertebrate metazoans, e.g. 
ubiquinone-8 in Plasmodium lophurae, and 
ubiquinone-9 in various Crithidia and Trypano
soma species and the nematode Metastrongylus 
elongatus. Instead of ubiquinone, the tapeworm 
Moniezia expansa, the roundworm Ascaris lumb
rico ides and several other cestodes and nemato
des have rho do quinone (Pig. 18.7b), which is 
unknown in the mammals; both ubiquinone and 
rho do quinone are found in the larvae of the tri
china Trichinella spiralis and in various other lar
val and adult nematodes [9]. The specificity of 
complex I for NADH results in the indirect 
coupling of NADPH to the respiratory chain. The 
responsible enzyme is an NADP+:NADH trans
hydrogenase which catalyses the following reac
tion: 

NADP+ + NADH ~ NADPH + NAD+. (18.2) 

This enzyme is located in the inner mitochondrial 
membrane and can translocate protons. The 
formation of NADPH requires energy which ori
ginates in the electrochemical proton gradient. 
The transhydrogenase isolated from bovine heart 
is a homodimer with subunits of 109 kDa. The 
subunits carry 14 transmembrane segments in 
their sequence of 1043 amino acids and are homo
logous to the enzyme from E. coli. The NAD
binding site at the N-terminus and the NADP
binding site at the C-terminus lie outside of the 
inner mitochondrial membrane in the mitochond
rial matrix [180]. In some animals that utilize the 
succinate pathway of anaerobic metabolism, e.g. 
the rat tapeworm Hymenolepis diminuta and the 
annelids Arenicola marina and Tubifex sp., the 
mitochondrial malic enzyme (ME) produced 
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Fig. 18.7a, b. Coenzyme Q [9]. a Ubiquinone; b rhodoqui
none; n gives the number of isoprene subunits in the side
chain 

mainly NADPH; in this case the transhydroge
nase connects the ME with the NADH-specific 
fumarate reductase. However, ME is NAD spe
cific in the roundworm Ascaris lumbricoides and 
the liver fluke Fasciola hepatica. The transhydro
genase present in the liver fluke probably func
tions in the production of NADPH as in the mam
mals; Ascaris has no transhydrogenase activity. 

Complex III (coenzyme Q: cytochrome c oxi
doreductase) from the bovine heart consists of 
ten subunits: two core proteins, cytochromes b 
and Ch an iron-sulphur protein, a ubiquinone
binding protein (QP-C) , a hinge protein, and 
three subunits with lower molecular masses. Simi
lar patterns are found for the mitochondria of 
other mammals, birds and the tuna fish Thunnus 
thynnus [39, 164]. Various models that have been 
developed for electron transfer through com
plex III and the associated proton translocation 
assume electron transfer from reduced ubiqui
none, on the one hand via the PelS protein and 
cytochrome Cl to cytochrome c, and on the other 
hand via cytochrome b-566 to b-562. The Rieske 
Fe/S protein (named after its discoverer) carries a 
2 Pe/2 S cluster near the C-terminus of its chain of 
196 amino acids; it is responsible for electron 
transport between ubiquinone and cytochrome Cl 

[148]. Cytochrome Cl consists of two polypepti
des, the sequences of which are known in the case 
of bovine heart. A 27.9-kDa protein of 241 amino 
acids carries the haem group bound covalently to 
37-Cys and 40-Cys; the smaller 9.2-kDa protein 
with 78 amino acids is remarkable in that posi
tions 5-12 are occupied by eight consecutive glu
tamate residues. The latter protein is responsible 
for the interaction between cytochromes c and Cl. 

The two haem groups of cytochrome b have dif
ferent spectral and functional properties, but sit 
on the same mtDNA-encoded polypeptide chain 
of 43 kDa with eight transmembrane domains. 
The cytochrome b forms from various vertebra
tes, Drosophila, Trypanosoma, higher plants, yeast 
and bacteria are remarkably homologous [63]. 

18.4.2 Cytochrome c 

Cytochrome c is a small haem protein of only 
13 kDa which functions in electron transport from 
complex III to cytochrome oxidase (complex IV). 
Because of its ubiquitous distribution, small size 
and simplicity of isolation this was the first protein 
for which systematic sequence comparisons were 
carried out and the construction of a molecular 
genealogical tree attempted (Table 18.4). The 



Table 18.4. Species for which the complete sequence of 
cytochrome c is known [4,68, 111] 

18 Mammals 
7 Birds 
2 Reptiles (Chelydra serpentina, Cortalus adamanteus) 
1 Amphibian (Rana catesbeiana) 
2 Teleosts (Thunnus thynnus, Katsuwonus wagrans) 
1 Elasmobranch (Squalus sucklii) 
1 Agnathan (Entosphenus tridentatus) 

1 Echinoderm (Asterias rubens) 
1 Mollusc (Helix aspersa) 
1 Crustacean (Macro brachium malcomsonii) 
8 Insects 
1 Annelid (Eisenia foetida) 
1 Ciliate (Tetrahymena pyriformis) 
2 Flagellates (Euglena gracilis, Crithidia oncopelti) 

26 Plants 
8 Fungi 
6 Prokaryotes 

polypeptide chain of cytochrome c consists of 
103-104 amino acids in the vertebrates, 104-107 
amino acids in insects, 107-109 amino acids in 
yeast and lower fungi, and 111-112 amino acids 
in higher plants. Among all the sequences known 
36 positions are invariant and the majority 
of amino acid substitutions are conservative 
(Fig. 18.8). Amino acids 14-Cys and 17-Cys are 
bound to side-chains 2 and 4 of the haem via 
covalent thioether bonds; interaction of the haem 
iron with 80-Met and 18-His prevents the mol
ecule reacting with 02, CO or other ligands. The 
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tertiary structures of all cytochrome-c species 
known are the same, and show the same high 
degree of conformational change in the transition 
from the reduced to the oxidized state. Cytochro
me c is a very conserved protein in evolutionary 
terms; the cytochromes from yeast and horse 
differ by only 48 amino acids, and complete 
sequence agreement is found between the 
chicken and turkey, between the pig, cow and 
sheep, and between humans and the chimpanzee. 
The low rate of evolution of cytochrome c (see 
Table 4.12, p. 161) is due to the fact that it must 
interact functionally with two different muIti
enzyme complexes of the respiratory chain. Clo
ser analysis of the functional restrictions has 
been carried out with natural and synthetic 
cytochrome-c fragments, but the details of this 
cannot be presented here [129]. 

In the reduced state, cytochrome c of the 
trypanosomes has an absorption maximum 
of 556-558 nm compared with the normal 
550-552 nm. This is apparently due to loss of one 
of the two thioether bonds between the haem and 
the apoprotein [44]. In contrast to the cytochro
mes from the Metazoa, that of the insect-parasitic 
flagellate Crithidia oncopelti is highly methyl
ated; this begins at the N-terminus with a dime
thylproline and includes trimethyllysine at positi
ons 8 and 72 (numbered as for vertebrate cyto
chrome). A cytochrome-c methyItransferase has 
been isolated from this unicellular species [172]. 
The cytochrome c of the American bullfrog Rana 
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catesbeiana is unique in that it contains two fur
ther cysteines (20-Cys and 102-Cys), in addition 
to the two that are bound to the haem; these form 
an intramolecular disulphide bridge but do not 
significantly alter the tertiary structure [17]. 

Despite the conservative nature of this protein, 
the evolution of cytochrome c has included sev
eral gene duplications which led to remarkably 
different isoforms. For example, in the housefly 
Musca domestica the larvae contain 90 % of a lar
val cytochrome c and the flies contain more than 
70 % of an adult cytochrome c which differs in 6 
out of the 107 amino acids. Compared with other 
insect cytochromes, the larval isocytochrome has 
some original properties; 58-Ser is found only in 
locusts, and 96-Ala occurs in locusts and lepidop
terans but not in the adult isoprotein of Musca. 
Furthermore, the larval isocytochrome of the 
housefly predominates in all tissues of the adult 
except flight and leg muscles; thus, the adult iso
form is a specific muscle cytochrome c [68]. Two 
genes (DC3 and DC4) coding for different 
cytochrome-c forms have been isolated from Dro
sophila melanogaster. The sequence of 107 amino 
acids derived from DC4 corresponds, with a few 
corrections, to the original directly obtained 
sequence and is very similar to other cytochro
meso DC3 codes for a cytochrome of only 104 
amino acids which differs in no fewer than 
32 positions from the DC4 protein. The DC3-
encoded protein also differs at 13 positions from 
the consensus sequence of the eukaryotes, includ
ing the otherwise invariant position 70. The two 
genes are expressed in a tissue- and stage-specific 
manner but are otherwise not comparable with 
the Musca isocytochromes. They are separated by 
only 3.5 kb and are thus apparently the result of a 
gene duplication. If one assumes that 20 million 
years are required for the evolution of a 1 % dif
ference (UEP, unit evolutionary period), this 
duplication occurred 600 million years ago [96]. 
The third known case of isocytochromes is that of 
the mouse, in which there is a sperm cell-specific 
form which differs in 13 of the 104 amino acids 
from the common cytochrome c found in all cells. 
A testis-specific cytochrome c is also present in 
the rat and shows four differences from the 
mouse protein; in contrast, the somatic proteins 
of these two species are identical [175]. 

The conservatism of cytochrome c allows the 
gene from one organism to be used as a probe in 
another species, and in this way the cytochrome-c 
genes have been isolated from, for example, two 
yeasts, Drosophila melanogaster, the chicken, the 
rat and the mouse. All non-mammals have only 1 

or 2 genes, whereas mammals have 20-30, most 
of which are pseudogenes. There are two introns 
in the functional genes of the rat and mouse, one 
in codon 56 and the other in the 5' non-coding 
region. The chicken gene has only the 5' intron 
and the Drosophila and yeast genes have no 
introns. In contrast to the active genes, three 
pseudogenes isolated from the mouse also con
tain no introns and thus arose via the mRNA 
[95, 96]. All the mouse pseudogenes are duplica
tes of the present active genes. The human pseu
dogenes, however, fall into two groups, one of 
which is derived from an ancestral form of the 
cytochrome-c gene [40]. 

18.4.3 Cytochrome Oxidase (Complex IV) 

The ferrocytochrome c: O2 oxidoreductase (cyto
chrome oxidase) of the mitochondria has been 
isolated from and characterized for various ver
tebrates, e.g. mammals and birds [15, 18, 19, 38, 
54, 110, 118, 167], amphibians, and fish [110]. 
There appear to have been no recent investiga
tions of the structure of complex IV in invertebra
tes. In the cytochrome oxidases isolated from 
mammals, 13 polypeptides can be distinguished, 
of which the 3 largest (I-III) are encoded by 
mtDNA. The complete sequences of all 13 poly
peptides from bovine heart are now known (Tab
le 18.5). In most cases, sequencing is 

Table 18.5. The polypeptides of the cytochrome oxidases 
from bovine heart (VIlb is from porcine heart) [24, 38, 
94,162] 

Nomenclature Size Site of N-terminal sequence 
according to (Da) synthesis 
Kadenbach 
(after Buse) 

1 (I) 56993 mito f-Met-Phe-lle-Asn-
II (II) 26049 mito f-Met-Ala-'JYr-Pro-
III (III) 29918 mito (Met )-Thr-His-Gln-
IV (IV) 17153 cyto Ala-His-Gly-Ser-Val-
Va (V) 12436 cyto Ser-His-Gly-Ser-His-
Vb (VIa) 10670 cyto Ala-Ser-Gly-Gly-Gly-
VIa (VIb) 9419 cyto Ala-Ser-Ala-Ala-Lys-
VIb (VII) 10 068 cyto Ac-Ala-Glu-Asp-Ile-
VIc (VIc) 8490 cyto Ser-Thr-Ala-Leu-
VIla (VIII c) 6244 cyto Phe-Glu-Asn-Arg-Val-
VIlb (-) 6350 cyto Ile-His-Gln-Lys-Arg-
VIIc (VIlla) 5541 cyto Ser-His-'JYr-Glu-Glu-
VIII (VIII b) 4962 cyto Ile-Thr-Ala-Lys-Pro-

f-Met, Formylmethionine; Ac-Ala, N-acetylalanine 



complicated by the existence of multiple genes 
and pseudogenes. The redox centres consist of 
two haem groups (a, a3) and two copper atoms, 
which are bound in an as yet unknown manner to 
the subunits I and II and have different molecular 
environments. Cytochrome oxidase catalyses 
electron transfer from the one-electron donor fer
rocytochrome c to the four-electron acceptor Oz. 
In the process, electrons are probably taken over 
from cytochrome c by haem a and the associated 
Cu-A, and are transferred to Oz stepwise via 
haem aiCu-B, the incorporation of four protons 
giving rise to two molecules of water [19, 24]. 

All cytochrome oxidases contain the three sub
units I-III encoded by mtDNA, of which I and II 
carry the redox centres. Subunit III has no bound 
metal ion but is nevertheless as indispensable to 
the proton-translocating complex as are subunits 
I and II [18, 19]. Homologues of subunits I-III 
are already found in prokaryotes. In addition, the 
cytochrome oxidases of the eukaryotes all contain 
several chromosome-encoded subunits of 
unknown function; the slime mould Dictyoste
lium discoideum has five such subunits, yeast has 
six, fish and birds have seven to eight, and mam
mals have ten [146]. Nine polypeptides of the 
yeast complex are all homologous to the corre
sponding proteins of bovine heart; only polypep
tides VIa, VIb and VIc of mammals (nomencla
ture of Kadenbach) have no homologous partners 
in yeast. The 38-56 % sequence agreement 
between yeast and bovine mtDNA-encoded 
polypeptides is significantly higher than that be
tween their chromosome-encoded polypeptides 
(13-30%). The mtDNA-encoded subunit III of 
the carp (261 amino acids) agrees by 80-81 % 
with that of various mammals, 90 % with that of 
Xenopus laevis, and 66 % with that of Drosophila 
[64]. The chromosome-encoded subunits of the 
mouse and rat consistently show more than 90 % 
sequence agreement, and the agreement between 
representatives of various mammal orders is 
about 80 %. Tissue-specific isoforms are known 
for most of the chromosome-encoded subunits, 
e.g. in cattle, pigs or rats for IV, VIa, Vlb, VI c, 
VIla, VIIb, VIlc and VIII; in contrast, no iso
forms have been described for the mtDNA
encoded subunits I-III [146, 183]. 

Depending upon their origin, the cytochrome 
oxidases that have been isolated from mammals 
are monomers of 5-,-7S, dimers of 1O-11S or 
higher aggregates of more than 17S. The form of 
the enzyme that lies in the mitochondrial mem
brane is not yet clear. Preparations from bovine 
heart contain about 90 % dimers and 10 % higher 
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aggregates, but in alkaline conditions these dis
sociate to monomers without loss of activity. Pre
parations of cardiac mitochondria from the camel 
and the hammerhead shark Sphyrna lewini con
sist almost exclusively of monomers, from the 
spiny dogfish Squalus acanthias and the chicken 
they contain about equal parts of monomers and 
dimers, and from the rat they have 85 % mono
mers and 15 % higher aggregates [15]. 

18.4.4 ATP Synthase (Complex V) 

The ATP synthase of the inner mitochondrial 
membrane is a reversible, proton-translocating 
ATPase. In contrast to other ion-transporting 
ATPases, such as the Na+, K+ -ATPase of the cell 
membrane or the Caz+ -ATPase from the sarco
plasmic reticulum, ATP synthase has a complet
ely different and much more complicated struc
ture. Electron microscope pictures of the energy
converting membranes of mitochondria, chloro
plasts or bacterial cells show the ATP synthase to 
be a sphere with a diameter of 9 nm and bound to 
the membrane by a 3-nm-thick and 4-nm-long 
stem (Fig. 18.5). The catalytic subunit projecting 
above the membrane surface is known as Fl and 
the membrane portion is known as Fo. The Fl of 
all ATP synthases consists of five types of subunit 
in the stoichiometric ratio a3~3Y()E. The Fo of 
E. coli is made up of three types of subunit 
according to the formula abzclO. Fo preparations 
from bovine heart contain eight to ten polypepti
des of 6-24 kDa, of which subunits 6 and 9 
(DCCD-binding proteolipid) are homologous to 
subunits a and c from E. coli, and the others are 
unique to eukaryoteFo: these are oligomycin 
sensitivity-conferring protein (OSCP), coupling 
factor 6, coupling factor B, subunit 8, and two 
proteins of 20 and 24 kDa that are not found in all 
preparations. The eukaryote polypeptide corre
sponding to subunit b of E. coli has not yet been 
defined. Subunits 6 and 8 of the mitochondrial 
ATPase are mtDNA encoded (p.53). Although 
many of the eukaryotic ATPase subunits have 
been sequenced, their stoichiometry, function 
and, in particular, their organization in the mem
brane remain undefined [55, 76]. The Fl subunits 
a and ~ not only are clearly homologous in cattle 
and E. coli but also show certain, albeit lower, 
agreement with each other and with other ATP
binding proteins such as myosin, the Caz+
ATPase and the adenine nucleotide transporter. 

The efficiency of energy coupling of electron 
transport to the ATP synthase derives from the 
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ratio H+ 12e- for the electron transport system and 
H+/ATP for ATP synthase, 

(18.3) 

The determination of H+ 12e- takes into account 
the loss of proteins through "leaks" in the mem
brane, and the value of H+/ATP is influenced by 
the energy required for the transport of ADP and 
ATP through the mitochondrial membrane. The 
theoretical ratios ATP/2e- correspond to the 
experimental P/O ratios, which lie between 2 and 
3 for NADH and between 1.5 and 2 for reduced 
flavin. 

18.4.5 Heat Production in Brown Fat Tissue 

The brown fat tissue found in some mammals is 
much richer in mitochondria than is the more 
common white fat tissue. The single function of 
brown fat tissue is the production of heat by fatty 
acid B-oxidation. The maximal heat production of 
brown fat cells is about 300 W/kg and is thus 
manyfold higher than the average heat produc
tion of a few W Ikg by the whole animal. Brown 
fat tissue is found especially in newborn animals 
and infant mammals, which lack heat insulation 
and cannot otherwise maintain their body tem
perature, in hibernating species, where it is 
required during reawakening, and in cold
adapted animals. Activation of the brown fat 
occurs via the sympathetic nervous system, and 
experimentally also by noradrenalin; it is accom
panied by a 20- to 40-fold increase in oxygen con
sumption. However, ATP production is neglig
ible, and the efficiency of the mitochondrial ATP 
synthase is essentially zero. This is due to the 
activity of a specific protein, the uncoupling pro
tein (UCP), which is found only in brown fat tis
sue and makes up about 10-15 % of the total pro
tein of the inner mitochondrial membrane. The 
active UCP functions as an H+ channel, reduces 
the electrochemical proton gradient of the inner 
mitochondrial membrane, and thus uncouples 
electron transport and ATP production. 

The UCP is inhibited by GTP and GDP, and 
also by ATP and ADP. Free fatty acids reduce its 
affinity for ATP and thereby allow UCP activity 
even at physiological ATP concentrations. The 
regulation of heat production in brown fat tissue 
is not yet totally understood. Adrenalin brings 
about a reduction in the electrochemical proton 
potential of isolated mitochondria, and the UCP 
is directly involved in the effect of adrenalin [58]. 
The UCPs belong to the same protein super-

family as the ATP/ADP transport protein. Their 
sequences of about 300 amino acids are divided 
into three homologous domains of 100 amino 
acids and each has two transmembrane segments. 
In the UCP gene of the mouse, each of the six 
exons corresponds to a transmembrane segment. 
This fits the hypothesis that they originated by a 
gene triplication. In contrast to most other mito
chondrial proteins, the mature protein, except for 
the N-terminal methionine, corresponds to the 
primary translation product, and the usual N
terminal translocation signal is absent [83, 86, 
l38]. The UCPs are evolving relatively slowly; the 
rat protein (306 amino acids) agrees 91 % with 
that of the golden hamster and 86 % with that of 
the rabbit [5]. 

18.4.6 Alternative Pathways of Mitochondrial 
Electron Transport 

The terminal oxidase of some protozoans, nema
todes, trematodes and cestodes is a CO-binding, 
auto-oxidizing cytochrome of the b type; it is cya
nide resistant, preferentially produces H20 2 and 
is usually referred to as cytochrome o. In the 
mitochondria of the roundworm Ascaris lumbri
coides, the electron transport system (ETS) bran
ches at coenzyme Q, in this case rhodoquinone. 
About 20-30 % of the electrons travel the path
way leading to cytochrome aa3, corresponding to 
the usual respiratory chain, whereas the remain
ing 70 % pass to the alternative cytochrome. 
Oxidative phosphorylation takes place at the 
usual steps in the pathway to cytochrome aa3, but 
there is no indication of ATP formation by the 
alternative pathway. This type of branched respi
ratory chain is also found in other parasitic nema
todes, such as Nippostrongylus brasiliensis and 
Ascaridia galli [123], free-living nematodes, such 
as Aphelenchus avenae [108], trematodes, such as 
Fasciola hepatica, and cestodes, such as Moniezia 
expansa and Hymenolepis diminuta [106]. One 
can imagine that branched ETSs are an adapta
tion to the marked fluctuations in the oxygen par
tial pressure experienced by these species in their 
habitats. There are, however, parasitic worms 
whose only terminal oxidase is cytochrome aa3, 
for example adults of Schistosoma mansoni and 
Metastrongylus elongatus [9]. 

Many animals from sulphide-rich marine habi
tats contain haematins which catalyse the oxida
tion of the sulphides and protect the animal from 
sulphide poisoning. The haematin is located in 
the coelom fluid of Urechis caupo, and together 



with haemoglobin in the gills of the clams Sole
my a reidi, Calyptogena magnifica and Lucinoma 
annulata. S. reidi has no gut and utilizes sulphide 
as an energy source; thiosulphate formed by oxi
dation of sulphide in the tissues of the mussel is 
converted by symbiontic bacteria in the gills to 
compounds that can serve as substrates. In addi
tion, sulphide can be used in the mitochondria of 
the gills and the symbiont-free foot muscle as a 
substrate for ATP production by oxidative phos
phorylation. This is the first evidence for the 
direct exploitation of an inorganic energy source 
by animal cells. Oxidative phosphorylation in 
mammalian mitochondria would be completely 
inhibited by the sulphide concentrations of up to 
20 f,lmolll that are commonly found in mussel tis
sues [131]. 

Cytochrome aa3 is the predominant terminal 
oxidase in the soil amoeba Acanthamoeba castel
lanii [153], whereas the so-called cytochrome 0 is 
found in several parasitic protozoans. In the cul
ture form (epimastigote) of Trypanosoma rhode
siense it is the only terminal oxidase; others, such 
as Crithidia fasciculatea and the epimastigotes of 
Trypanosoma brucei, also possess cytochro
me aa3; in other words, they have a branched 
respiratory chain [171]. In fact, three pathways 
are found in T. cruzi; one is inhibited by CN- and 
N3-, the second only by CN-, and the third by nei
ther inhibitor [3]. Cyanide-resistant respiration 
can therefore apparently stem from terminal oxi
dases other than cytochrome 0, as has already 
been proposed in the case of the ciliate Parame
cium aurelia [36]. In addition to cytochrome 0, 

Tetrahymena has a cytochrome a-620 which 
clearly differs both spectroscopically and func
tionally from cytochrome aa3; it cannot oxidize 
mammalian cytochrome c but can oxidize the 
cytochrome c-553 found in this unicellular ani
mal; this latter cytochrome has unusual proper
ties as an electron donor [97]. The cytochrome a-
620 of Tetrahymena has been referred to as 
cytochrome d but should not be confused with 
bacterial cytochrome d. Some protozoans, e.g. 
the human parasites Entamoeba histolytica, Giar
dia lamblia and Trichomonas vaginalis, and the 
symbiotic Dasytricha ruminantium of the rumin
ant stomach, have neither cytochrome nor mito
chondria. Trichomonads and rumen ciliates, how
ever, have H2-producing hydrogenosomes, and 
Dasytricha has a cyanide- and azide-resistant 
NADH oxidase activity, with an unknown termi
nal oxidase, which is possibly involved in oxygen 
detoxification [181]. In Entamoeba, and probably 
also Giardia, there is an ETS leading from vari-
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ous substrates via flavin, non-haem iron (ferre
doxin) and coenzyme Q to an as yet unidentified 
terminal oxidase. The biological significance of 
this ETS is presently a mystery; it is not necessary 
for protection from oxygen, which for these pro
tozoans is not toxic [177]. 

18.5 Microsomal Electron Transport 
Systems 

Electron transport systems are also present in the 
membrane of the endoplasmic reticulum and thus 
are found in the microsome fraction after homo
genization and fractionating centrifugation. The 
microsomal flavin-containing monooxygenases 
(FMOs), which in humans and various mammals 
are found in at least three tissue-specific isoforms, 
catalyse the NADPH-dependent oxidation of 
numerous foreign substances [35]. A further type 
of microsomal oxidoreductase contains the char
acteristic components cytochrome bs and NADH 
cytochrome bs reductase. It is involved in various 
reactions of lipid metabolism, for example the 
desaturation and elongation of fatty acids and the 
biosynthesis of steroids and plasmalogens. A third 
type is represented by the NADPH-dependent 
monooxygenases, which contain cyto
chrome P-450 and NADPH-cytochrome P-450 
reductase and can introduce oxygen into or
ganic substrates, in particular catalysing the 
hydroxylation of steroids and foreign substances. 
Several of the steroid-specific enzymes are local
ized in the mitochondria. 

1S.S.1 Cytochrome bs 

Probably the best-investigated cytochrome-bs 
enzyme system in the micro somes of mammalian 
liver is the stearoyl-CoA ~9-desaturase, a com
plex of NADH:cytochrome bs reductase, cyto
chrome bs and a cyanide-sensitive terminal oxi
dase. Cytochrome bs from the liver of different 
mammals is a monomer of about 16 kDa. The 
polypeptide of 133 amino acids consists of an N
terminal hydrophilic domain, carrying a proto
haem as the prosthetic group, and a C-terminal 
hydrophobic domain, which anchors the protein 
in the membrane. A cDNA from chicken liver 
codes for a protein of 138 amino acids; this is 6 
amino acids longer at the N-terminus and 1 amino 
acid shorter at the C-terminus [182]. The 
NADH:cytochrome bs reductase with FAD as 
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the prosthetic group has a similar structure. 
Because of their amphiphilic character, these pro
teins tend to aggregate in solution. 

Enzyme systems with a similar structure are 
probably quite widespread, but in the invertebra
tes have been examined in detail in only a few spe
cies. All known cytochromes of the bs type carry 
proto haem as the prosthetic group but apparently 
differ greatly in chain length. The microsomal 
cytochrome bs from the larvae of the Mediterra
nean fruit fly Ceratitis capitata has a native mole
cular mass of about 125 kDa and appears to be a 
hexamer of 21-kDa subunits; with 194-196 amino 
acids it is clearly longer than the mammalian 
enzyme. A reductase isolated from the same spe
cies has subunits of 31 kDa and reduces ferricya
nide or dichlorinphenol with NADH but not 
with NADPH; cytochrome bs with NADH also 
reduces cytochrome c [107]. The cytochrome bs 
from the micro somes of the moth Spodoptera eri
dania and the (probably) microsomal cyto
chrome b-555 from the larvae of the housefly 
Musca domestica are less well characterized [107]. 
An NADH-specific reductase of 55 kDa and a 
cytochrome bs of about 100 kDa have been isol
ated from the muscle microsomes of the round
worm Ascaris lumbricoides where they probably 
form an aggregate. The ciliate Tetrahymena 
pyriformis contains a system comprising a 
cytochrome b-560, similar to mammalian cyto
chrome bs, and an NADH:cytochrome bs reduc
tase which, like the corresponding system in rat or 
chicken liver, is involved in fatty acid desatura
tion; mixed systems with Tetrahymena cytochro
me and rat reductase are functional [85]. 
Cytochrome b-560 differs from mammalian 
cytochrome bs not only in its absorption spectrum 
but also in its larger molecular mass of 22 kDa. 
The 70-kDa NADPH:cytochrome c reductase 
present in Tetrahymena microsomes, together with 
the NADH : ferricyanide reductase, is able to 
reduce both mammalian cytochrome bs and Tetra
hymena cytochrome b-560 with NADPH [49]. 

IS.5.2 Cytochrome P-450 

The cytochrome P-450 discovered in 1958 in the 
endoplasmic reticulum of cells of the mammalian 
liver is an atypical b type with proto haem as the 
prosthetic group. The name indicates that the 
absorption band (Soret band) of the CO complex 
in the short-wave length range is shifted by 30 nm 
from the usual 420 nm of the haem proteins. This 
is due to the binding of cysteine to the haem iron 

as the axial ligand. Cytochromes of this type cata
lyse numerous mono oxygenation reactions, in 
which one oxygen atom from O2 is incorporated 
in the substrate and the other is incorporated into 
H20. These reactions require NADPH, although 
NADH has a sparing effect or is synergistic. Elec
tron transport from NADPH to cytochrome P-
450 involves the action of an NADPH:cytoch
rome P-450 reductase; cytochrome bs can also 
link cytochrome P-450 with NADH via NADH:
cytochrome bs reductase. Various cytochrome P-
450 monooxygenases are constitutive enzymes 
which serve especially in steroid metabolism; 
however, cytochrome P-450 enzymes can also be 
induced to a unique extent by foreign substances, 
and they have been intensively researched 
because of the importance of cytochrome-P-450-
catalysed reactions in the metabolism of pharma
ceuticals and other foreign substances. 

Several hundred substances are known to 
induce one or more different types of cytochrome 
P-450. The majority of mammalian cytochrome P-
450 types fit into one of three classes: those of 
the first group are induced by phenobarbital 
(PB); the second group are induced by 3-
methylcholanthrene (3MC) or, more effectively, 
by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCD D) ; 
and the third group are induced by steroids 
such as pregnenolone~16a-carbonitrile (PCN) 
[66]. There is also an ethanol-inducible cyto
chrome P-450, the sequences of which in the 
rat and humans show only 48 % agreement with 
the PB-induced type [160]. Members of these 
classes also differ in the position of the Soret 
band; hence, those induced by 3MC and TCDD 
are known more specifically as cytochrome P-448 
to distinguish them from the pB-induced cyto
chrome P-450. The best-known example of the 
3MC-induced enzymes is aryl hydrocarbon 
hydroxylase, which metabolizes, for example, 
benzo(a)pyrene. 3MC induction involved a cyto
solic receptor that binds the inducer and trans
ports it to the nucleus. The intracellular receptor 
of the PB-induced P-450 cytochrome has not been 
identified. Regulation of cytochrome P-450 activ
ity occurs not only by the activation of transcrip
tion but also by various combinations of post
transcriptional and post-translational mecha
nisms. In addition to the inducible enzymes that 
are mainly involved in the metabolism of foreign 
substances, there are also constitutive enzymes, 
which take part in the metabolism of endogenous 
compounds, such as steroids, bile acids, fatty 
acids, prostaglandins, leucotrienes and biogenic 
amines, and may be sex specific [117]. 



All types of cytochrome P-450 are polypeptides 
with about 500 amino acids, and the haem group 
is bound to a cysteine-rich sequence of 22 amino 
acids near the C-terminus. Up to the end of Octo
ber 1990, the sequences of 154 genes and 6 pseu
dogenes from the protein super-family of cyto
chrome P-450 have been determined; these came 
from 11 vertebrate species (9 mammals, the 
chicken and the trout), 3 invertebrate species 
(2 insects and the pond snail), 1 higher plant 
(avocado), 8 lower fungi and 6 prokaryotes. 
Genes with more than 40 % sequence agreement 
have been placed in one family; up to now, 27 
such families have been described, 10 of which 
are found amongst the vertebrates. Some of the 
vertebrate families can be divided into subfami
lies with at least 55 % sequence agreement. This 
prolificacy of cytochrome P-450 types brings with 
it certain problems of nomenclature. In 1987, 
Nebert proposed that the gene families be given 
Roman numerals, the subfamilies capital letters 
and the individual genes Arabic numerals: a cer
tain gene or the encoded protein would thus be 
known as "P450IIIE1" or simply as "IIE1". The 
unified nomenclature proposed in 1991 makes use 
of the abbreviation "CYP" for the super-family 
and suggests the more readable Arabic numerals 
for designating families; hence, the gene referred 
to above and its cDNA in the mouse become 
"CYP2El" and "CYP2el", and the mRNAor the 
protein in all species becomes "CYP2E1" or 
"P4502E1" or simply "2E1". Numerous allelic 
variants of human cytochrome PA50 and those of 
laboratory rodents are known [117]. 

A genealogical tree, generated by the un
weighted pair group method (UPGM) (p.157), 
shows more than 30 gene duplications in the 
evolution of the CYP2 family alone. In some 
cases, the time point of the gene duplications can 
be estimated. Thus, in the mammals two genes, 
1A1 and 1A2, are recognized but in the trout 
there is only one 1A1 gene; 1A2 apparently arose 
first with the evolution of the terrestrial vertebra
tes [117]. Duplications of CYP genes have also 
occurred more recently; for example, rabbits in 
the subfamily CYP2E have two genes, but 
humans and the rat have only one. Species
specific gene duplications or gene conversions in 
the subfamilies 2A, 2B, 2C, 2D and 4A make it 
difficult to determine orthologous relationships 
between genes of different species [103, 117]. 
Examination of the genealogical tree reveals that 
a period of 3.3 to 5.0 million years (UEP) is 
required for the occurrence of a 1 % sequence dif
ference, and thus cytochrome P-450 belongs to 
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the proteins with a relatively high rate of evolu
tion (see Table 4.12, p. 161). The functions and 
inducibilities of the different types of cytochrome 
P-450 are not a reliable guide to their relation
ships. The substitution by genetic engineering of 
just one of the 500 amino acids can drastically 
alter the substrate specificity. Not all genes of a 
family or subfamily are inducible in the same way 
and, conversely, enzymes coinduced by the same 
substance in the same animal may differ consider
ably in sequence. 

Monooxygenase systems of NADPH:cyto
chrome P-450 reductase and cytochrome P-450 
have been found in the liver microsomes of ver
tebrates from all classes, but have been character
ized in only a few cases [119, 139]. Among the 
lower vertebrates, the fish have been examined 
the most comprehensively, with the major interest 
being ecotoxicology. In 1967, the first evidence 
was obtained for the existence of cytochrome P-
450 in the liver of the rainbow trout Salmo gaird
neri, and in 1976 a benzo(a)pyrene hydroxylase 
was reconstructed from cytochrome P-450, 
NADPH:cytochrome P-450 reductase and phos
pholipid from the ray Raja erinacea. Several dif
ferent types of cytochrome P-450 have been isol
ated from these two species and from the marine 
teleost Stenotomus chrysops; attempts to derive 
homologies between these and certain mamma
lian enzymes remain questionable in the absence 
of sequence analysis [84, 109]. Monooxygenase 
systems with cytochrome P-450 have been 
detected in many insects, but only a few sequen
ces are known as yet. The cDNA of a cytochrome 
P-450 was isolated from PB-treated houseflies 
(Musca domestica) and shows 27 % agreement in 
its sequence of 509 amino acids with mammalian 
proteins of the family CYP3, but is considered to 
represent a new family, CYP6. The sequence is 
known of a cytochrome P-450 from the cockroach 
Blaberus discoidalis; this cytochrome is induced 
by the hypertrehalosaemic hormone. It shows 
32-36 % sequence agreement with the family 
CUP4, which is involved in the metabolism of 
fatty acids and prostaglandins, and is known as 
CYP4C1 [16,47)' Most of the insect cytochrome 
PA50 types are comparable with the mammalian 
enzymes only in their inducibility or inhibition 
characteristics. For example, in mammals the P-
448 enzyme aryl hydrocarbon hydroxylase is 
induced by ~-naphthoflavone (~NF) and TCDD, 
but in the moth Spodoptera eridania it is induced 
by ~NF but not by TCDD or 3MC. In contrast to 
the rat enzyme, that of Spodoptera is induced by 
pentamethylbenzol and naphthaline. The binding 
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and effect of inhibitors such as a-naphthoflavone 
and phenylimidazole also do not allow assign
ment of the insect enzymes to one ofthe mamma
lian classes P-448 or P-450 [26]. 

Multiply inducible P-450 monooxygenases in 
insects are mostly found in the midgut but also 
occur in the fat body, integument and other 
organs [30, 46, 61, 139]. They take part in many 
reactions involving endogenous and foreign sub
stances, e.g. juvenile hormone epoxidation in the 
corpora allata, 20-hydroxylation of ecdysone in 
the fat body mitochondria of Manduca sexta and 
in the microsomes of the fat body and Malpighian 
tubules of Locusta migratoria, the inactivation of 
ecdysteroids, the biosynthesis of some pheromo
nes such as disparlure, and the metabolism of 
insecticides. They are apparently also important 
for resistance to plant secondary metabolites 
[29, 163]. Amongst 35 lepidopteran species, the 
highest cytochrome P-450 activities (measured as 
aldrin epoxidation) were found in the midgut of 
the 12 polyphagous species (mean 294 pmoUmg 
protein min-l); lower activities (mean 91 pmoUmg 
protein min-l) were recorded in 15 oligophagous 
species, and the lowest activities (mean 20 pmol/ 
mg protein min-l) were in monophagous species. 
Plant extracts can induce up to 45-fold increases 
in the total cytochrome P-450 activity or indi
vidual activities in insects [61]. Enzyme systems 
with cytochrome P-450 are apparently ubiquitous 
from the bacteria and lower eukaryotes to the 
higher plants and animals [139]. Apart from the 
data for insects, there are unfortunately only spo
radic data for other invertebrates, e.g. for the 
protozoans Tetrahymena pyriformis and Trypano
soma cruzi [88], molluscs [151] and crustaceans 
[69, 71]. In view of the otherwise ubiquitous dis
tribution of this enzyme, it is surprising that two 
nematodes, the parasitic Heligmosomoides poly
gyrus and the free-living Panagrellus redivivus, 
appear to possess neither cytochrome P-450 nor 
cytochrome b5 [133]. 

The NADPH:cytochrome P-450 reductases 
also reduce cytochrome c; partial proteolysis of 
the human enzyme produces a shortened form 
that can metabolize cytochrome c but can no lon
ger metabolize cytochrome P-450. Comparative 
investigations are often carried out on prepara
tions that still have activity against dichlorophe
nolindophenol or cytochrome c but not against 
cytochrome P-450. However, intact enzymes have 
been isolated from the flies Musca domestica and 
Phormia regina and these allow the reconstitution 
of a mono oxygenase system. Gel electrophoresis 
indicates that they have a lower molecular 

mass (74 kDa) than the mammalian enzyme 
(82-83 kDa). Comparison of the amino acid 
composition gives a difference (~Sn) of 50 
between these fly species, i.e. they are closely 
related (p. 150), but a difference of 500 with the 
mammalian enzyme; this suggests only limited 
sequence similarity [174]. Immunological compa
risons also present evidence for a relatively rapid 
evolution of NADPH:cytochrome P-450 reduc
tase. Antibodies against the enzyme from the 
moth Spodoptera eridania inhibit the enzymes of 
other Lepidoptera, Diptera and Orthoptera but 
not those of other insects, the earthworm or vari
ous vertebrates. 

18.6 Oxygen-Detoxifying Enzymes 

Complete reduction of a molecule of oxygen 
requires four electrons. During stepwise electron 
transfer, intermediates may arise that, because of 
their extreme reactivity, are extremely toxic: 

O e- 0- e- + 2H+H 0 e- + H-OH' e- + H+H 0 
2~ 2 >2 2~ ~ 2 • 

~H20 
(18.4) 

Cytochrome oxidase, which is responsible for 
most of the oxygen reduction that takes place in 
the cell, does not release such intermediates. 
However, they arise by the reactions of many 
other oxidases and must be detoxified by the 
enzymes superoxide dismutase (for the superox
ide ion), catalase and peroxidase (for the hydro
gen peroxide). There is no specific enzyme for the 
hydroxyl radical; the formation of this extremely 
reactive radical is apparently effectively pre
vented by the high catalytic efficiency of the enzy
mes for the preceding intermediates. 

18.6.1 Superoxide Dismutases 

The superoxide dismutases (SOD) catalyse the 
reaction 

(18.5) 

These are metalloenzymes which can be divided 
into three groups according to their structure and 
distribution. The CU,Zn-SODs are homodimers 
of 16-kDa subunits with one Cu and one Zn; they 
are found in the cytoplasm of almost all euka
ryotic cells, and are also present in bacteria. The 
Mn-SODs are homotetramers of 80 kDa and are 
typical of many prokaryotes and the mitochond-



ria of eukaryotes. Fe-SODs are present in many 
bacteria, and have also been detected in the 
eukaryotic alga Euglena gracilis, the higher plants 
Brassica campestris, Gingko biloba and Nuphar 
luteum, several Kinetoplastida and the ciliate Tet
rahymena pyriformis. They are mostly homodi
mers of 40 kDa, but homotetramers of 80 kDa 
are found in some bacteria and Tetrahymena 
[8, 37, 169]. Fe-SOD and Mn-SOD are closely 
related; the sequence of human mitochondrial 
Mn-SOD agrees 43-50 % with bacterial Mn
SODs and up to 37-42 % with bacterial Fe-SODs 
[125]. The three SOD types are easily distingu
ished by their response to inhibitors. CU,Zn-SOD 
is inhibited by cyanide and peroxide, Fe-SOD is 
inhibited by azide and peroxide, and the Mn
SOD is not inhibited by any of these three inhibi
tors [169]. 

The amino acid sequences are known for the 
human CU,Zn-SOD and for those of various other 
mammals [136, 150, 161], the frog Xenopus laevis 
[25], the swordfish Xiphias gladius [141], various 
Drosophila species [89, 90, 91, 154], the yeast 
Saccharomyces cerevisiae, and the bacteria Photo
bacter leiognathi and Brucella abortus [11]. All 
CU,Zn-SODs have lengths in the range 150-153 
amino acids (Fig. 18.9). The eukaryotic enzymes 
are evolution ally very conservative. The sequence 
agreement of CU,Zn-SOD from humans, 
cattle, horses, Drosophila and yeast is 39 %, 
between the four animals it is 50 % and between 
the three mammals 74 % [92]. All of them contain 
a disulphide bridge at approximately the same 
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position (in Fig. 18.9 between positions 58 and 
160), six metal-binding histidines (positi
ons 47,49,76,85,94 and 134), the aspartate that 
is also involved in metal binding (position 90), 
and the arginine of the active centre (positi
on 157). Of the 25 glycine residues in the SOD of 
cattle, 17 are invariant [92]. The SOD of the frog 
Rana catesbeiana also agrees in 13 out of 24 N
terminal amino acids with the cattle enzyme; 
there is no difference between the enzymes from 
the liver and erythrocytes, or between those from 
the tadpole and the adult frog [1]. Acetylation of 
the N-terminus is found only in the mammals 
[1, 52]. The catalytic activity of CU,Zn-SOD 
approaches the limit set by substrate diffusion 
[149]. As the reaction of SOD involves interaction 
of the superoxide anion with positive charges at 
the active centre, in particular with the arginine 
residue mentioned above, the higher number of 
basic amino acids surrounding the active centre of 
the sheep enzyme, compared with the number in 
the enzyme of cattle, results in a reduction in spe
cific activity [150]. Electrophoresis of CU,Zn-SOD 
normally produces three bands which arise by par
tial deamidation of asparagine or glutamine resi
dues [52]. Only in the case of the frog Xenopus 
laevis are two isoenzymes of CU,Zn-SOD found to 
be encoded by different genes; they differ in 19 
out of 150 amino acids [25]. 

The discovery in the bacterium Photobacter lei
ognathi of a CU,Zn-SOD, which was otherwise 
known only in eukaryotes, triggered a lively deb
ate about its evolutionary origin. P. leiognathi is 

Human 
Drosophila 
Yeast 
Xiphias 
Photobacter 

Ac-ATKAVCVLKG DGPVQGIINF EQKESNGPVK VWGSIKG-LT 
VVKAVCVING DAKGTVFFEQ ESS--GTPVK VSGEVCG-LA 

VQAVAVLKG DAGVSGVVKF EQASESEPTT VSYEIAGNSP 
VLKAVCVLRG AGETTGTVYF EQEGNANAVG KGIILKG-LT 

QDLTVKMTD LQTGKPVGTI ELSQNKYGVV FTPELAD-LT 

Hu EGLHGFHVHE FGDNTAGCTS ---------- --AGPHFNP- LSRKHGGPKD 
Dr KGLHGFHVHE FGDNTNGCMS ---------- --SGPHFNP- YGKEHGAPVD 
Ye NAERGFHIHE FGDATDGCVS ---------- --AGPHFNP- FKKTHGAPTD 
xi PGEHGFHVHG FGDNTNGCIS ---------- --AGPHFNP- ASKKHAGPKD 
ph PGMHGFHIHQ NG----SCAS SEKDGKVVLG GAAGGHYDPE HTNKHGFPWT 

Hu EERHVGDLGN VTADKDGVAD VSIEDSVISL SGDHCIIGRT LVVHEKADDL 
Dr ENRHLGDLGN IEATGDCPTK VNITDSKITL FGADSIIGRT VVVHADADDL 
Ye EVRHVGDMGN VKTDEDGVAK GSFKDSLIKL IGPTSVVGRS VVIHAGQDDL 

Fig.18.9. The amino acid xi EDRHVGDLGN VTADANGVAK IDITD-KISL TGPYSIIGRT MVIHEKADDL 

sequences of superoxide dis- Ph DDNHKGDLPA LFVSANGLAT NPVLAPRLTL K---ELKGHA IMIHAGGDNH 

mutases from humans, the 
fly Drosophila melanogaster, Hu GKGGNEESTK TGNAGSRLAC GVIGIAQ 
yeast, the swordfish Xiphias Dr GQGGHELSKS TGNAGARIGC GVIGIAK 
gladius and the luminescent Ye GKGDTEESLK TGNAGPRPAC GVIGLTN 
bacterium Photobacter lei- xi GRGGNEESLK TGNAGSRLAC GVIGTE-
ognathi [56, 93] Ph ----SDMPKA LGGGGARVAC GVIQ---
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found not only free-living but also in symbiontic 
association with the luminescent ponyfish Leiog
nathus splendens. Although the sequence of the 
CU,Zn-SOD from L. splendens is not known, the 
sequence agreement of about 33 % between the 
CU,Zn-SOD from P. leiognathi and that of the fish 
Xiphias gladus and other eukaryotes (Fig. 18.9) 
suggested the occurrence of a gene transfer 
between the fish and its symbiont [6]. CU,Zn
SODs have since been found in several other bac
terial species. The CU,Zn-SODs of the bacterial 
P. leiognathi and Brucella abortus show far 
greater sequence agreement with each other than 
with the enzyme from any vertebrate. This speaks 
for the existence of an independent bacterial type 
of CU,Zn-SOD [11]. 

As befits its protective function, CU,Zn-SOD 
is generally distributed in eukaryotic cells. It may 
be assumed that its presence is required wherever 
abnormally high oxygen partial pressures occur, 
e.g. in the gas glands of the teleosts. SOD activity 
is in fact correlated with the proportion of oxygen 
in the swim-bladder gas in surface fish [113]; 
investigations of deep-sea fish would be particu
larly interesting. Various toxic oxygen compounds 
arise from HzS and Oz. Deep-sea animals such as 
the pogonophoran Riftia pachyptila and the mus
sel Calyptogena magnifica, which live in the 
neighbourhood of hydrothermal vents (p. 269) in 
hot, sulphide-rich waters, are exposed to such a 
danger. The muscles of Riftia contain several elec
trophoretically separable CU,Zn-SODs and an 
Mn-SOD, both of which are probably of animal 
origin. The sulphide-oxidizing symbiontic bacte
ria that inhabit the gland-like tissue of the tropho
some have an Fe-SOD and several Mn-SODs, 
and satisfy the greater part of the host's energy 
requirement by their chemosynthetic metabol
ism. The mussel also possesses an Mn-SOD and 
CU,Zn-SOD in the bacteria-inhabited gills and 
bacteria-free muscles [14]. 

Human blood plasma, lymph and synovial 
fluid, and those of various other mammals, con
tain an extraceUular SOD (EC-SOD), which also 
occurs intracellularly. This is a tetrameric glyco
protein of about 120 kDa containing one Cu and 
one Zn per subunit; it produces HzOz like a Cu, 
Zn-SOD and is inhibited by cyanide, azide and 
HzOz. The activities of the EC-SODs in the blood 
plasma vary greatly with the species; they are 10-
to 100-fold higher in the rabbit, rat and mouse 
than in humans, the dog and cat, although the 
intracellular activities of these species are very 
similar [80]. The EC-SODs show no similarity in 
amino acid composition or immunological prop-

erties to other CU,Zn-SODs; the amino acid 
sequence derived from the cDNA shows that they 
contain sequence elements of different origin. As 
expected for a secretory protein, they have a sig
nal sequence of 18 amino acids. The first 95 of the 
222 amino acids of the mature protein show no 
similarity to other known protein sequences; 
however, positions 96-193 of EC-SOD agree up 
to 50 % with the C-terminal two-thirds of all 
eukaryote CU,Zn-SODs. The C-terminal end of 
the EC-SOD (positions 194-222) is strongly 
hydrophilic and contains nine positively charged 
amino acids; this sequence is apparently responsi
ble for the strong binding of EC-SOD to heparin 
and heparan sulphate. The large difference in 
sequence between EC-SOD and other Cu, Zn
SODs suggests that EC-SOD appeared before the 
separation of the fungi, plants and animals [59]. 

There exists little comparative biochemical 
data for the Mn-SODs. These enzymes are homo
tetramers of about 84 kDa; the subunits of 
human, rat and mouse Mn-SOD have been 
sequenced. They consist of 222 amino acids, 
including an N-terminal signal sequence of 24 
amino acids for the intracellular target (the leader 
peptide). The sequences of the mature proteins 
agree by about 94 % but the leader peptides agree 
by only about 54 % [60]. The N-terminal 
sequence of the Mn-SOD from the liver of the 
American bullfrog Rana catesbeiana is signifi
cantly homologous to the enzymes of mammals 
and birds [2]. Two allelic variants of the Mn-SOD 
subunit (S and F) are found in the pike, giving a 
five-banded electrophoretic pattern correspond
ing to the tetrameric structure of the enzyme. At 
least three isoforms of Fe-SOD are detectable in 
the cytoplasm of the flagellate Crithidia fascicu
lata. The main form is a dimer of 43 kDa with 
three Fe atoms and it resembles the bacterial 
enzyme of this type in its amino acid composition. 
Like other Fe-SODs, it is cyanide resistant but is 
inhibited by azide and peroxide. SODs with simi
lar responses to inhibitors are found in other 
Kinetoplastida, e.g. Leishmania tropica, Trypa
nosoma brucei and T. cruzi [169]. 

18.6.2 Catalases 

The catalase reaction begins with the formation 
of a primary complex known as "compound I": 

Catalase + HzOz ~ compound I. (18.6) 

At higher HzOz concentrations, a second HzOz 
molecule serves as a further electron donor (cata-



lase activity: 18.7a), and at lower HzOz con
centrations an alcohol or other oxidizable com
pound serves as electron donor (peroxidase-like 
activity: 18.7b): 

Compound I + HzOz ~ catalase + 2HzO + Oz, 
(18.7a) 

Compound I + AHz ~ catalase + 2HzO + A. 
(18.7b) 

The turnover rate of 105 S-l measured for the cata
lase activity of the mammalian liver enzyme is the 
highest value recorded for any enzyme. The 
peroxidase-like activity is probably important 
mainly for the detoxification of HzOz in living 
cells. The degradation of alcohol in the mamma
lian liver also occurs mainly as the result of 
peroxidase-like catalase activity. Catalases are 
ubiquitous in aerobic organisms but are lacking in 
strict anaerobes, such as Entamoeba histolytica, 
the trichomonads and certain stages of the Kine
toplastida Leishmania mexicana, L. donovani and 
Trypanosoma brucei. Amongst the platyhel
minths, they are present in free-living turbellari
ans but not in endoparasitic trematodes and ces
todes [10]. 

3-Amino-l,2,4-triazole (AT) is an irreversible 
inhibitor of catalase which binds to the 74-His of 
the active centre, but only in compound I. In liv
ing animals, AT completely inactivates the avail
able catalase within several hours but has no 
influence on de novo synthesis. Thus, the subse
quent increase in activity is a measure of the rate 
of synthesis [116]. The catalases are haem prote
ins with subunits of 53-65 kDa, each with a pro
tohaem IX as the prosthetic group. In most cases, 
they are homotetramers of 210-280 kDa, e.g. in 
the vertebrates, the earthworm Lumbricus terre
stris and Drosophila melanogaster [7, 116, 134]. 
However, catalases with deviant molecular mas
ses and quaternary structures have also been 
reported, e.g. the 345-kDa enzyme from the 
mouse liver, dimers of 130 kDa in the tick 
Hyalomma dromedarii, and dimers of 117 kDa in 
the explosion chamber of the bombardier beetles 
Brachinus crepitans and B. explodens [78]. 
Almost complete amino acid sequences are so far 
available only for the catalases from bovine and 
rat liver and from human and bovine erythrocy
tes. The sequences consist of 506 to >520 amino 
acids, but it is unclear whether the differences in 
length are species or cell specific or are due to 
partial degradation. The sequences of the catala
ses from bovine liver and from bovine erythrocy
tes agree completely, but differ in at least 41 posi
tions from the enzyme from human erythrocytes 
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[50]. Immunological comparisons between the 
bovine enzymes and those of Drosophila and 
Lumbricus show no cross-reactivity [116, 134]. 
Electrophoresis of the liver catalases from the rat 
and mouse always gives two to five bands; how
ever, there is only one gene and these bands are 
probably the result of post-translational modifica
tions. The liver enzyme of the frog Discoglossus 
pictus also gives two bands but that of Rana ridi
bunda gives only one [7]. 

Catalase is the main enzyme found in a certain 
type of intracellular organelle, the peroxisome, 
which otherwise contains different HzOz
producing oxidases [43]. In contrast to the mito
chondria, the peroxisomes are not active in 
energy extraction and their oxygen consumption 
is strongly dependent on the oxygen partial pres
sure; about one-third of the oxygen consumption 
of liver cells occurs in the peroxisomes. Almost all 
mammalian tissues additionally contain catalase 
particles that are smaller than peroxisomes and 
which also differ greatly in their fine structure 
(microperoxisomes). Only in the case of the 
mouse is the majority of liver catalase located in 
the peroxisomes; in the rat, the soluble and per
oxisomal activities are about equal, and in the 
remaining mammals to have been examined the 
cytosolic enzyme activity is by far the highest. As 
was described earlier (p.576), the peroxisomes 
play an important role in lipid metabolism; in 
plants and some protozoans, they are also 
involved in gluconeogenesis, the glyoxylate cycle 
and amino acid synthesis. 

18.6.3 Peroxidases 

Peroxidases oxidize various substrates and use 
HzOz as the oxidation agent: 

(18.8) 

They are also active in the formation of organic 
halogen compounds with halide ions and an 
appropriate acceptor, such as tyrosine, other sub
stituted phenols, ~-keto acids or cyclic ~
diketones. They are almost Ubiquitous in plants 
and animals, but even in the vertebrates they 
have not been sufficiently well examined in their 
structure and function. Several closely related 
haem peroxidases are present in mammalian 
secretions, such as milk, saliva and tears, and also 
in the cells of the thyroid gland and in leukocytes. 
The lactoperoxidase in cow's milk is a monomeric 
glycoprotein of 612 amino acids, including 15 he
micystines. One of the cysteine residues forms a 
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disulphide bridge with a proto haem IX in which a 
methyl is replaced by a mercaptomethyl group. 
There are four or five potential N-glycosylation 
sites, and the carbohydrate portion comprises up 
to 10 % of the molecular mass. Different carbo
hydrate fractions, deamidation and partial prote
olysis are some of the possible factors that give 
rise to the heterogeneity of lactoperoxidases, 
heterogeneity that is observed even between the 
milk of individual animals. Bovine lactoperoxi
dase shows 54-55 % sequence agreement with 
human myeloperoxidase and eosinophil peroxi
dase, and 45 % agreement with human thyroper
oxidase. Fourteen of the 15 hemicystines are loc
ated at identical positions in each of these four 
enzymes [21]. 

The homology of the few characterized peroxi
dases of lower vertebrates and invertebrates with 
those of the mammals cannot at present be estim
ated. The sponge Iotrochota birotulata, which like 
all sponges with a horn-like skeleton can halogen
ate proteins, and the crayfish Orconectes sp. pos
sess at least two different peroxidases [65]. In the 
fertilization of sea-urchin eggs, the protein of the 
fertilization membrane is cross-linked and rigidi
fied by an ovoperoxidase through the linking of 
tyrosine side-chains to bistyrosyl residues. The 
H20 2 required for this reaction is produced by the 
ovoperoxidase itself. This attains its NAD(P)H: O2 

oxidoreductase activity only after being activated 
in an undefined way by ovothiol, a multiply 
methylated 4-thiohistidine (Fig. 18.10) [170]. 

In view of the dangers associated with H20 2 , it 
is rather strange to find present in some animals 
an enzyme, glucose oxidase, whose biological 
function appears in fact to be the production of 
HZ0 2• This typical enzyme of plants and bacteria 
is also present in the pharyngeal gland of the 
honeybee and in honey, where the H20 Z produced 
may have bactericidal activity. However, glucose 
oxidase is also found in the cuticula of the migrat
ory locust Schistocerca gregaria, where it prob
ably produces the HzOz needed for the formation 
of the bis- and tertyrosine residues of resilin. Its 
presence in the hard cuticula of the lepidopteran 
Calpodes ethlius may be related to the formation 
of sclerotizing substances; why glucose oxidase is 

+/CH 

-OO~C ~'CH: 
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Fig.1S.10. Ovothiol (1-methyl
aN ,aN-dimethyl-4-thiohistidine) 
confers on the ovoperoxidase of 
sea-urchin eggs the activity of an 
H 20 z-producing NAD(P)H:02 

oxidoreductase [170] 

also present in the haemolymph is at present a 
mystery. The rat tapeworm Hymenolepis dimi
nuta, like all parasitic worms, has no catalase but 
possesses a cytochrome-c peroxidase, the func
tion of which may be the removal of the H20 2 that 
arises under aerobic conditions in the mitochond
ria [106]. 
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The components of macromolecules and supra
molecular cell structures as well as the substrates 
of energy-yielding processes of cell metabolism 
are generally the same in all organisms. In addi
tion, higher plants, fungi and bacteria in particu
lar contain a large number of low molecular 
weight substances which are not part of this cent
ral anabolic and catabolic metabolism, and are 
therefore referred to as secondary metabolites 
[118]. The secondary metabolites of plants arise 
from the action of specific enzymes on products 
of primary metabolism, e.g. acetate, mevalonate, 
amino acids and carbohydrates. The complement 
of such enzymes, and thus the spectrum of sec
ondary metabolites, varies with the species and 
the group, and is exploited by taxonomists. Sev
eral secondary metabolites are of great practical 
importance for the production of pharmaceut
icals. 

The number of secondary metabolites in ani
mals is nothing like as large as that in plants. 
Nevertheless, more than 1000 such substances 
have already been isolated from marine inverteb
rates, especially sponges and corals. These are 
particularly interesting as many of them have 
pharmacological effects, and thus the potential 
for medicinal application [7, 33, 161]. The source 
for the unique variety of sterols and carotenoids 
in marine animals probably lies in the prolific spe
cies of marine algae. Seawater is rich in halogens; 
this explains not only the wealth of organohalo
gen compounds in marine organisms but perhaps 
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also the numerous marine terpenes, which can 
arise by bromine-induced cyclization. On the 
other hand, compared with the terrestrial plants 
and animals, marine organisms are poorer in 
alkaloids [62]. Numerous secondary metabolites 
in particular signalling substances are known from 
the insects; these have received systematic attention 
because of their possible application in biological 
pest control, especially for certain groups of Lepi
doptera [182]. Finally, there is a wealth of comparat
ive biochemical data on the pigmented substances or 
biochromes [31] and the toxins [75, 155, 184]. 

Only a few secondary metabolites are synthe
sized de novo by animals, sometimes probably 
with the help of symbiontic microorganisms. 
Others find their way into animals via the food
chain and are stored temporarily, either unmodi
fied or after metabolic conversion. Many insects 
are poisonous, and so protected from predators, 
as the result of the ingestion and storage of plant 
substances in their diet: examples include cardiac 
glycosides of the cardenolid type (Fig. 19.1a) in 
the locust Poekilocerus bufonius, the aphid Aphis 
nerii, the bug Oncopeltus fasciatus, the green 
lacewing Chrysopa sp. (Neuroptera) and the 
monarch butterfly Danaus plexippus; aristolochic 
acids (Fig. 19.1b) in the lepidopteran family Papi
lionidae; pyrrolizidine alkaloids (Fig. 19.1 c) in 
the Arctiidae and Noctuidae; and mustard oils 
(Fig. 19.1 d) in the Pieridae [24, 56, 75]. In con
trast to most products of primary metabolism, 
secondary metabolites are often found only in 



Fig.19.1a-d. Plant toxins accumulated by 
insects [24, 75]. a Ouabagenin (cardenolide), 
the aglycone of the heart glycoside ouabain; 
b aristolochic acid; c lindelophin (pyrrolizidine 
alkaloid); d mustard oil (general formula) 

a) 

HO 

c) 

certain cells or organs, e.g. in glands or in the 
integument. They often take the form of highly 
complicated multi-component systems. For ex
ample, more than 68 volatile substances have 
been isolated and identified from the red forest 
ant Formica rufa, more than 50 from the Dufour 
glands of the ant Lasius niger, and about 45 from 
the preorbital gland of the antelope Cephalophus 
monticola [8, 34, 67]. 

Although they are produced in side reactions 
of cell metabolism and often only in small 
amounts, some secondary metabolites fulfil 
important functions in the life of the animal, e.g. 
as end products or excretions, as biochromes or 
luminous substances, as toxins and defence sub
stances, or as chemical signals. The signal sub
stances can be classified according to the species 
and their effects: interspecific effects (allelo
chemical effects) to the advantage of the pro
ducer are associated with the allomones (e.g. 
defence substances, toxins, prey attractants), and 
to the advantage of the receiver in the case of the 
kairomones (warning and deterrent substances). 
The pheromones have intraspecific effects (sexual 
attractants, social pheromones, alarm substances, 
marking substances). Many substances have no 
known function, whereas others are clearly vital. 
In this situation, the term "secondary" metabolite 
is nothing more than a convenient way of solving 
the awkward problem of the classification of the 
numerous different partly species-specific low 
molecular weight substances according to their 
biological functions. The presence of a certain 
substance in an animal may have a selective value 
in a specific function, but it may also simply indi
cate that this animal species can tolerate a par-
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ticular allelochemical component in its vegetable 
diet, thereby achieving an advantage over compe
titors for a source of food. Or it may be that the 
species is resistant to a self-produced defence sub
stance. Thus, for example, the locust Poekiloce
rus bufonius, which feeds on spurge, is 300-fold 
less sensitive to the cardiac glycoside ouabain 
(Fig. 19.1a), a highly effective inhibitor of Na+, 
K+ ATPase, than are related species with another 
food plant. The beetle Caryedes brasiliensis can 
even use L-canavanine (see Fig. 12.2, p. 410) as a 
nitrogen source, whereas this structural analogue 
of arginine is toxic for most other insects. The 
cyanogenic butterflies of the genus Zygaena are 
resistant to HeN [15]. 

The uptake or production, storage, release and 
effect of secondary metabolites involve many dif
ferent themes of functional morphology, cell bio
logy, physiology, toxicology and ecology, e.g. the 
construction and function of glands, the effects of 
toxins and defence substances on the target 
organism, detoxification of allelochemicals, the 
dispersal of pheromones into the environment 
and their perception by the receiver of the signal. 
All these aspects are dealt with in the many relev
ant textbooks and monographs available. In 
accordance with the aims of this book, the sec
ondary metabolites of animals will be dealt with 
primarily according to their chemical structure 
and not to their function or biological roles. In 
the process, it is possible to choose only indi
vidual examples from the several thousand 
known compounds which have some special bio
chemical or biological features. The subdivisions 
of this chapter are based upon the simple classi
fication into N-free and N-containing substances. 
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Classes of compounds with particularly interest
ing structural or functional features are dealt with 
in separate sections. 

19.1 Nitrogen-Free Substances 

19.1.1 Aliphatic Compounds 

Aliphatic hydrocarbons are present in much 
greater variety in insects than in any other animal 
group. The cuticular lipids of the insects contain a 
species-specific spectrum of unbranched and 
branched alkanes and alkenes, mostly with 
20-40 C atoms (p. 592). In addition to their pro
tective function against moistening, the cuticular 
hydrocarbons also have communication func
tions. Due to the extremely low volatility of these 
hydrocarbons, direct contact between the indivi
duals is probably necessary. In female houseflies 
Musca domestica, the main component of the 
contact pheromone which induces the males to 
copulate is (Z)-9-tricosene (Fig. 19.2a). This 
effect is amplified by C30-methylalkane, (Z)-9,1O
epoxytricosane and (Z)-14-tricosen-10-one (Fig. 
19.2b, c). (Z)-9-Tricosene and the methylalkanes 
arise by the elongation and decarboxylation of 
unsaturated and methyl-branched fatty acids, and 
the epoxide and ketone arise from (Z)-9-
tricosene by the action of a cytochrome P-450 
monooxygenase [1]. Cuticular hydrocarbons with 
a similar structure and function are known from 
many Muscidae, and also from dipterans of other 
families and from other insects [27]. 

a) 

b) 

Research into sex pheromones began with the 
isolation by Butenandt and coworkers in 1959 of 
6 mg of the scent (E, Z) 1O,12-hexadecadienol 
(bombycol, Fig.19.2g) from 500000 silkworm 
females. Since then, the female sex pheromones 
of numerous other Lepidoptera have been identi
fied, in particular from species of economical 
importance as pests of various crops. In general, 
they are usually derivatives of unbranched ClO to 
C1S alcohols, either monounsaturated, rarely 
saturated, or mUltiply unsaturated. The most fre
quent derivative is the acetate, but free alcohols 
and aldehydes are also found. The number of pos
sible structural variants is large, but is still not 
sufficient to denote specifically every species. 
Hence, species specificity of the signals is, as a 
rule, achieved by multi-component systems. Usu
ally, the individual components of such systems 
differ from each other in only one structural fea
ture: an unsaturated alcohol is esterified with ace
tic acid or oxidized to the aldehyde; the double 
bond is shifted by two positions; a C2 subunit is 
introduced into the chain; a double bond is satur
ated such that the saturated compound is formed 
from the monoene and the monoene from the 
diene; the geometry of the double bond changes 
from Z (= cis) to E (= trans) or vice versa 
[27, 182]. Relationships based upon such a one
step model can already be seen in the pheromone 
mixture of the silkworm moth, which in ad
dition to (E, Z) 10,12-hexadecadienol also con
tains (E, E) 10,12-hexadecadienol and (Z, E) 
10,12-hexadecadienol [21]. Even larger multi
component systems are known from other Lepi-

d) 

~eOOH 
o 

e) 

~eooH 
OH 

Fig.19.2a-g. Pheromones of the 
housefly Musca domestica (a--c), 
the honeybee Apis melifera (d-f) 
and the silkworm Bombyx mori 
(g) [27, 182]. a (Z)-9-tricosene 
(muscalure); b (Z)-9,10-epoxytri
cosane; c (Z)-14-tricosen-10-one; 
d 9-oxo-(E)-2-decenoic acid; 

f) 
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e 9-hydroxy-(E)-2-decenoic acid; 
f 10-hydroxy-(E)-2-decenoic acid; 
g (E, Z)-10,12-hexadecadienol 
(bombycol) 



doptera, and the individual components are all 
related by such one-step changes (Fig. 19.3). As 
experiments with Manduca sexta have shown, not 
all components of the pheromone blend are 
essential for triggering the complete behavioural 
sequence (anemotaxis, approach and contact 
with the pheromone source, attempts at copula
tion) [189]. The relative proportions of the indi
vidual components are very important for the 
species specificity of the signal effect, although 
there may be differences between widely separ
ated populations of the same species [15]. The 
amount of sex pheromone released by a female is 
only about 1-100 nglh. The sensitivity of the 
receptors on the antennae of the males is corre
spondingly very high; arousal may result from but 
a single molecule [15]. The individual pheromone 
components may affect different sense cells, e.g. 
silkworm males possess different receptors for 
bombycol and bombycal. Olfaction requires spe
cific proteins for transport, reception and 
degradation of the scent molecule. Pheromone
binding proteins (PBPs) of 142 amino acids have 
been identified in the antennae of male Antherea 
pernyi, A. polyphemus and Manduca sexta; these 
are homologous between these species but have 
no similarity to the olfactory proteins of the rat 
and frog [150]. A protein with limited homology 
to the male PBP is expressed in the antennae of 
the females of A. pernyi [28]. The degradation 
of the species-specific sexual attractant in male 
antennae occurs by esterification, oxidation and 
ester formation to aldehydes, acids and esters 
with long-chain fatty acids. Several antennae
specific enzymes, such as aldehyde oxidases or 
dehydrogenases, have been described in different 
lepidopteran species [95, 147, 183]. 

The pheromone components apparently arise 
from the common fatty acids, which in a species
specific manner, are desaturated, shortened, 
reduced to alcohols and esterified with acetate. 
The biosynthesis of pheromones has been studied 

Z5-10-0H - Z5-10-Ac - lO-Ac 

I I I 
Z7-12-0H Z7-12-Ac 12-Ac 

I I )9-12-AC/1 
Z9-14-0H - Z9-14-Ac - 14-Ac 

Fig.19.3. The components of the sex pheromones of Agro
tis segetum. The number after the Z indicates the position 
of the double bond, which is always in the Z configuration; 
the other numbers give the number of C atoms. -OH desig
nates alcohol and -Ac its acetic acid ester. Z5-1O-0H is 
therefore (Z)-5-decenol. All the components are derived 
from each other by one-step reactions [27] 
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by tracer experiments with various lepidopteran 
species. From this it is clear that most of the 
known pheromone components can be produced 
by a few de saturation reactions in combination 
with chain shortening (limited ~-oxidation) or 
chain elongation. Some of these de saturation 
reactions have not been observed in any other 
eukaryote. ~11-Desaturation has been shown to 
be a key step in the production of ~ 11, ~ 9, ~ 7 and 
~ 5 components in several species. The ~ 11_ 
desaturase of most lepidopteran species produces 
Z and E isomers in certain proportions, whereas 
that of Trichoplusia ni produces only the Z iso
mer. A ~ 19-desaturase is involved in the synthesis 
of (Z)-8-tetradecenyl acetate and (Z)-lO
tetradecenyl acetate in Planototrix excessana. In 
Thaumatopoea pit yo campa , the ~ll-desaturase 
produces a triple bond and is responsible, toge
ther with a ~ 13 -desaturase, for the synthesis of cis-
13-hexadecen-11-ynyl acetate. The synthesis of 
(E)- and (Z)-12-tetradecenyl acetate in Ostrinia 
furnacalis occurs by ~ 14-desaturation of palmitic 
acid followed by a chain shortening [5, 27, 
66, 123, 212]. Whereas most ~ ll-desaturases are 
not strongly stereo-specific, the acetyltransferases 
of many lepidopterans are highly specific for the 
Z isomer of their monounsaturated fatty alcohol 
substrates [93]. 

Little is known about the female sex pheromo
nes in other insect groups. The pheromones of 
the honeybee have been investigated in some 
detail, especially the "queen substance" 9-
oxo-(E)-2-decenoic acid (Fig. 19.2 d) which is 
produced in the mandibular glands of the queen 
bee. Together with the reduced form (9-
hydroxy-(E)-2-decenoic acid; Fig. 19.2e), this 
constitutes the sexual attractant for the drones 
during the marriage flight, but also functions as 
an attractant for the workers in the hive; it inhi
bits the development of ovaries and prevents 
the construction of queen cells. The related 
compound 1O-hydroxy-(E)-2-decenoic acid (Fig. 
19.2 f) is produced in large amounts in the mandi
bular glands of workers and is the main compo
nent of larval food [13]. 1,2-Dioleyl-3-palmitoyl 
glycerol brings about the attraction and clustering 
of workers around the queen [112]. Beeswax owes 
its characteristic odour to the presence of oxygen
ated volatiles which originate partly from pollen 
and nectar and, like the main component dece
nal, are produced in part by the workers [23]. 
Long-chain hydrocarbons, ketones, acids and 
esters, which in most species are methyl
branched, serve as sex pheromones in the females 
of the Coleoptera and Homoptera [109, 
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182]. An interesting case is the production of (Z)-
9-tetradecenyl acetate, (Z)-9-tetradecenal and 
(Z)-l1-hexadecenal by the spider Mastophora cor
nigera as components of a mixture of scents that 
attract prey [175]. The males of some lepidopteran 
species also produce pheromones but their signal 
functions have been defined in only a few cases. 
They are mostly completely different classes of 
compounds from those produced by the females, 
e.g. terpenes, and aromatic or heterocyclic com
pounds [182]. No fewer than 63 different car
boxylic acids have been identified together with 
N-heterocyclic (pyrrolizine) compounds in the 
male abdominal hair pencils of different species 
from the genus Amauris (Danainae) [163]. Poly
chaetes of the family Nereidae exhibit a special 
reproductive behaviour (swarming and nuptial 
dance) which is triggered by signal substances in 
the coelomic fluid. 5-Methyl-3-heptanone has 
been identified as a sex pheromone in Platynereis 
dumerilii [211]. Fatty acid derivatives can also 
serve as alarm substances [22]. This is the function 
of (E)-2-hexenal and (E)-2-octenal in the bedbug 
and other Hemiptera, whereas in the honeybee it 
is usually the acetates of short-chain fatty acids 
that have this function. Short-chain esters and 
ketones are also found as alarm signals in other 
bees and some ants. Otherwise, terpenes often 
have this function, e.g. in mites (Acari), homopte
rans, soldier termites, many ants, and bees of the 
genus Trigona [22]. Methyl-branched short-chain 
alcohols and ketones are typical defence substan
ces of the suborder Palpatores of the crane flies 
(Opiliones), whereas the Laniatores produce 
alkylbenzoquinones and phenols [57]. 

Free formic acid is the most important toxin 
and defence substance of ants from the subfamily 
Formicinae, some carabids (Carabidae) and moth 
caterpillars from the family Notodontidae [27]. 
Formicin toxins contain up to 60 % formic acid 
[13]. In the defence secretions, the acid is usually 
mixed with long-chain hydrocarbons, ketones, 
alcohols or esters which facilitate penetration of 
the arthropod cuticula. Acetic acid also occurs, 
together with formic acid, in defence secretions, 
e.g. in the carabid Thermophilium homoplatum; 
it is especially characteristic, together with acetic 
acid esters, as the defence substance of many 
bugs from the family Coridae [27]. Short-chain 
fatty acids and their derivatives are usually not 
produced from longer-chain fatty acids but from 
amino acids. Thus, in the biosynthesis of formic 
acid a C1 fragment of serine or glycine is transfer
red to tetrahydrofolic acid, and formiate is 
released by the action of 10-formyltetra-

hydrofolate synthetase (Fig. 19.4). Methacrylic 
acid and isobutyric acid are produced from valine 
by the carabid Carabus taedatus and caterpillars 
of the butterfly Papilio aegus, respectively; etha
crylic acid and a-methylbutyric acid are produced 
from isoleucine [27]. The biosynthesis of the 2-
ketones (methylketones) and 3-ketones (ethylke
tones), e.g. 2-heptanone or 3-methyl-3-heptan
one, in the secretions of ants has not yet been 
explained [20]. 

Amongst the common long-chain hydroxy 
acids, myrmicacine (3-hydroxydecanoic acid) is of 
special interest; this is secreted by the fungus
rearing, leaf-cutting ant Atta sexdens and is distrib
uted in the nest together with phenyl and indole 
acetic acid, where it inhibits germination of the 
spores of all fungi except the desired species [13]. 
Hydroxy acids can produce ring-formed lactones 
by internal ester bonding, and these are found in 
the secretions of ants, bees of the genus Trigona 
and beetles of the genus Bledius (Staphylinidae) 
(Fig. 19.5a). An unsaturated lactone has the func
tion of a sex pheromone in the beetle Popillia 
japonica (Fig. 19.5b); only the (R) isomer illus
trated is found in the animal and the synthetic (S) 
isomer is inhibitory [27]. The 4-hydroxy acid lacto
nes in the orbital gland secretions of various deer 
also function as sex pheromones [13, 34]. w
Hydroxy acids can give rise to lactones with many
membered rings (macrocyclic lactones) (Fig. 
19.5 c). Such compounds are known from the Pori
fera, from the defence secretions of some termites 
and beetles, and from the secretions of the Dufour 
glands of the bee families Halictidae and Colleti
dae, where they occur together with the corre
sponding w-hydroxy acids [27]. The aplysia toxin 
from the sea snail Styocheilus longicauda and 
other "sea hares" is also a macrocyclic lactone, 
coupled to a bromophenol (Fig. 19.5 d). 

N5, N10-Methylene
tetrahydrofolic acid 

Formic acid 

N10 _ Formyl
tetrahydrofolic acid 

Fig.19.4. The biosynthesis of formic acid from L-serine 
[27] 
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Fig. 19.5 a-o. Nitrogen-free substances. a 4-Hydroxy-(E)-
9-octadecenoic acid lactone ( 4-octadec-9-enolide ) from 
Lasius flavus [27]; b 4-hydroxy-(Z)-5-tetradecenoic acid 
lactone from Popillia japonica [27]; c 3-hydroxy-24-
tetracosanolide from Armitermes sp. [27]; d aplysia toxin 
from Stylocheilus longicauda [155]; e gadusol from marine 
teleosts [72]; f dihydromatricaria acid from the beetle 

Certain mussel and coral toxins are based upon 
complicated polyether structures. The occasional 
poisoning epidemics that result from the con
sumption of mussels are caused by toxins from 
the algal diet of the mussel. The N-containing sax
itoxin from the dinoflagellates of the genus Goni
oaulax (p.743) has been known for some time. 
However, N-free compounds with a very different 
structure are produced by dinoflagellates and 
accumulated in mussels and these can also lead to 

Chauliognathus lecontei [27]; g cantharidine from the oil 
beetle (Meloidae) [75]; h muscone from the musk ox [13]; 
i civettone from the civet [13]; j exaltone from the muskrat 
[13]; k sarcophine from the gorgonian Sarcophyton glau
cum [155]; 11,7-dioxaspiro-5,5-undecane from the olive fly 
Dacus oleae [27]; m-o frontaline (m), exo-brevicomine (n) 
and myrcene (0) from Dendroctonus brevicomis [13] 

poisoning symptoms. Amongst these are poly
ether lactones, such as dinophysistoxins from the 
dinoflagellate Dinophysis acuminata (Fig. 19.6a), 
the similarly constructed brevetoxins from Gym
nodinium breve, and the pectenotoxins (Fig. 
19.6b) from an as yet unknown dinoflagellate 
species [11, 61, 104]. The most complicated and 
the most poisonous of all marine toxins is the 
palytoxin of the crust coral (Zoantharia) Palythoa 
toxica, which inhabits the coastal waters of 
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Fig.19.6a-c. Mussel and coral toxins. a Dinophysistoxin 1 [104]; b pectenotoxin [104]; c palytoxin [135] 

Hawaii, and other Palythoa species (Fig. 19.6c). 
Definition of the structure of the 115 C-atom 
molecule proved to be extraordinarily difficult 
and was first achieved in 1981. Palytoxin has a 
mammalian LDso of 10-100 ng/kg and is thus the 
most potent of all animal poisons. It binds to 
Na + ,K+ -ATPase, converting it into a permanently 
open channel which leads to lethal ion loss 
through the plasma membrane [74, 135]. 

Some aliphatic substances have unusual struc
tural properties. For example, triple bonds are 
seldom found between carbon atoms in animal 
compounds. However, such a bond is created by 

the processionary moth Thaumatopoea pit yo
campa during the biosynthesis of its pheromone 
(Z)-13-hexadecen-11-ynyl acetate [5]. The oxy
toxins produced by the sea snail Oxynoe olivacea 
(Opisthobranchia) from precursors present in its 
food alga Caulerpa prolifera also contain triple 
bonds [41], as does the dihydromatricaria acid 
(Fig. 19.5 f) obtained by the soldier beetle Chauli
ognathus lecontei from its plant diet (Composi
tae) and used unmodified as a defence substance 
[27]. The anal gland secretions of the North 
American skunk Mephitis mephitis, its South 
American counterpart Conepatus sUffocans and 



the Philippine Mydaus marchei, all of which 
belong to the marten family (Mustelidae), con
tain stinking. mixtures of mercaptans and snlphi
des [13]. Dimethylsulphide and dimethyltrisul
phide are also found in the defence glands of the 
stinging ants (Ponerinae), where they are appar
ently synthesized from methionine [27, 7S]. 
Nitro-substituted substances, such as the 1-
nitro-(E)-I-pendadecene in the defence secretion 
of the termite Prorhinotermes simplex, are quite 
rare [13, 27]. 

19.1.2 Carbocyclic Compounds 

The secondary metabolites include various cyclo
hexane derivatives, e.g. gadusol, which is present 
in the ovaries of marine teleosts at levels of up to 
4 g/kg dry weight (Fig. 19.5e); similar com
pounds are present in corals, mussels, and the 
brine shrimp Artemia salina, but their origin is in 
all cases unknown [72]. The cyclohexane derivat
ive cantharidine (Fig. 19.5 g), found as a defence 
substance in the "Spanish fly" Lytta vesicatoria 
and other oil beetles (Meloidae), has been known 
for centuries as an aphrodisiac; the use of this 
highly toxic compound has unfortunately caused 
many deaths [7S]. The musk substances of mam
mals such as the muscone of the musk deer Mos
chus' moschiferus, the civettone of the civet 
Viverra zibetha, or exaltone, which is found toge
ther with civettone in the muskrat Ondatra zibe
thica, are macro cyclic ketones (Fig. 19.5 h-j). 
Similar substances have been found in the duck 
Anas moschata, the turtle Kinosternon pennsylva
nicum and several alligators [13]. Sarcophine 
(Fig. 19.5 k) from the a1cyonarian corals is an 
effective fish poison and is one of the most com
plicated macro cyclic substances [ISS]. Spiranes 
are bicyclic hydrocarbons whose two rings have 
only one C atom in common. Spiroacetals and 
spiroketals are found together with terpenes as 
components of the sex pheromones in some spe
cies of the Hymenoptera (e.g. Andrena sp.), 
Coleoptera and Diptera [27]. The simplest spiro
acetal is 1,7-dioxaspiro-(S,S)-undecane of the 
olive fly Dacus oleae (Fig. 19.5 1). The scolytid 
beetle (Ipsidae) species Dendroctonus brevicomis 
is attracted by an aggregation pheromone 
made up of three synergistic components 
(Fig. 19.5 m-o). This includes two related bicyclic 
ketals, the frontaline produced by the males and 
exo-brevicomine produced by the females, and 
the monoterpene myrcene produced by the 
infested Ponderosa pine [13, IS]. The aggregation 
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pheromone of other scolytids, e.g. Ips paraconfu
sus, is made up of various terpenes (p. 726). 

19.1.3 Aromatic Compounds 

The majority of aromatic substances in animals 
originate from aromatic components of the diet, 
in particular the amino acids phenylalanine and 
tyrosine. However, certain aromatic compoun~s 
can be synthesized by animals from non-aromatic 
precursors, whereby it is assumed that the inter
mediates are polyketides formed by the aldol con
densation of four or more acetate residues 
(Fig. 19.7). Tracer experiments have been carried 
out on, for example, the beetle Eleodes longicol
lis whose defence secretion contains three differ
en~ 1,4-quinones (Fig. 19.8a-c). Of these, benzo
quinone can only be produced from phenylala
nine or tyrosine, whereas the two substituted qui
nones were synthesized only from acetate and not 
from the amino acids [27]. Substituted 1,4-
quinones are widely found in the defence secre
tions of beetles in the families Tenebrionidae and 
Carabidae. The primary product of the poly
ketide pathway is probably 6-methylsalicylate 
(Fig. 19.7), which is found in ants and the cara
bids; the corresponding aldehyde has been 
reported in a beetle from the family Cerambyci
dae. Isocoumarins arise by the polyketide path
way in plants and fungi; their origin in the insects 
is in most cases unclear. Mellein (Fig. 19.8 d), 
which is a member of this class of substances, is a 
typical metabolic product of fungi but is also 
found in ants and lepidopterans [13]. In the wax 
moth Aphomia sociella, mellein is the major com
ponent of the male sex pheromone which triggers 
search behaviour in the females. The gut of larvae 
and the infested bumble bee nests contain the 
mellein-producing fungus Aspergillus ochraceus, 
which apparently supplies this pheromone com
ponent [106]. 

The amino acids phenylalanine and tyrosine 
have a C6-C3 backbone; stepwise shortening of 
the side-chain leads via C6-CZ and C6-C1 com-

CH 3 

do 
H2C/ CH 2COOH 

4 CH3COOH ------- I I 
OC ;CO 

'C' 
H2 

trCOOH 

lWiOH 

6 - Melhylsalicylic acid 

Fig. 19. 7. The biosynthesis of aromatic compounds by the 
polyketide pathway [27] 
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Fig.19.8a-p. Aromatic substances [27,31, 75]. a Benzo
quinone; b toluquinone; c ethyl benzoquinone; d mellein; 
e trans-cinnamic acid; f vanillin; g guaiacol; h echino
chrome A; i a polyketide ester from the crinoid Comatula 

pounds to unsubstituted aromatic substances. 
"Naturally occurring substances with a C6-C3 back
bone are relatively rare; esters of trans-cinnamic 
acid (Fig.19.8e) or the corresponding alcohol 
have been identified in the pheromones of male 
lepidopterans and bugs [27]. Co~ compounds 
can arise by decarboxylation from phenylalanine 
and tyrosine. The most common substance of this 
type is phenylethanol, which is a pheromone 

OCH3 

OH 

OCH3 

sp.;j carminic acid; k kermesinic acid; I rhodoptilometrin; 
m hallachrome; n protoaphine from Aphis fabae; 0 ery
throaphine from Aphis fabae; p tricine from Melanargia 
galathea 

component of male Lepidoptera, Hymenoptera 
and Hemiptera, and is also part of the aggrega
tion pheromone of the scolytid beetle Dendrocto
nus breviconis. Phenylethylester and phenylacet
aldehyde have been shown to be pheromone 
components in these insect groups; phenylacetic 
acid is dispersed as a bactericide in the nest of the 
leaf-cutting ant Atta sexdens, but is also present in 
a gland secretion of the gerbil Meriones unguli-



culatus where it is used to mark territory [13, 27]. 
2'-Hydroxy-4'-methoxyacetophenone and the 
corresponding propiophenone derivative (C6-C3) 

are part of the defence secretion of the beetle Tri
bolium castaneum; they are very effective inhibi
tors of prostaglandin synthesis in vertebrates and 
insects [92]. 

Benzoic acid arises in plants by B-oxidation of 
cinnamic acid (Fig. 19.8e) and thiolytic cleavage 
to acetate and benzoyl-CoA; the benzoic acid 
released can be reduced to benzaldehyde and 
benzyl alcohol. It is not clear to what extent 
these reactions are possible in arthropods or 
whether the corresponding CoC1 compounds 
must be taken up in the diet. Benzyl aldehyde, 
however, is widely found, e.g. in millipedes, beet
les, ants, bees and lepidopterans [18, 27, 182]. It 
is produced in certain millipedes and beetles 
together with HCN by the cleavage of mandelo
nitrile (Fig. 19.16a). Benzoic acid, p-hydroxy
benzoic acid, 3,4-dihydroxybenzoic acid (proto
catechuic acid) and their esters are present in 
the defence secretions of water beetles (Dytisci
dae) [27]. Protocatechuic acid and other substi
tuted benzoic acids are involved in insects in the 
tanning of non-cuticular proteins (p.431). The 
pleasant-smelling vanillin (Fig. 19.8f) is part of 
the male pheromones of the moth Eldana saccha
rina and the bug Leptoglossus corculus [27, 182]. 

Oxidative decarboxylation of p-hydroxy
benzoic acid gives 1,4-hydroqninone, which is 
easily converted to 1,4-benzoqninone. Both com
pounds are common in defence secretions, espe
cially in beetles, but also in termites, locusts and 
cockroaches [27]. Diplopods of the orders Julida, 
Spirobolida and Spirostrepida could just as well 
be termed "quinone millipedes". Handling these 
animals often produces red staining of the fingers 
owing to protein tanning by quinones [18]. That 
the frequently substituted 1,4-benzoquinones of 
beetles in the families Tenebrionidae and Carabi
dae can arise only by the polyketide pathway was 
mentioned above. In many insects, the very reac
tive and toxic 1,4-hydroquinones are present as B
glucosides, from which they are released by glyco
sidase. The bombardier beetle and carabids from 
the subfamilies Brachininae and Ozaeninae 
exploit the high reactivity of the hydro quinone in 
a remarkable defence mechanism. The defence 
gland secretes a mixture of about 10 % hydroqui
none and 25 % hydrogen peroxide into an inter
nal storage cavity. The brief opening of a separat
ing flap allows a portion of this mixture to enter a 
chitin-lined reaction chamber, where the action of 
catalase and peroxidase produces oxygen and 1,4-
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quinone in an explosive reaction; the hot aqueous 
solution is ejected forcibly through the opening of 
the gland to the outside. The enzymes involved 
are adapted to the high temperatures produced in 
the reaction chamber [27, 52, 75]. 

Phenols are relatively rare amongst the animal 
substances. Unsubstituted phenol is secreted by 
females of the beetle Costelytra zealandica and 
attracts males. Conversely, it is a major compo
nent of the defence secretions of the cockroach 
Archiblatta hoeveni and the locust Romalea mic
roptera. It is accompanied by p-cresol in both spe
cies and in the locust also by o-cresol. This sug
gests that the biosynthetic pathways of phenol, 
p-cresol and o-cresol are linked. The completely 
different distribution of m-cresol, which is 
found mainly in carabids, indicates a different path
way, probably via polyketides. Phenol and 
o-methoxyphenol (guaiacol, Fig. 19.8g) are found 
in millipedes of the order Polydesmide, where 
they have been shown to be synthesized from 
tyrosine; guaiacol is also found in the Hemiptera 
[18,27]. The females of various tick species (Ixo
didae) attract males by 2,6-dichlorophenol; the 
cholesteryloleate of the body cuticula then func
tions as a sex pheromone to induce mounting 
[77]. Marine algae produce different bromophe
nols and these are also found in marine animals 
such as polychaetes, phoronids and hemichorda
tes. The 2,4-dibromophenol from Saccoglossus 
kowalewskii has bactericidal properties [99]. 

The red, purple and blue pigments of the sea 
urchins, starfish and crinoids are known as echi
nochromes or spinochromes; they are naphtho
qninones and exist as about 20 variants. They 
were first discovered in spines and calciferous 
shells, where they contribute greatly to the 
coloration, but they are also present in somatic 
cells [31]. Echinochrome A from the coelomocy
tes of the sea urchin Echinus esculentus 
(Fig. 19.8h) has bactericidal activity [167]. The 
polyketide sulphates produced as several variants 
by the crinoids Comatula pectinata and C. per
plexa (Fig. 19.8i) have two condensed aromatic 
rings; these are not particularly toxic but have 
deterrent effects against fish [75]. Various import
ant biochromes are found amongst the anthraqui
nones. The C-glucosidic carminic acid (Fig. 19.8 j) 
from the cactus-inhabiting cochineal Dactylopius 
coccus (Coccus cacti) and the closely related ker
mesinic acid (Fig. 19.8 k) from the mealy bug Ker
mes quercus which inhabits oaks, have been used 
for centuries as dyes. Ptilometra australis and 
other Australian crinoids owe their purple colour 
to rhodoptilometrin (Fig. 19.81) and related sub-
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stances, which are very similar to some fungal 
metabolites. Hallochrome (Fig. 19.8m) from the 
polychaetes Halla parthenopeia and Lumbricone
reis impatiens (Eunicidae) has the seldom found 
1,2-anthraquinone structure [31]. The aphines are 
extremely complicated quinones that are present 
in a large number of different species-specific 
structural variants and stereoisomers in the 
aphids (Aphidae). They arise from protoaphines 
in the haemolymph (Fig. 19.8n) and these come 
from naphthoquinones. After the death of the 
animal, the red erythroaphines are produced 
from protoaphine via yellow and orange interme
diates (Fig. 19.80). All aphines are "stretched 
quinones". in that the two oxygen atoms are separ
ated by a complicated conjugated multiple-ring 
system [31]. F1avonoids, pigments with the three
ring system of flavone, are common in plants and 
include important pigments like anthocyans and 
also the colourless flavones and flavonol. Herbi
vorous animals consume large quantities of these 
substances in their diet but usually appear to 
make no further use of them. Only in the case of 
some butterflies is it known that flavonoids, taken 
up at the larval stage, are stored in the wings, e.g. 
tricine (Fig. 19.8p) and luxetine by the "chess
board" Melanargia galathea [96]. 

19.2 Terpenes 

Terpenes arise by condensation from isopentenyl 
pyrophosphate, the "activated isoprene" whose 
synthesis was described earlier (p. 625). The num
ber of coupled isoprene units distinguishes mono
terpenes (two units = ClO)' sesquiterpenes (C1S)' 

diterpenes (C20), sesterpenes (C2S)' triterpenes 
(C30) and tetraterpenes (C40); these may have a 
cyclic or an acyclic structure. The terpenes as vola
tile "ethereal oils" are typical plant substances but 
numerous terpene derivatives are also found in 
the animals. Squalene and steroids are triterpe
nes, and carotenoids are tetraterpenes. In many 
cases, the terpene derivatives, or their precursors 
which are found in animals originate in the diet. 
However, tracer experiments with acetate or 
mevalonate have clearly shown the capacity for de 
novo synthesis of mono-, sesqui- and diterpenes in 
ants, termites, lepidopterans and homopterans, 
although none of these produce squalene or ste
roids. Citral is apparently an important intermedi
ate of these syntheses [18, 84]. 

The de novo synthesis of terpenes has also 
been shown in nudibranch gastropods (Opistho-

branchia) but it was not found in the Porifera 
[9,40, 84]. The reactions of terpene metabolism 
in the animal kingdom and the related enzymes 
are mostly unknown. Terpene metabolism in mar
ine organisms has some interesting features. 
Whereas land plants produce predominantly vola
tile monoterpenes, the emphasis in marine algae 
is on diterpenes. The wealth of halogens, espe
cially bromine, in the marine environment pre
sents many opportunities for terpene cyclization, 
and this explains the great variety of halogenated 
terpenes in marine algae; these then find their 
way into algae-consuming marine animals. For 
example, 400 different halogen terpenes have 
been identified in the seaweeds of the genus Lau
rencia [62]. Isocyanoterpenoids are found in the 
marine poriferans [37]. In many, but certainly not 
all, cases the animal terpenes can be assigned 
biological functions: as defence substances or tox
ins in marine poriferans and slugs [13, 48]; as 
alarm signals and chemical marking substances in 
mites, aphids termites, ants and bees; and as sex 
or aggregation pheromones in scolytid beetles, 
mealy bugs and butterflies of the family Pieridae 
[15, 18, 22, 182]. 

Amongst the acyclic monoterpenes, the com
pounds derived from geranial and neral (the 
trans- and cis- isomers of citral) and from citro
nellal are the most widely found (Fig. 19.9a-c). 
This is not surprising bearing in mind that the bio
synthesis of all monoterpenes starts from geranyl 
pyrophosphate. The three aldehydes, and someti
mes the corresponding alcohols and esters, are 
components of pheromones and defence secre
tions of mites, bees (e.g. Trigona subterranea), 
ants (e.g. Atta sexdens, Acanthomyops claviger), 
butterflies (Pieridae) and beetles (Staphylinidae) 
[13, 22, 75, 182]. Complex mixtures of all these 
substances, including joint compounds such as 
geranylcitronellol or geranylgeranyl acetate, are 
found, for example, in the labial glands of various 
species of the bumble bee genus Bombus and in 
the Dufour glands of the bee genus Andrena [15]. 
A new type of acyclic monoterpene is ~-acaridial, 
the sex pheromone of the acarid mite Caloglo
phus polyphyllae [110]. Male scolytids of the spe
cies Ips paraconfusus secrete in their faeces an 
aggregation pheromone which contains as synerg
istic components the acyclic terpenes ipsdienol 
and ipsenol as well as bicyclic cis-verbenol 
(Fig. 19.9d, e, k); the individual components are 
practically inactive [13, 15]. A total of seven dif
ferent halogenated acyclic monoterpenes have 
been identified in the large sea slugs Aplysia lima
cina and A. californica (Fig. 19.9 f); three ofthese 
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halogenated terpene from Pseudoaxinyssa petys (Porifera) 
[62]; r polygodial [40]; s aplysine from Aplysia kurodai 
[155]; t avarol from Dysidea avara [36, 136]; u ambreine 
from the ambergris of the sperm whale; v cubitene from 
Cubitermes umbratus [15]; w cembrene A from C. umbra
tus [15]; x a marine sesterpene from Porifera and Nudi
branchia [48]; y a marine sesterpene from Porifera [48] 
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are also found in algae in the same location 
[139]. 

The mono cyclic terpenes limonene and terpi
nolene (Fig. 19.9 g, h) serve as components of 
alarm pheromones and defence substances for 
the soldiers of various termite species [15, 22]. A 
dioxo derivative of terpinolene (Fig. 19.9 g), 
known as robinal, is found in the acarid mite Rhi
zoglyphus robini [111]. The hicyclic terpenes a
pinene and ~-pinene (Fig. 19.9i,j) are found in, 
for example, termites, aphids and the Pieridae, 
whereas the structurally related cis-verbenol 
(Fig. 19.9k) is only found as a component of the 
aggregation pheromones of Ips paraconfusus and 
related species. Verbenol is apparently produced 
in these scolytid species by Bacillus cereus in the 
hind gut from a-pinene obtained from the host 
plant [15, 59]. Many ants exploit terpenes as sig
nal and defence substances. The species Tapi
noma nigerrimum of the family Dolichoderinae 
has a rather remarkable defence mechanism. It 
sprays attackers with a mixture of the ketones 
methylheptonone and propylisobutylketone and 
the terpene dialdehyde iridodial (Fig. 19.9 m) 
which polymerizes and renders them immobile. 
Many ants of the genera Iridomyrmex and Doli
choderus have iridodial, whereas others have 
dolichodial. Iridomyrdmecine (Fig. 19.9 n), which 
has an insecticide activity superior to that of 
DDT, is produced by Iridomyrmex humilis 
[13, 15]. 

The production of sesquiterpenes occurs via 
farnesyl pyrophosphate, which is also an inter
mediate in the synthesis of the juvenile hormone 
JH III (p.613). Hence, the acyclic farnesol 
(Fig. 19.9 1) is particularly widespread amongst 
the insects. For example, 2,3-dihydrofarnesol is 
present in the mandibular gland of the bumble 
bee Bombus terrestris; farnesene and homofarne
sene are present in ants of the genus Formica [2]; 
and (E)-~-farnesene occurs as a defence sub
stance in the larvae of the lepidopteran Papilio 
helenus and as a pheromone in aphids [13, 22, 
84]. (E, E)-a-Farnesene and (E)-~-farnesene are 
present at a significantly higher concentration in 
the urine of dominant male mice [141]. Dendro
lasine (Fig. 19.90), a modified sesquiterpene, is a 
defence substance of Dendrolasius fulginosus; it 
particularly affects other ants, and is also found in 
plants [13, 75]. The (nor)-sesquiterpene gyrinidal 
(Fig. 19.9p), which is one C atom shorter, is pro
duced together with a related compound in the 
pygidial gland of water beetles from the genus 
Gyrinus, and apparently acts as a deterrent 
against fish [13, 75]. Numerous acyclic and cyc-

lic sesquiterpenes, including many halogenated 
compounds (Fig. 19.9q), are known from sea 
slugs and sponges. The sea slug Dendrodoris lim
bata uses polygodial (Fig. 19.9 r) as a fish deter
rent, a substance which it can synthesize de novo 
[40]. In contrast, the slug Aplysia kurodai appar
ently obtains the poisonous bromoterpene aply
sine (Fig. 19.9 s) and the related aplysinol from its 
algal diet [13]. Aplysia punctata contains seven 
cyclic polyhalogenated monoterpenes which have 
been shown to originate in the red alga Ploca
mium coccineum [149]. The sesquiterpenoid 
hydroquinone avarol from the sponge Dysidea 
avara (Fig. 19.9 t) is of medicinal interest because 
of its pronounced antimicrobial and cytostatic 
properties [36, 136]. The triterpene alcohol amb
reine (Fig.19.9u) is a major component of 
ambergris, a wax-like, pathological gut secretion 
of the sperm whale Physeter catodon; this was 
earlier valued for scent production but has now 
been replaced by synthetic compounds. Amberg
ris itself is odourless, but oxidative cleavage pro
duces smaller fragments, several of which have 
characteristic odours. Terpenes with complicated 
structures are found in the defence secretions of 
termite soldiers (Fig. 19.9 v, w) and also in marine 
sponges and slugs (Fig. 19.9 x, y) [15, 48]. The ste
roids, steroid glycosides and steroid saponins that 
serve as toxins and defence substances in fish, 
insects, starfish, holothurians and corals were 
described in Chapter 16. 

19.3 Carotenoids 

Carotenoids are the most common biological pig
ments; they are found in all groups of organisms 
from bacteria to the mammals, although not in all 
species. They are tetraterpenes of eight isoprene 
subunits whose biosynthesis in plants occurs via 
the acyclic C40 compound lycopene (Fig. 19.1Oa). 
The numerous conjugated double bonds which 
confer the colours to carotenes usually all have 
the trans configuration. Cyclization produces 
methyl-substituted cyclohexene rings at both 
ends. The molecule of ~-carotene (Fig. 19.10 b) is 
built up symmetrically and the C atoms are num
bered 1-20 in one half and 1'-20' in the other 
half. Whereas the two end groups in ~-carotene 
have the same structure, the isomer a-carotene 
has a ~ ring and an E ring (Fig. 19.10 c). The oxy
genated derivatives of the carotenoids are known 
as xanthopylls. The oxygen is present mainly as 
hydroxyl groups, as in zeaxynthin and lutein 
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Fig.19.10a-k. Carotenoids [71]. a Lycopene; b ~-caro· 
tene; c a-carotene; d zeaxanthin; e lutein; f echinenone; 

(Fig.19.10 d, e), oxo groups, as in echinenone and 
canthaxanthin (Fig. 19.1Of, g), or both together, 
as in astaxanthin (Fig. 19.1Oh). The hydroxy caro
tenes can form esters with long-chain fatty acids. 
The basic structure of the carotenoids allows 
numerous variants with different numbers of C 
atoms, different end groups, different numbers 
and positions of double bonds and methyl groups, 
and various oxygen functions. To date, more than 
600 naturally occurring carotenoids have been 
identified, many of which have trivial names. The 
systematic nomenclature is based on the basic 
substance "carotene"; the structure of the end 
groups are denoted by Greek letters. Thus, a
carotene has the systematic name of ~-E-carotene, 
and zeaxanthin is 3,3'-dihydroxy-~,W-carotene. 
The biological roles of the carotenoids depend 
often, but not always, upon their light-absorbing 

g canthaxanthin; h 3S,3'S-astaxanthin; i renieratene; 
j 7 ,8-dihydrorenieratene; k E,E-carotene 

properties. In plants they are essential for photo
synthesis and light protection. In animals they are 
precursors of the A vitamins (retinols), from 
which are derived the visual pigments and 
important cell-signalling molecules such as 
retinoic acid. However, by no means all the caro
tenoids detected in animals can be metabolized to 
vitamin A. Some of the carotenoids that are not 
suitable as pro-vitamins probably have as yet 
unknown functions [16], and others originate by 
chance in the diet and have no function. In fact, 
many animals survive with no, or almost no, caro
tenoids [71, 94]. 

Animals are not able to synthesize carotenoids 
de novo. In many cases the pigments taken in 
with the diet are stored without modification. 
Hence, the same carotenoid may be found in sev
eral segments of a food-chain, e.g. in alder lea-
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Fig.19.11. Metabolic pathways from ~
carotene to canthaxanthin [71]. See text for 
further details; the intermediates and end 
products are referred to in the text by the 
numbers shown here 

ves, in the caterpillars that feed on them and in 
the great tit which eats the caterpillars. However, 
metabolic modifications of ingested carotenoids 
can also occur in animal tissues, but there is 
almost no information about the enzymes respon
sible. Hydroxylation at C-3 or C-4 is especially 
common, and in insects hydroxylation at C-2 is 
also quite frequent; the 4-hydroxy groups in par
ticular can be further oxidized to oxo groups. The 
metabolization of ~-carotene to canthaxanthin or 
astaxanthin has been demonstrated repeatedly, in 
particular in birds, fish, molluscs, insects and 
crustaceans (Fig. 19.11). The order in which the 
oxygen functions are introduced into the mol
ecule varies from species to species [119]. Reduct
ive metabolic pathways for the carotenoids have 
been detected only more recently in animals, e.g. 
the conversion of canthaxanthin and astaxanthin 
(Fig. 19.10 g, h) to dihydroxycarotene and tetra
hydroxycarotene in the snail Fusinus perplexus 
[128]. A particularly interesting reaction of caro
tene metabolism is the contraction of cyclohex
ene to a five-ring system by the removal of C-2, as 
occurs during the formation of actinioerythrin in 
Actinia equina and other sea anemones 
(Fig. 19.12). Carotenoids with aromatic end 
groups, such as renieratene (Fig. 19.10i), are 
found in the animal kingdom only in the sponges; 
the aromatization is apparently a function of the 
animal but the mechanism has not been defined 
[71]. The origin of the triple bonds (Fig. 19.10j) 
present in carotenoids from sponges, starfish and 
mussels is also unknown [71, 121, 144]. E,E

Carotenoids (Fig. 19.1Ok) were initially known 
only in vertebrates, e.g. from the integument and 
eggs of fish, the skin of the frog Atelopus chiri
quiensis, the retinal oil drops of the turtle Chelo-

nia midas, the egg yolk of the chicken and the 
feathers of various birds ("canary xanthophyll"). 
More recently, they have been detected in mol
luscs. The chicken can form the E ring from the ~ 
end group of zeaxanthins and luteines [71, 187]. 
The so-called apocarotenoids, which carry only 
one cyclic end group, occur only occasionally in 
the animal kingdom, e.g. in the retina of the 
chicken and in poriferans, echinoderms and pro
sobranch gastropods [205]. A reaction of caroten
oid metabolism which is apparently widespread in 
animals in the production of the A vitamins reti
nol and 3,4-dihydroretinol by cleavage of a caro
tene molecule between C atoms 15 and 15'. The 
pro-vitamin must have a non-substituted ~ ring 
and a side-chain of the correct length with conjug
ated double bonds. Hence, ~-carotene gives rise 
to two molecules of vitamin A and a-carotene 
yields only one; zeaxanthin and lutein are inact
ive. A double bond at C-3 has no influence on 
vitamin synthesis. Vitamin A biosynthesis has 
been examined in detail only in the mammals, 
where it occurs in the gut wall and not, as previ
ously thought, in the liver. The enzyme responsi
ble for cleavage of the carotene is ~-carotene-
15,15'-dioxygenase, and the reaction proceeds via 
a peroxide intermediate [31]. The aldehyde 
formed initially is reduced to retinol by retinal de
hyde reductase. Retinol is bound to cytoplasmic 
retinol-binding proteins (CRBPs), of which there 
are two types in mammals and these differ in their 
tissue distribution. The CRBP II of the rat, which 
is present only in the gut and plays an important 
role in carotene absorption and vitamin A synthe
sis, agrees in 56 % of its amino acids with the 
other type. Both belong to the same protein 
family, together with a retinoic acid-binding pro-
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Fig.19.12. The formation of the nor
carotenoid actinioerythrin [31]. Only 
the left end group is illustrated o 0 



tein and the three fatty acid-binding proteins of 
the gut, liver and heart. In contrast, CRBP II is 
only partly homologous with the 182-amino-acid 
retinol-binding protein (RBP) in the blood 
plasma [53]. The uterus lining (endometrium) of 
the pig secretes at least four different RBPs with 
N-terminal sequences which agree 30-70 % with 
the human plasma RBP [43]. Retinoic acid is a 
retinol metabolite with considerable effects on 
cell growth and differentiation [160]. These 
effects are mediated by specific retinoic acid 
receptors which, together with the receptors of 
steroid hormones and thyroid hormones, consti
tute the nuclear receptor super-family. Three 
types of human and murine retinoic acid receptors 
(RAR) are known, RAR-a, -~ and -yo Compari
son of the different receptors within each species 
shows much less agreement than that between 
individual receptor types in the two species. Thus, 
the three receptor types are evolutionally very old 
and probably have different functions [103]. 

The carotene contents of animals show large 
qualitative and quantitative differences, even 
though the pigments illustrated in Fig. 19.1Oa-h 
are found in almost all animal groups. Several 
carotenoids are always found together, e.g. in the 
ladybird Coccinella septempunctata there are no 
fewer than 22 types. The similarity of the chemi
cal properties of the components prevents con
clusive analysis of these mixtures; the solution of 
this problem awaits improvements in the analyt
ical methods. The existence of stereoisomers 
must also be taken into account. For example, of 
the three possible isomers of astaxanthin, only 
3S,3'S is present in the starfish Martasterias glaci
alis (Fig. 19.1Oh), whereas crustacyanin in the 
lobster also includes 3R,3'R and the mesomer 
3R,3'S [71]. Lutein has three chirality centres and 
can therefore form eight isomeric forms, A-H; A 
is generally distributed in plants and animals, and 
B, D, F and G have so far been identified only in 
the skin of various fish [126]. 

The carotenoid spectra of numerous species of 
the sponges, annelids, mussels, gastropods, crus
taceans, insects, fish and birds are available in 
table form [71], and only a few more unusual 
details will be mentioned here. The carotenoid 
spectrum of the Porifera is dependent not only 
upon the plants and animals of the plankton diet 
but also upon algal and fungal symbionts in the 
sponges. In addition, the Porifera are capable of 
rather unusual carotenoid metabolism, e.g. aro
matization of the cyclohexene ring, its reduction 
to a five-ring system, and the creation of triple 
bonds in the chain (Fig. 19.1Oi,j). Among the 
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echinoderms, the herbivorous echinoids, crinoids 
and holothurians contain relatively few carote
noids, mainly carotene hydrocarbons and echine
none, whereas the carnivorous asteroids and 
ophiurids possess relatively large amounts of 
predominantly hydroxylated carotenoids [188]. 
Large variation in the carotene content is also 
characteristic of the molluscs: the gonads of the 
limpet Patella vulgata have the extremely high 
value of 2.8 glkg fresh weight; in comparison, 
most cephalopods are very low in carotene 
[71, 120]. 

The crustaceans contain free carotenoids, i.e. 
hydrocarbons and unesterified xanthophylls, 
together with xynthophyll esterified to long-chain 
fatty acids and a wealth of carotenoid protein 
complexes which are discussed below. Many crus
tacean carotenoids carry keto groups on C-4 and/ 
or C-4', often together with hydroxyl groups on 
C-3 and/or C-3'. In the Anostraca and Isopoda 
non-hydroxylated ketocarotenoids, such as can
thaxanthin (Fig. 19.10 g), predominate, and 3-
hydroxylated forms, such as astaxanthin 
(Fig. 19.10 h), are common in the copepods, 
Euphausiacea and Decapoda (Fig. 19.10h). The 
metabolic pathways leading from ~-carotene in 
the diet to canthaxanthin and astaxanthin appar
ently vary from species to species. Thus, from the 
schemes of canthaxanthin synthesis given in 
Fig. 19.11, the brine shrimp Artemia salina utilizes 
the pathway 1-2-3 but not 5-6-3 or 4-2-3; in con
trast, reactions 4-2 and 5-6-3 have been demonst
rated in the water flea Daphnia magna [71]. 
Amongst the arachnids, carotenoid metabolism 
has been examined in some detail in the spider 
mites Tetranychus pacificus and T. urticae. Mut
ants with defective carotenoid metabolism have 
been found, e.g. "albino", which cannot convert 
~-carotene to ketocarotenoids; "lemon", which 
has a similar defect but accumulates ~-carotene in 
the haemolymph and thereby assumes its charac
teristic colour; and "flamingo", which does not 
esterify hydroxyketocarotenoids but stores them 
as granulae in its legs, leading to an aberrant pig
ment distribution [71]. Amongst the insects, the 
lepidopterans have received particular attention. 
Their carotenoids are derived almost unmodified 
from the diet, with some species showing a cer
tain selectivity and others showing none at all. 
Conversion of ~-carotene to astaxanthin has been 
shown, for example, in the migratory locust 
Locusta migratoria. Stick insects and, among the 
Lepidoptera, the greater puss moth Cerura vinula 
introduce a hydroxyl group at C-2 ~-carotene, 
apparently forming a ketocarotenoid as inter-
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mediate [71]. A novel oxidation product of ~
carotene, 3,4-didehydro-~,~-carotene, has been 
identified in the Japanese stick insect Neophira
sea japonica [129]. In some species, e.g. the aphid 
Macrosiphum liliodendri and the ladybird Cocci
nella septempunctata, part of the carotenoids ori
ginate not from the diet but from symbiontic mic
roorganisms. The aphids contain ~,"{-carotene 
and "{,,,{-carotene and, in certain colour variants, 
also lycopene, a typical fungal carotenoid is not 
present in the diet. The ladybird also has lyco
pene and 21 further, in part completely unusual, 
carotenoids; although it feeds on aphids, at least 
a part of its carotenoids appear to originate from 
its symbiontic red yeast. In insects, as in vertebra
tes, a carotene deficiency leads to a loss of visual 
capacity [71]. 

Carotenoids have been analysed from more 
than 200 fish species. Yellow and red coloration of 
the body surface results from the accumulation of 
carotenoids in various types of chromatophores, 
of which the xanthophores of the trout have 
mainly lutein and the erythrophores have astax
anthin [71]. An unusual compound in many fish is 
tunaxanthin with two E rings; this is not present in 
phytoplankton and is thus apparently produced 
by the fish itself. Conversion of ~-carotene or 
lutein to astaxanthin has been clearly shown, e.g. 
in cyprinids. In contrast, the salmonids and 
apparently many other saltwater fish can oxidize 
neither lutein nor canthaxanthin to astaxanthin, 
and are therefore dependent upon the supply of 
ketocarotenoids in the diet. In the birds, caroten
oid metabolism is often discussed in connection 
with one much-cited example: flamingos are 
often used as evidence for the inability of animals 
to synthesize carotenoids de novo; their pink col
our stems from the ingestion of astaxanthin and 
canthaxanthin from their shrimp diet. In captivity 
they retain their colour only if their food is sup
plemented with carotenoids. This is true also for 
the xanthophylls in the feathers of the roseate 
spoonbill Ajaia ajaja and the scarlet ibis Guava 
rubra [32]. The existence of pigmented droplets in 
the retina of birds has been known for a long 
time; at least six different types are found. These 
droplets contain various carotenes, including E,E
carotene, the origin of which has not yet been 
determined. The oxygen-containing, E,E-caro
tenoids in liver and egg yolk apparently come 
from lutein and zeaxanthin. Thus birds, like fish, 
have the ability to convert the ~ ring into an E 
ring, a process which is lacking in plants [71, 127]. 
Mammals, in contrast to most other animals, 
appear to be unable to oxidize the carotenes 

taken up in the diet. Their carotenoid metabolism 
is restricted to the production of vitamin A and 
its derivatives. The ~-carotene-15 ,IS' -oxygenase 
required is missing from the cat and probably also 
the mink, and these animals can thus not satisfy 
their vitamin requirement by ingesting carotenes 
as a pro-vitamin. A few mammals, such as 
humans, cattle and the horse, accumulate carote
nes and xanthophylls in their bodies, whilst other 
mammals, like the buffalo, goat, sheep, pig, dog, 
cat, rat and rabbit, do not [71]. 

Because of their non-polar character, carote
noids are fat soluble but they may become water 
soluble by the binding of proteins. Carotenoid
protein complexes are widespread in animals; 
they are well known in several cnidarians, mol
luscs, echinoderms and insects, and have been 
most thoroughly examined in the lobster and sev
eral other crustaceans [210]. A distinction can be 
drawn between carotenoproteins, which consists 
only of polypeptides and carotenoid molecules in 
stoichiometric proportions, and the caroteno
lipo-(glyco )-proteins, which in addition to caro
tenoid include other lipid substances and do not 
always show stoichiometric relationships. The 
carotenoid component of both types is usually 
astaxanthin, but canthaxanthin, lutein and other 
carotenoids are also found as components of such 
complexes. The protein components always con
sist of two to five different polypeptides; the com
plete amino acid sequences have been deter
mined for the crustacyanin subunits Az and C1 

from the lobster Homarus gammarus, and 
sequences have been determined for the N
terminus of the carotenoproteins from the starfish 
Asterias rubens and the siphonophore Velella 
velella [210]. Carotenoproteins usually have a 
completely different colour to that of the free pig
ment, ranging from purple through blue, green 
and yellow to red. The absorption spectra of most 
carotenoproteins are shifted to higher wave
lengths (bathochrome shift). For example, the 
absorption maximum A of free astaxanthin is 
492 nm, whereas the maxima of astaxanthin pro
teins range from 536 nm for the red complex of 
the crustacean Eriphia spinifrons to 650 nm for 
the purple complex from the siphonophore Por
pita sp. [71]. An explanation for this interesting 
alteration of the light-absorbing properties by the 
binding of protein awaits more detailed informa
tion about the nature of the carotenoid-protein 
bond and the resulting interaction of the compon
ents. The shift in the absorption maximum is to 
shorter wavelengths for some carotenoproteins 
(hypsochrome shift), for example the yellow 



carotenoprotein from the lobster armour (cara
pace) has a maximum of 409 nm. The only 
explanation so far available here is the interaction 
between astaxanthin molecules that lie in stacks 
of 20 molecules [71]. 

The carotenoproteins of the lobster Homarus 
gammarus have received particular attention. The 
armour (carapace) contains the blue a
crustacyanin (J... = 628 nm), which consists of 16 
subunits of 20 kDa each with an astaxanthin. 
Alteration of the pH and the ionic strength causes 
dissociation of the a-crustacyanin to eight dimeric 
molecules of the purple ~-crustacyanin. Heat 
releases the astaxanthin and results in the charac
teristic red colour of the cooked lobster. The sub
units of crustacyanin belong, together with the 
insecticyanin and the bilin-binding protein of the 
mammals, to the super-family of the retinol
binding proteins. There are five isoforms of the 
subunits and these fall into two groups according 
to their sequence homology. Group 1 includes the 
subunits CI> C2 and AI> which agree completely in 
the 30 N-terminal positions, and group 2 is made 
up of the subunits A2 and A3 with 47 identical N
terminal amino acids. A2 (172 amino acids) has 
only 65 amino acids in common with C1 (181 
amino acids). In ~-crustacyanin, one A2 and 
one C1 chain are organized head-to-head; a
crustacyanin contains two tetrameric arrange
ments of such ~-crustacyanin dimers [97,210]. 
The carapace also contains the yellow caroteno
protein (J... = 409) already mentioned and two fur
ther yellow proteins, Y1 and Y2, which may, how
ever, be artefacts [71]. The eggs of the lobster 
contain the green ovoverdin (J... = 460 + 640 nm), 
which has a molecular mass of about 300 kDa and 
includes two or three astaxanthin molecules with 
an apparently loose stoichiometry [71, 210]. In 
contrast to that of its European counterpart, the 
blue crustacyanin from the American lobster has 
only two types of subunit (Hl and H2), but is 
otherwise very similar [210]. Blue carotenoprote
ins of a similar type have also been reported in 
Procambarus clarkii, Astacus leptodactylus and 
Upogebia pusilla [153]; their close relationship is 
indicated by the formation of hybrid molecules 
between crustacyanin subunits from Homarus 
americanus and P. clarkii. The carapace of the 
crayfish A. leptodactylus is green-brown due to 
the presence of three carotenoproteins, one blue, 
one yellow and one red. The yellow protein (J... 
= 385 nm) has a native molecular mass of 
564 kDa and consists of polypeptides of 195, 151, 
126 and 95 kDa together with 12 carotenoid 
molecules (6 each of astaxanthin and zeaxanthin) 
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[134]. A red astaxanthin lipoprotein (J... = 482 nm) 
has been described from the carapace of the 
crayfish P. clarkii [133], and one with a purple col
our (J... = 597 nm) from the carapace of the 
anomuran Galathea strigosa [70]. The liphorin of 
insect haemolymph is always bound to carote
no ids and thus, according to the above definition, 
it is a caroteno-lipo-glycoprotein. However, the 
only genuine carotenoprotein of insects to have 
been characterized so far is the violet protein 
found as the main component of the haemolymph 
in the mosquito Rhynchosciara americana. This is 
a homotetramer of 157 kDa carrying three mole
cules of echinenone and a canthaxanthin [19]. 
The skin of the starfish Linckia laevigata includes 
a yellow carotenoprotein (J... = 403 nm) and the 
blue linckiacyanin, which has two different types 
of carotene-binding sites and therefore two 
absorption maxima (J... = 395 and 612 nm). Native 
linckiacyanin has a molecular mass of more than 
1000 kDa and carries at least 200 carotenoid 
molecules. In addition to astaxanthin and zeaxan
thin, these include the previously unknown 
hydroxyclathriaxanthin with an aromatic end 
group. The purple asteriarubin from the starfish 
Asterias rubens also contains a mixture of differ
ent carotenoids [42, 209]. 

19.4 Visual Pigments 
and Phototransduction 

In all known cases the light-absorbing prosthetic 
group (chromophore) of the visual pigments is 
identical or closely related to retiual, the alde
hyde of vitamin Al (retinol). Whereas all the dou
ble bonds of the retinol that is newly formed from 
carotenes have the trans configuration 
(Fig. 19.13a), the visual pigments always have the 
ll-cis isomer (Fig. 19.13b), a molecule that is bent 
into a hook shape. It has even been shown in the 
unicellular alga Chlamydomonas sp. that the dis
turbed light response of "blind" mutants can be 
normalized by the supply of ll-cis-retinal [65]. 
Only a few vertebrates and invertebrates have 
visual pigments with chromophores other than 
retinal or its ll-cis isomer. It has been known for 
more than 100 years that the rods in the retina of 
many freshwater species do not contain "visual 
purple" (rhodopsin) with an absorption maxi
mum of 500 nm, but instead contain porphyrop
sin with a maximum of about 520 nm. Here the 
chromophore is 3,4-didehydroretinal, which is 
derived from vitamin A2 (3,4,didehydroretinol) 
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(Fig. 19.13 c). The distribution of these two types 
of pigment is remarkable: rhodopsin and vitamin 
Az are present in all terrestrial and marine verteb
rates, and the visual pigments of most invertebra
tes are rhodopsin-like. Porphyropsin and vitamin 
Az are found in many (but not all!) freshwater 
vertebrates. They are widely found in freshwater 
teleosts, and in fish that migrate between fresh
water and seawater the chromophore changes 
with the surroundings. The tadpoles of the Rani
dae and Hylidae have vitamin Az, but the larvae 
of the toads (Bufonidae) always have only vita
min Ab even when they inhabit the same ponds. 
Adult anurans have predominantly or exclusively 
AI' Both visual pigments are found in some spe
cies. Thus, in the American bullfrog Rana cates
beiana the dorsal half of the retina, which genera
tes the underwater image, contains considerable 
quantities of porphyropsin, but the ventral half of 
the retina has only rhodopsin. In contrast, the 
"four-eyed" fish Anablebs anablebs, whose eyes 
are subdivided into clearly distinct areas for air 
and underwater vision, has only rhodopsin. The 
natural diet of the freshwater fish and amphibians 
contains vitamin Al but no Az. In at least some 
freshwater fish, vitamin Az is apparently obtained 
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Fig.19.13a-e. Vitamin A and the prostq.etic groups of 
visual pigments. a all-trans-retinol; b ll-cis-retinal (in rho
dopsin); c 3,4-didehydroretinal (in porphyropsin); d 3-
hydroxyretinal (in xanthopsin); e ll-cis-retinal is bound as 
a Schiff base to a lysine side-chain (in bovine rhodopsin 
296-Lys; see Fig. 8.7b, p. 310) 

from pro-vitamins with 3,4-didehydro- end 
groups, whereas in the tadpoles of Rana cates
beiana retinol can be converted to 3,4-
didehydroretinol [185]. 

A new chromophore, 3-hydroxyretinal (Fig. 
19.13 d), was discovered in insects a few years 
ago; the corresponding visual pigment is known 
as xanthopsin. 3-Hydroxyretinol was thought at 
first to be characteristic of the Diptera and Lepi
doptera, but was later found also in the Odonata, 
Neuroptera, Homoptera, several Coleoptera 
(Cerambycidae), Hemiptera, Plecoptera, Mega
loptera and Hymenoptera. Amongst the Diptera, 
retinal is found in the Simuliidae and 3-
hydroxyretinal is found in 13 further families. The 
Odonata, Hemiptera, Mecoptera and Trichoptera 
have both retinal and 3-hydroxyretinal [166, 
172]. The crayfish Procambarus clarkii is the 
only invertebrate to possess both rhodopsin and 
porphyropsin. 3-Hydroxyretinal is not found in 
this species but apparently the alcohol 3-
hydroxyretinol is present; this is possibly an inter
mediate in the synthesis of 3,4-didehydroretinal 
[179]. The luminous cephalopod Watasenia scintil
lans has three different visual pigments. The main 
pigment of the whole retina (A ::::::: 484 nm) con
tains retinal. A second pigment (A ::::::: 500 nm) in 
the proximal section of the long rhabodome of 
the ventral retina contains 3,4-dihedydroretinal, 
and a third pigment (A ::::::: 470 nm) from the distal 
section has a new chromophore, 4-hydroxyretinal 
[125]. Lepidopterans are apparently dependent 
upon 3-hydroxyxanthophyll as the precursor for 
the synthesis of 3-hydroxyretinal, whereas dipte
rans can hydroxylate p-carotene and possibly also 
retinol in the 3- position [193]. In addition to 3-
hydroxyretinal, the visual pigment of the higher 
dipterans appears to carry the corresponding 
alcohol (3-hydroxyretinol), which has a UV
sensitizing effect, but in contrast to the chromo
phore does not alter in absorption properties 
upon illumination. The absorption spectra of the 
primitive dipterans and lepidopterans show no 
evidence of a UV-sensitizing pigment [100]. 

In bovine rhodopsin, ll-cis-retinal is bound as 
a Schiff base to the side-chain of 296-Lys 
(Fig. 19.13 e); this shifts the absorption maximum 
from 380 to about 500 nm (bathochrome effect). 
The rhodopsins extracted from the retina of vari
ous vertebrates have three absorption maxima, of 
which a = 493-505 nm and ~ = 340-350 nm are 
due to the chromophore and disappear on light 
absorption and excitation ("bleaching" of the 
visual pigment); the absorption band y = 280 nm 
stems from the aromatic amino acids of the p,.-otein 



components. For the many rhodopsins that have 
been investigated, in most cases the a bands lie in 
the given region of 493-505 nm. However, excep
tions are found among deep-sea elasmobranchs, 
teleosts and crustaceans, where the maxima are 
shifted to shorter wavelengths (blue shift), and 
among fish that inhabit very cloudy coastal 
waters; in this case the maxima lie above 505 nm. 
These deviations are most likely adaptations to 
the particular light conditions. The capacity for 
colour resolution among vertebrates and inver
tebrates is determined by the presence of photo
receptor cells with differing spectral sensitivity 
maxima, presumably due to the presence of dif
ferent visual pigments. Much less is known bio
chemically about the pigments of the colour
sensitive cones of the vertebrate retina than about 
the rhodopsins and porphyropsins of the rods. 
Four cone visual pigments have been isolated 
from the chicken retina and these correspond to 
the four cone types present: violet, blue, green 
and red. The sequence of the red pigment 
("iodopsin") has been determined via the cDNA 
[107, 143]. The DNA sequence of other cone 
visual pigments are known but the pigments 
themselves have not been isolated, e.g. the opsins 
of the three human receptor types, postulated by 
the trichromatic theory of colour vision, and the 
opsins of the blind cave fish Astyanax fasciatus, 
which are homologous to the human green and 
red cone pigments [206]. In general, comparative 
details of the number and biochemical properties 
of the visual pigments from different animals with 
colour vision are not yet available. 

The amino acid sequence of bovine rhodopsin 
was determined directly and involved years of 
tedious effort. The new methods of DNA 
sequencing then rapidly generated further 
sequence information about, for example, the 
cone visual pigments of humans, the chicken, and 
cave fish; the rhodopsins of humans, various 
other mammals, the chicken and the lamprey 
Lampetra japonica; the four rhodopsins, Rh1 to 
Rh4, of Drosophila melanogaster; the Rh1 homo
logue of Calliphora erythrocephala; the rhodop
sin of the squid Loligo forbesi; and three bacterial 
rhodopsins [12, 76, 82, 85, 107, 145, 177, 181, 
206]. Although these opsins have very few amino 
acids in common, they are nevertheless very simi
lar in their basic structure. They are all integral 
membrane proteins with seven transmembrane 
helices and carry in their sequences of usually 
341-381 amino acids one to two glycosylation 
sites and C-terminally at least six serines or threo
nines that can be phosphorylated (see Fig. 8.7b), 
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p. 310). The rhodopsin of Loligo forbesi has a C
terminal extension with many proline residues 
and negatively charged amino acids, and conse
quently has the unusual total length of 452 amino 
acids [76]. The protein super-family to which the 
opsins belong also includes the G-protein
coupled hormone receptors, e.g. the ~-adrenalin 
receptors and muscarinic acetylcholine receptors 
(p.309). Although the hormone receptors agree 
with the opsins in only 12-17 % of their amino 
acids, they do have the same characteristic archi
tecture with seven transmembrane domains (see 
Fig.8.7a). The human, bovine and murine rho
dopsins (all with 348 amino acids) show 93-94 % 
sequence agreement with each other, 87 % with 
chicken rhodopsin, and 78-82 % with that from 
the lamprey Lampetra japonica (341 amino acids) 
[12,82, 181]. The opsin of the human blue recep
tor has the same length but only 42 % similarity 
compared with the rod pigment; the red- and 
green-specific human cone pigments have 96 % of 
their 363 amino acids in common but show only 
43-44 % agreement with the opsin of the blue 
receptor and 40-41 % agreement with that of the 
rods [207,214]. The human X chromosome car
ries one to three green pigment genes but always 
has only one red pigment gene. These genes agree 
in 98 % of their DNA sequences and are appar
ently the result of relatively recent gene duplica
tions [194]. The cave fish Astyanax fasciatus also 
has one red pigment gene and multiple green pig
ment genes that are homologous to those of 
humans. However, sequence comparisons show 
that the genes of fish and mammals arose by 
independent gene duplications [206]. Iodopsin 
(chicken red pigment) has 80 % of its 362 amino 
acids in common with the opsin of the human red 
receptor but shows only 43 % agreement with 
chicken rhodopsin [107]. Using a cDNA of bovine 
rhodopsin as a probe, homologous genes have 
been found not only in vertebrates of all classes 
and in Drosophila, but also in the crayfish Pro
cambarus blandingii, the squid Argonauta argo, 
the alga Chlamydomonas reinhardtii and the simi
larly light-orientated bacterium Halobacterium 
halobium [122]. 

The faceted eye of Drosophila contains three 
classes of photoreceptor. Each of the approxim
ately 800 ommatidia has six outer cells, R1-R6, 
and two inner cells, R7 and R8, which can be 
divided into several subclasses. Mutants with a 
reduced rhodopsin content, prolonged after
potential and concomitant desensitization are 
known as "nina" (neither inactivation nor after
potential). Eight genes (nina A-H) are known so 
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far, of which ninaE encodes opsin Rl-6 [196], 
and ninaA encodes a cyclophilin-like protein of 
237 amino acids which may be responsible for the 
correct folding and stability of opsin Rl-6 
[162, 168]. The sequence of opsin Rl-6 agrees in 
36 % of its 373 amino acids with that of mamma
lian rhodopsin; an important difference, how
ever, is that the Drosophila opsin has 10 addi
tional amino acids in the third cytoplasmic loop 
(between helices 5 and 6). This probably explains 
some of the characteristic functional differences 
from vertebrate rhodopsins: the metarhodopsin 
which appears as an intermediate following light 
excitation of rhodopsin is much more stable in the 
physiological temperature range in Drosophila 
and other invertebrates than in the vertebrates; 
the chromophore in Drosophila remains bound to 
opsin during the whole photocycle, whereas that 
of the vertebrates is released; the visual pigment 
of Drosophila and other invertebrates is much 
less mobile in the membrane than are those of the 
vertebrates [214]. Only the newly synthesized 
insect opsin is glycosylated, and the mature pro
tein is not. The opsin Rl-6 of the distantly 
related fly Calliphora erythrocephala shows 86 % 
sequence agreement with that of Drosophila [85]. 
Four opsin genes have been identified so far in 
Drosophila. Gene Rhl is identical to ninaE and is 
expressed in the photoreceptor cells Rl-6. The 
opsin genes Rh3 and Rh4 are expressed in two 
subsets of the photoreceptor cells R7, and gene 
Rh2 is expressed in R8. Rhl is also expressed in 
the paired internal photoreceptor organs of the 
larvae, and Rh2 is expressed in the three dorsal 
ocelli of the adult [145]. Opsin R8 has 381 amino 
acids with a sequence that is 67 % similar to that 
of opsin Rl-6, and also has 10 additional amino 
acids in the 5/6 loop. Despite the similarity of the 
coded amino acid sequences, the structure of the 
two Drosophila genes is very different; only one 
of the four introns in the R8 gene is comparable 
with those of ninaE [46]. 

Rhodopsin is excited by light absorption, and 
the process has been studied in detail with bovine 
rhodopsin. It occurs via several intermediate 
steps with characteristic absorption maxima, of 
which the first are extremely short-lived at room 
temperature and can be defined only at very low 
temperatures (Fig. 19.14a). The 11-cis-retinal is 
already isomerized to all-trans-retinal in the very 
first step, the formation of bathorhodopsin. The 
active, excited form of rhodopsin in the ensuing 
process chain is metarhodopsin II, which has a 
half-life of several minutes before it dissociates 
into opsin and free retinal [214]. The conforma-

tional changes associated with rhodopsin excita
tion have also been examined in the cephalopod 
Euprymna morsei [81]. Regeneration of rhodop· 
sin involves the reisomerization of all-trans
retinal to the 11-cis isomer. It was discovered only 
relatively recently that retinal is reduced to reti
nol in the process, and that the retinol isomerase 
is localized in the pigment epithelium cells of the 
retina [29]. 

Retinol is bound to a specific protein, the inter
stitial retinoid-binding protein (IRBP), for trans
port between the receptor cells and the pigment 
epithelium; this protein is present in the extracel
lular matrix of the vertebrate retina. The human 
and bovine polypeptide chains of 1230 and 1264 
amino acids, respectively, have four homologous 
repeats of about 300 amino acids, carry four non
covalently bound fatty acids, and can bind two 
molecules of retinol or another retinoid. IRBP 
has a mass of about 140 kDa in the terrestrial ver
tebrates but only 70 kDa in the teleosts [25, 114]. 
A retinaldehyde-binding protein (RALBP) is 
responsible for the intracellular transport of 11-
cis-retinol and 11-cis-retinal; the bovine and 
human sequences of 316 amino acids show 92 % 
agreement [47]. Proteins with immunological 
similarities to IRBP and RALBP have been 
demonstrated in various cephalopods [64]. 

Two segments in the rods of the vertebrate 
retina can be distinguished; the outer segment 
consists of a stack of several hundred light
sensitive membranes (discs) whose predominant 
protein component is rhodopsin. In darkness, 
cations leave the inner segment and enter the 
outer segment; light brings about the closure of 
the ion channels in the outer segment, and thus 
the hyperpolarization of the receptor cells.· The 
process cascade between the light stimulus and 
the neural response of the receptor cell is known 
as phototransduction [176, 214, 215]. Here, there 
is space to give only some basic details of the 
process (Fig. 19.14b). The cause of the closure of 
the ion channels in the outer segment of the 
receptor cells is a reduction in the cGMP concen
tration, brought about by activation of cGMP 
phosphodiesterase. In fact, only part of the 
cGMP in the rods is light dependent; the rest is 
bound and not influenced by illumination. The 
functional coupling of light-activated rhodopsin 
and the phosphodiesterase is established by trans
ducin (Fig. 19.14b). The photosensitive membra
nes of the rod outer segments contain about 20 
different proteins in the frog Rana catesbeiana; of 
these, 70 % are rhodopsin (3 . 109 molecules per 
cell), 17 % transducin (3 . 108 molecules per cell) 
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Fig. 19.14 a, b. Phototransduction in the vertebrate retina 
[176, 214, 215]. a Stimulation of the visual pigment: rho
dopsin is transformed to the excited state MIl by absorp
tion of a photon and changes its absorption maximum 
(bleaching). The process proceeds via the short-lived inter
mediates bathorhodopsin (B), lumirhodopsin (L) and 
metarhodopsins I and II (M! and MIl). The isomerization 
of ll-cis-retinal to all-trans-retinal (/) occurs in the first 
step. Finally, the all-trans-retinal is released from opsin. 
The order of magnitude of the half-life at body tempera
ture is given above each reaction step; the absorption max
ima in nm are shown under each intermediate. b Photo
transduction in the rods of the vertebrate retina: the rho-

and 1.5 % phosphodiesterase (1.5 . 107 molecules 
per cell) [78]. The interaction between rhodopsin 
and transducin as well as that between transducin 
and phosphodiesterase involves lateral diffusion 
in the membrane. About 15 % of the membrane 
surface is occupied by rhodopsin molecules; a 
more dense packing would be possible but this 
would reduce the mobility of the various protein 
molecules [215]. The light-induced isomerization 
of retinal takes place deep inside the membrane 
(see Fig.8.7b, p.31O); the resulting conforma
tional change must be communicated to the cyto
plasmic surface of the rhodopsin molecule. The 
interaction with transducin takes place on the sec
ond and third cytoplasmic loops and on a fourth 
loop of amino acids 310-323, which is formed by 
binding of 322-Cys and 323-Cys with palmitic acid 
of the bilayer [101]. On the edges of the disc 
membrane is a specific protein, peripherin, which 
has 345 amino acids and four transmembrane seg-

R· 
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dopsin stimulated by light (R+) catalyses the exchange of 
GDP and GTP on several transducin molecules (Ta~y) 
and the cleavage into T~y and Ta-GTP. R + is gradually 
inactivated by phsophorylation and binding of the protein 
arrestin (A). The complex Ta-GTP activates the cGMP 
phosphodiesterase (Pa~Y2) by binding its inhibitory y 
chains. The complex Py-Ta-GTP dissociates after hydro
lytic cleavage of GTP; the released y chains of the phos
phodiesterase can again attach to and inactivate the Pa~ 
complex; the a chain of transducin (Ta-GDP) can bind 
with T~y to give the completely inactivated transducin 
(Ta~y-GDP). See the text for further details 

ments but no known function. In addition to rho
dopsin, the plasma membrane of the rod outer 
segments contains the cGMP-gated cation chan
nel, an oligomer of 80-kDa subunits, and an 
Na,Ca-exchanger of 220 kDa [45, 176]. 

Thansducin belongs to the same protein family 
as the G-proteins of the hormone receptors 
(p. 309). Like the latter, it is also an aBy hetero
trimer in which the a chain of 39 kDa is loosely 
bound to a tight complex of one B chain of 
36 kDa and one y chain of 8 kDa. The a chains 
carry the binding site for guanine nucleotide and 
this has a similar sequence in all G proteins. The 
light-activated rhodopsin (metarhodopsin II) 
causes the exchange of GDP for GTP on transdu
cin. One activated rhodopsin molecule triggers 
several hundred such exchanges. This is the first 
of several amplifying effects in the process cas
cade of phototransduction, and confers the ability 
of rod receptors to detect single photons [176]. 
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The a chain of bovine rod transducin consists of 
350 amino acids, corresponding to 39 kDa; it dif
fers in only one amino acid from the mouse a 
chain and shows 88 % agreement with the human 
rod transducin but only 65 % agreement with the 
41-kDa bovine cone transducin [54, 151]. There 
are two structurally and functionally different 
bovine y chains, of which y-2 (6 kDa) allows the 
interaction of Ta~y with the excited rhodopsin, 
and y-l (8 kDa) has no known function. A similar 
heterogeneity of the Ta~y complex is found in 
the frog Rana catesbeiana [68, 142]. Transducin
like proteins have been detected immunologically 
not only in the retina of vertebrates of all classes 
and in the pineal and parapineal organs of fish 
and amphibians but also in the retina of various 
cephalopods [174]. 

Bovine rod cGMP phosphodiesterase (PDE) 
consists of three subunits, a (88 kDa), ~ 
(84 kDa) and y (11 kDa), in the stoichiometry of 
a~Y2' The a and ~ subunits are homologous. The 
bovine ~ chain agrees in 72 % of its 853 amino 
acids with the bovine a chain [115]. The bovine 
and murine y chains consist of 87 amino acids 
and differ at only two positions [191]. Two Ta
GTPs interact one after the other with the inact
ive Pa~Y2' bind the two inhibitory y chains and 
release the active Pa~ [176]. The bovine cone 
PDE consists of two identical a' subunits of 
93.5 kDa and an unknown number of smaller 
polypeptides of 11, 13 and 15 kDa. The a and ~ 
subunits of the rod enzyme show more agreement 
with each other than with the a' subunit of the 
cone PDE [69, 115]. About 20-30 % of the PDE 
activity of the rod outer segment is not membrane 
bound. This soluble isoenzyme consists of four 
types of subunit, asol (88 kDa), ~sol (84 kDa), Ysol 
(11 kDa) and 0 (15 kDa). The 0 subunit has no 
inhibitory properties and is possibly responsible 
for the solubility of the isoenzyme [69]. Hydroly
sis of the transducin-bound GTP to GDP leads to 
dissociation of the Py-Ta-GDP complex. The 
released y chains of PDE can combine with the 
active a~ complex to give inactive phosphodieste
rase, and the remaining GDP-bound transducin a 
chain combines with the corresponding ~y com
plex to form inactive GDP-transducin; the latter 
is converted again to active GTP-transducin by 
active rhodopsin [176, 215]. Re-establishment of 
the dark state requires not only the deactivation 
of PDE and transducin but also the quenching of 
the excited rhodopsin and the formation of fresh 
cGMP. The rapid deactivation of the phototrans
duction cascade is achieved by phosphorylation 
of rhodopsin on multiple serine and threonine 

residues in the C-terminal region by a cytosolic 
68-kDa rhodopsin kinase, and binding of the 
cytosolic 48-kDa protein arrestin to the phospho
rylated rhodopsin. Several minutes pass before 
the all-trans-retinal is replaced by 11-cis-retinal to 
regain the initial state of the rhodopsin. Droso
phila melanogaster also has a protein of 364 
amino acids which shows >40 % sequence agree
ment with human and bovine arrestin [171, 176]. 
The activation of guanylate cyclase in bovine rods 
involves the binding of the 26-kDa protein reco
verin, which is highly homologous to visinin from 
chicken cones. Recoverin belongs to the EF-hand 
super-family of calcium-binding proteins and has 
three calcium-binding sites. In the dark state, 
Ca2+ influx through the cGMP-gated channel and 
the equivalent Ca2+ efflux through the Na,Ca
exchanger generates a Ca2+ concentration of 
about 500 nmolll; this causes recoverin to be 
loaded with Ca2+ and prevents it from binding to 
guanylate cyclase. Illumination blocks the Ca2+ 

influx, but the Ca2+ efflux continues. In this way, 
the Ca2+ concentration drops to about 50 nmolll 
and Ca2+ -free recoverin is produced; this binds to 
and activates guanylate cyclase [108, 176]. Pho
totransduction in the cones corresponds more-or
less to that in the rods, even though many of the 
components involved show differences [176]. 

The velocity and sensitivity of the process cas
cade of phototransduction in vertebrate photore
ceptors has been finely tuned during evolution. It 
is therefore surprising that the equally effective 
phototransduction in the faceted eyes of the arth
ropods and in the retina of the cephalopods dis
play fundamental differences. Two segments of 
photoreceptor cells can be distinguished in the 
xiphosuran Limulus polyphemus, and only one 
carries microvilli. The membranes of these micro
villi contain rhodopsin molecules which are many 
times less mobile than those in vertebrate rod 
membranes. In this case, instead of causing clo
sure light brings about the opening of ion chan
nels and depolarization of the receptor cells. The 
concentrations of cGMP and Ca2+ do not decline 
after illumination but increase. A transducin-like 
protein is also present in the cephalopods; how
ever, this does not affect a cGMP phosphodieste
rase but activates a phospholipase C which clea
ves inositol trisphosphate (IP3) from phosphat
idylinositol bisphosphate (PIP2). The IP3 prob
ably regulates the ion permeability of the photo
receptor membrane by the release of Ca2+ from 
intracellular storage pools [203]. The photopho
bic and phototactic reactions of the ciliate Stentor 
coerulus have a completely different molecular 



basis. The pigment granulae serving here as the 
primary photoreceptors contain two chromopro
teins, stentorins I and II, which have extended 
quinones of complicated structure as the pros
thetic groups. The primary photo-process appears 
to be one of proton dissociation [98, 173]. 

19.5 Nitrogenous Substances 

19.5.1 Amino Compounds 

Histamine, serotonin, dopamine and other bio
genic amines are frequent components of animal 
toxins (p. 320); thus, in addition to their varied 
functions as internal signal substances these com
pounds have pharmacological effects on other 
individuals. Even substances as poisonous as tri
methylammonium are found, for example, in the 
nematocysts of sea anemones and in the salivary 
glands of sea snails [13]. The trapping threads in 
the web of the garden spider Araneus diadematus 
owe their sticky property to the presence of drop
lets of an aqueous fluid containing y-amino
butyramide (1.9 mOl/l), choline (1.5 mol/l) and 
isethionic acid (1.1 mol/l) [195]. The haemocytes 
of the ascidian Halocynthia roretzi contain 
tetrapeptide-like substances with antimicrobial 
activity, the halocyamines, which are made up of 
three amino acid residues and 6-bromo-8,9-
didehydrotryptamine [10]. In some marine gast
ropods, the hypobranchial glands produce toxic 
cholinesters: murexine (Fig.19.15a) in Murex 
brandaris, senecioy1choline in Thais floridana and 
acryly1choline in Buccinum undatum [155]. The 
polychaete Lumbriconereis heteropoda has in its 
epidermis an amine with an unusual dithiolane 
ring and which is known as nereistoxin 
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(Fig. 19.15 c). Surprisingly, this substance is an 
effective insecticide and served as a model for the 
development of the synthetic insecticide padan 
[62, 155]. The ladybird (Coccinellidae) defends 
itself very effectively against attackers by exuding 
droplets of haemolymph at its leg joints (reflex 
bleeding); this contains various alkaloids and the 
long-chained diamine whose structure is shown in 
Fig. 19.15b [26]. The skin glands of the amphibi
ans produce a variety of very different types of 
highly poisonous substances, including numerous 
pharmacologically active peptides (p.293), alka
loids and also several amines. For example, the 
skin of frogs of the genus Leptodactylus contains 
various serotonin derivatives and also a phenol
betaine known as leptodactyline (Fig. 19.15e). 
Several rare amino acids also have pharmacolo
gical effects, e.g. N-methyl-n-aspartate from the 
sea snail Scapharca broughtonii has neuroexcitat
ory activity [159]. The mercaptohistidine ovothiol 
(see Fig. 18.10, p.710) from the eggs of the sea 
urchin Strongylocentrotus purpuratus is appar
ently involved as a cofactor in oxidative metabol
ism; similar substances have meanwhile been 
found in the eggs of the starfish Evasterias tros
cheW and the mussel Chlamys hastata [190]. 
Thiolhistidine is also present in adenochrome, an 
Fe(III) pigment produced in the octopus in the 
"white bodies" of the gill hearts and spread in the 
body by circulating amoebocytes. Adenochrome 
is a mixture of peptides made up of two molecules 
of glycine and one molecule of one of the adeno
chromines A-C (Fig. 19.15 d). These unusual 
amino acids consist of two molecules of thiolhisti
dine bound to dopa via a thiolester bond [138]. 
The eyes of many tropical marine fish contain the 
UV-absorbing protective pigment palythine (A. 
= 320 nm), asterina-330 (A = 330 nm), palythi
nol (A. = 332 nm) and palythene (A. = 360 nm). 
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Fig. 19.15 a-e. Amino com
pounds. a Murexine [13]; b (Z)-
1,17-diaminooctadec-9-ene from 
coccinellids [26]; c nereistoxin 
[155]; d adenochrornine A [138]; 
e letpodactyline [75] 

HN~N 



740 19 Secondary Metabolites 

These are all unusual amino acids with a carbon 
skeleton that is similar to that of the N-free com
pound gadusol (Fig. 19.5 e) [55]. 

19.5.2 Cyanogenic Compounds 

The ability to release HCN from cyanogenic gly
cosides is widely found in plants; about 2000 
HCN-producing species and more than 40 differ
ent cyanogenic glycosides are known. In contrast, 
cyanogenesis in the animal kingdom is found only 
in several arthropods. Most diplopods from the 
order Polydesmida and many chilopods possess 
mandelonitriIe, from which they can release HCN 
by means of an a-hydroxynitrile lyase in a special 
reaction chamber (Fig. 19.16a). Benzoic acid 
esters of mandelonitrile and benzoy1cyanide 
(Fig. 19.16b) are also present as cyanogenic sub
stances. These compounds are synthesized in the 
animal from phenylalanine as the precursor [18]. 
Mandelonitrile has also been found as a cyano
genic substrate in the carabid MegacephaZa virgi
nica and other species of the carabid subfamily 
Cicindelinae. The substrate of cyanide production 
in several leaf-beetle larvae (Chrysomelidae) has 
not yet been clearly identified [50]. Cyanogenesis 
is widely found in moths of the families Zygaeni
dae and Lymphalidae. All developmental stages 
contain the two cyanogenic glucosides linamarin 
and lotaustralin, which are also found in plants 
(Fig. 19.16c). HCN release requires cleavage of 
the sugar by a ~-glucosidase. These two glucosi-
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des are also found in moths that live on non
cyanogenic host plants [50, 202). Tracer exper
iments carried out on several representatives of 
both families of lepidopterans have shown that 
linamarin is produced from valine and lotaustra
lin is produced from isoleucine, with the corre
sponding nitriles appearing as intermediates 
(Fig. 19.16 c) [51]. Caterpillars of Zygaena tri/olii 
contain ~-cyanoalanine, which is produced from 
serine and HCN in an enzymatic reaction. Both 
cyanogenic and non-cyanogenic lepidopterans are 
insensitive to HCN, but the mechanism of their 
resistance is not yet understood [50, 202]. 

19.5.3 N-Heterocyclic Compounds 
and Alkaloids 

Several nitrogen-containing rings (Fig. 19.17) are 
ubiquitous as structural elements of the amino 
acids: pyrrolidine in proline, imidazole in histi
dine, and indole in tryptophan. In addition, N
heterocyclic compounds have attained special 
functions in individual species. For example, a 
pyrrole derivative functions as a trail pheromone 
in ants of the genus Atta (Fig. 19.18a). The large 
group of pyrrole pigments are of particular inter
est for comparative biochemistry and are consid
ered in Section 19.6. A pyrimidine compound acts 
as a signal substance in the symbiosis between 
fish and sea anemones: the amphikuemine pro
duced by the sea anemone Radianthus keucken-

CH3'C ...... CN L CH3'C/CN __ /00-__ CH3, 
CH3/ "O-Glc --oI!.=---_ CH3/ "OH • CH3/ C=0 

Fig.19.16a-c. Cyanogenic substances [50]. 
a The release of HCN from mandelonitrile; 
b benzoylcyanide; c linamarin: biosynthe
sis from valine and release of HCN; lot
australin is formed from isoleucine and is 
cleaved in an analogous process Linamarin 
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Fig.19.17. N-Heterocyc1ic basic structures 

Indole 

thali attracts the fish Amphiprion perideraion 
even at a concentration of 10-10 molll [137]. 
Numerous alkyl-substituted pyrazines are found 
in ants, spider wasps (Sphecidae) and potter 
wasps (Eumenidae), where they function as 
defence substances and alarm pheromones. Many 
ants of the subfamily Myrmicinae utilize 3-ethyl-
2,5-dimethylpyrazine as a trail pheromone [89]. 
The European ants of the genus Monomorium 
synthesize various alkyl pyrrolidines and alkyl 
pyrrolines which are used to kill prey and to repel 
other ant species [113]. The venom glands of the 
"fire ants" ofthe genus Solenopsis, whose toxicity 
and readiness to attack makes them a danger 
even to humans, contain species-specific mix
tures of alkyl-substituted piperidines, pyrrolines, 
pyrrolidines and pyrrolizidines [27]. Oxygen
containing derivatives of pyrrolizines are released 
by special structures (hair brushes) on the males 
of the monarch butterfly (Nymphalidae), and 
these compounds act upon the females as sex 
pheromones. These substances have been shown 
to originate in pyrrolizidines of the plant diet 
[27, 164,200]. Indole (Fig. 19.17) and its 3-methyl 
derivative skatole are present in the defence 
secretions of ants and trichopterans [27]; more 
than 70 different indole derivatives are known 
from marine animals, including many halogen
ated forms, e.g. 4,6-dibromindole from the hemi
chordate Glossobalanus sp. [80]. The venom of 
the spider Argiope lobata contains coloured, low 
molecular weight toxins that block the post
synaptic glutamate receptors of their prey; these 
are known according to the chromophore groups 
as argiopin (with 2,4-dihydroxyphenylacetic 
acid), argiopinin (with 4-hydroxyindole-3-acetic 
acid) and pseudoargiopinin (with indole-3-acetic 
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acid). Indole derivatives are also constituents of 
the nephilatoxins of Nephila clavata [73]. Ribofla
vin, which is derived from alloxazine, a pteridine 
with a condensed benzol ring, is ubiquitously dis
tributed as the prosthetic group of oxidoreducta
ses. Just occasionally, it is involved in determin
ing body colour, as in Holothuria forskali [31]. 

Purine and pyrimidine compounds are present 
in all animals as components of nucleic acids, 
coenzymes and cosubstrates. Guanine and other 
purines are also involved in determining body col
our, especially in fish. Micro-crystals, stored in 
special guanophores or iridophores, reflect light of 
all wavelengths and confer on the fish a white or 
silver colour, or gold when the crystals are overlaid 
with carotenoids, as in the goldfish [31]. Several 
sponges contain relatively large quantities of nuc
leosides with unusual structures, e.g. arabinosyl
thymine and -uracil (spongothymidine and -uri
dine) and 2-methoxyadenosine (spongosine) in 
Thetya (Cryptothetya) crypta; these are absent 
from the related species T. aurantia and other 
sponge species. Unusual purine nucleosides are a 
feature of sea slugs (Opisthobranchia): isoguano
sine (Fig. 19.18 c) is present in Diaulula sandiegen
sis, and 1-methylisoguanosine in Anisodoris nobi
lis [197]. 1-Methyladenine induces gonad ripening 
in the starfish Asterina pectinifera; this substance is 
not derived from methylated nucleic acid but is 
synthesized de novo. The hermaphrodite gland of 
the edible snail contains much free inosine. N
Heterocyclic compounds are also the basis of 
important groups of biochromes: the porphyrins 
and bilins (with pyrrole), the pterins (with pteri
dine), the ommochromes (with phenoxazine) and 
the melanins (with indole-5,6-quinone and pyr
role); these are all dealt with in separate sections. 
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Fig.19.18a-l. N-Heterocyclic substances. a Methyl-4-
methylpyrrole-2-carboxylate [27]; b amphikuemine [137]; 
c isoguanosine [197]; d coccinellin [75]; e pederin [75]; 

N-Heterocyclic substances are frequently refer
red to as "alkaloids". This term was coined in 
1819 by the pharmacist Meissner for alkaline 
plant substances, and is therefore not a strict 
chemical definition. Terrestrial plants produce a 
wealth of alkaloids as deterrents against orga
nisms that eat them; these find their way into the 
bodies of herbivorous insects, where they can be 
stored and again serve a deterrent function 
(p.716). The N-heterocyclic compounds in the 
defence secretions of ants (described above) are 

f 

f glomerin [13]; g polyzonimin [18]; h saxitoxin [155]; 
i 6,6'-dibromindigo (Tyrian purple) [31]; j tyriverdin [31]; 
k tetrodotoxin [90]; I batrachotoxin [90] 

often included amongst the alkaloids. Alkaloids 
of rather unusual structure are also found in the 
fluid exuded by the coccinellids during reflex 
bleeding (p. 739); they are all based upon the aza
phenalene ring system (Fig. 19.18 d). Feeding 
experiments indicate that the coccinellin of the 
ladybirds is produced from polyketides. The 
oxygen-free precoccinellin and other compounds 
of this group have also been detected in the 
defence secretions of a beetle from a completely 
different family, the cantharid Chauliognathus 



pulchellus [27]. Despite its complicated structure 
(Fig. 19.18e), pederin from the staphylinid Paede
rus juscipes can be synthesized by these animals 
from simple polyketide precursors [13]. Diplo
poda of the family Glomeridae have the charac
teristic habit of rolling up into a ball when danger 
threatens and enveloping themselves in a sticky, 
poisonous fluid that contains the toxic compound 
glomerin (Fig. 19.18 f) and the N-ethyl analogue 
homoglomerin; this is the only known quinazoli
none of animals [13, 18,90]. Of all the substances 
identified in the defence secretions of the diplo
pods, probably the most unusual are the N
terpene polyzonimin (Fig. 19.18 g) and the related 
tricyclic nitropolyzonimin from Polyzonium rosal
bum [18, 75]. 

The "paralysing mussel toxins" are produced by 
dinoflagellates of the genus Gonyaulax and in 
these organisms find their way into mussels, crabs, 
echinoderms and other marine animals. The toxin 
primarily affects the central nervous system, and 
in about 8 % of cases leads to death by inhibiting 
respiration [75]. The first of these toxins to be 
described (in 1975) was saxitoxin (Fig.19.18h); 
further related compounds under the name gony
autoxin have since been discovered [155]. Under 
certain conditions, the sea snail Babylonia japo
nica, which is a popular Japanese delicacy, con
tains a toxin that has effects similar to those of sax
itoxin, although the complicated structures of 
these toxins have little in common. The poison is 
found only in animals that originate from Suruga 
Bay, or are transplanted there, and is thus referred 
to as surugatoxin; it is safe to assume also in this 
case that the source is planktonic organisms 
[75, 155]. 6,6-Dibromindigo (Fig. 19.18i), which 
as "Tyrian purple" is of great historical interest, is 
also an N-heterocyclic compound and is obtained 
from the purple snails (Muricidae) of the genera 
Murex, Mitra and Nucella. The name comes from 
the port of Tyre where the Phoenicians first built 
up a successful industry to produce the dyestuff. 
Tyrian purple was more valuable than silver in 
those times, and in ancient Rome only senators 
and emperors were allowed to wear purple togas. 
The compound arises initially through the effect of 
sunlight and atmospheric oxygen on a green pre
cursor, tyriverdin (Fig. 19.18j), which accumulates 
in the purple gland (hypobranchial gland) of the 
snail. When homogenized tissues of the snail are 
exposed to sunlight they gradually change from 
green to blue and red, and eventually to purple 
[31]. 

One of the most famous poisons is the tetrodo
toxin (TTX) (Fig. 19.18k) which is present in 
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more than 50 species of puffer fish (Tetraodonti
dae), burr fish (Diodontidae) and sunfish (Moli
dae). The toxin is mainly found in internal organs 
such as the gonads and liver but does not occur in 
muscles. Preparation of the fish for consumption, 
prized in the raw state by Japanese gourmets, 
obviously requires special care; lethalities are still 
recorded. The LDso is 80 !-tglkg for mice, and TTX 
is thus one of the most poisonous non-protein 
substances; it blocks the sodium channels of the 
cell membrane without affecting the potassium 
channels [75, 90]. TTX is in no way restricted to 
the teleosts mentioned, and is also found in the 
Californian newt Taricha torosa, Costa Rican 
frogs of the genus Atelopus and numerous inver
tebrates, e.g. cephalopods, gastropods, asteroids, 
crustaceans, xiphosurans, turbellarians and 
nemertines [4, 86, 116, 132, 148]. This sporadic 
distribution strongly suggests that the toxin origi
nates in bacteria, and in fact puffer fish that are 
raised in the aquarium are toxin-free; further
more, the skin of the puffer fish Fugu poecilona
tus has been shown to harbour bacteria of the 
genus Pseudomonas, which produce TTX [148]. 
Various TTX analogues have been identified in 
newts and in frogs of the genera Atelopus and 
Brachycephalus [165, 208]. 

The skin-gland poisons of the Central and 
South American frogs from the family Dendroba
tidae are used in the production of poisoned 
arrows by some Indians and these poisons are 
also alkaloids. The first of these dendrobatid tox
ins to be described in detail was the batrachotoxin 
from Phyllobates aurotaenia (Fig. 19.181); with an 
LDso of 2 !-tg/kg in mice this compound is 
extremely toxic. It inhibits neuromuscular trans
mission by rendering cells permeable to sodium 
without influencing potassium transport. Thus, it 
has exactly the opposite effect of TTX. In addi
tion to batrachotoxin, the skin of P. aurotaenia 
contains three further closely related steroid alka
loids. Possession of this toxin is characteristic of 
all five species of the genus Phyllobates. Species 
of the related genus Dendrobates contain a series 
of toxic alkaloids with a somewhat simpler struc
ture; these are known as pumiliotoxins A and C, 
histrionicotoxins and gephyrotoxins. In all, more 
than 200 dendrobatid toxins are now known; they 
may be subdivided into five classes according to 
the five basic substances mentioned [49, 75]. 
More recently, substances that are very similar to 
the Dendrobates alkaloids have been identified in 
anurans of completely unrelated groups: in the 
toad Melanophryscus moreirae (Bufonidae) from 
Brasil, and the frogs Pseudophryne semimarmo-
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rata (Myobatrachidae) from Australia and Man
tella aurantiaca (Ranidae) from Madagascar. It 
remains a matter of debate whether these com
plicated molecular structures evolved conver
gently more than once in different anuran groups, 
or whether at one time all anurans had this capac
ity but it was lost in most evolutionary lines. 

19.6 Pyrrole Pigments 

All animal pyrrole pigments are tetrapyrroles. In 
the porphyrins, four pyrroles are combined by 
four carbon bridges to give a ring system. Accord
ing to the old numbering system of Fischer, the 
eight outer, substituted C atoms of the pyrroles 
are given the numbers 1 to 8, and the C bridges 
are given the Greek letters a to 0 (Fig. 19.19). In 
the new International Union of Pure and Applied 
Chemistry (IUPAC) numbering systems, all the C 
atoms are numbered consecutively 1 to 20, and 
the N atoms are numbered 21 to 24. The linear 
bilins arise from the porphyrins by oxidative 
cleavage of a bridge C, usually of the a atom. 
These are in principle 1,19-dihydroxy compounds 
but are usually present in the tautomeric bislac
tam form (Fig. 19.20). 

The biosynthesis of the porphyrin ring system 
always follows the scheme shown in the mammals 
(Fig. 19.19). Tho molecules of 5-aminolaevulinic 
acid, produced from succinyl-CoA and glycine, 
combine to give porphobilinogen; four molecules 
of this pyrrole subunit are linked to give uropor
phyrinogen, with the isomeric type III usually 
being produced instead of the substitution type I. 
Dehydrogenation at the C bridge, and modifica
tion of the substituents lead to uroporphyrin, 
coproporphyrin and protoporphyrin (Fig. 19.19), 
and chelation with Fe(II) leads to protohaem IX, 
the prosthetic group of haemoglobin. The 
degradation of haem in the vertebrate liver invol
ves cleavage of the porphyrin ring system at the a 
bridge by the enzyme haemoxygenase, and the 
production of stoichiometric amounts of biliver
din IXa, CO and Fe. The haemoxygenases from 
the chicken liver and human liver agree in 62 % of 
their 296 amino acids [58]. Most bilins originate 
from proto haem IX by cleavage at the a bridge; 
however, bilins of types IX~, IXy and IXo are 
also known and these arise by cleavage of the ~, y 
or 0 bridge, respectively. Cleavage of the porphy
rin ring system to give bilin always occurs on a 
metal complex such as haem, and bilins are there
fore typical products of haemoglobin degrada-

tion. Where bilins contribute substantially to 
body coloration in the absence of haemoglobin, 
e.g. in some insects, it must be assumed that 
porphyrin-metal complexes exist that have no 
other function than that of an intermediate in pig
ment synthesis [96]. Haem proteins such as 
cytochromes, catalases and peroxidases are ubi
quitous in all organisms, and thus the capacity for 
porphyrin biosynthesis is undoubtedly also wide
spread. This has been demonstrated in tracer 
experiments with several insects: the incorpora
tion of 14C-glycine into haem has been shown in 
Chironomus and Buenoa, into biliverdin IXa in 
Mantis religiosa and Locusta migratoria, and into 
biliverdin IXy in Pieris brassicae [96]. Kinetoplas
tida of the genera Trypanosoma and Crithidia are 
unable to synthesize porphyrin and require haem 
derivatives as essential nutrients, so long as they 
are not host to endosymbionts with such biosyn
thetic ability. However, T. cruzi has several of the 
enzymes of this metabolic pathway and it would 
thus appear that these flagellates were originally 
able to synthesize prophyrin [157]. Apart from 
this, there is negligible comparative biochemical 
information about the enzymes of porphyrin and
bilin synthesis. 

Large amounts of free porphyrins are found 
only in a few animals. The earthworm Lumbricus 
terrestris owes the red colour of its dorsal surface 
to protoporphyrin laid down in the skin. The 
shells of some snails contain uroporphyrin, often 
type I. Protoporphyrin is found in the egg shells 
of some birds and coproporphyrin III occurs in 
the feathers; the glowing red feathers of the tou
raco are due to the copper chelate of uroporphy
rin III [31]. Bilins are found in the bile of all ver
tebrates. The initial product of haemoglobin cata
bolism in the cells of the reticulo-endothelial sys
tem is biliverdin IXa; this is rapidly reduced to 
bilirubin, bound to serum albumin in the blood 
and transported to the liver, where it is conjug
ated with glucuronic acid. Mammals secrete pre
dominantly bilirubin in the bile, whereas birds, 
reptiles and amphibians secrete biliverdin; fish 
bile contains either bilirubin or biliverdin accord
ing to the species [31, 60]. The small amounts of 
bilins with the IX~ structure, found, for example, 
in the bile of humans and Rhesus monkeys, pos
sibly arise by the non-enzymatic cleavage of pro
tohaem IX. However, about 17 % of the bilirubin 
in the bile of the eel Anguilla japonica is the IX~ 
isomer [156]. Bilins playa small role in the colora
tion of vertebrates; only the shells of some bird 
eggs are coloured green by biliverdin IXa. In 
contrast, the green surface coloration of many 



Fig.19.19. Porphyrins: biosynthesis and 
structure [31]. The primary porphyrin in 
all animals is porphobilinogen, which is 
produced from succinyl-CoA and glycine 
via 5-aminolaevulinic acid. The most 
important porphyrins are uroporphyrin 
III, uroporphyrin I (uro-I) , coproporphy
rin III (copra-III) and protoporphyrin IX 
(proto-IX). The substituents of the outer 
C atoms are methyl groups (M), acetyl 
residues (A), propionyl residues (P) and 
vinyl groups (V) 
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Fig.19.20. Various animal bilins [31]. Removal of the u 
bridge in protoporphyrin IX leads to the blue-green biliver
din IXu, and removal of the y bridge leads to biliverdin 
IXy; reduction of biliverdin results in the orange-red biliru
bin, which may carry ~-glucuronyl residues on the pro
pionic acid residues marked with·). The substituents are 

COOH 

methyl groups (M), propionyl residues (P) and vinyl 
groups (V). Aplysioviolin (the methyl ester of phycoviolin) 
is found as a protein complex in the defence secretion of 
the sea slug Aplysia sp. Severallepidopterans produce the 
pentacyclic phorcabilin from which the hexycyclic sarpedo
bilin can arise by ring closure at the position marked with * 
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invertebrates is due to biliverdin IX or to the 
related mesobiliverdin (glaucobilin), in which the 
vinyl substituents are reduced to ethyl groups. 
Some insects have biliverdin IXy (Fig. 19.20). 
Biliverdin IXa is characteristic of hemimetabolic 
insects such as the Odonata, Phasmida, Orthop
tera and Mantodea, but is also found in the green 
lacewings Chrysopa sp. (Neuroptera) and the 
moth Thaumatopoea; otherwise, the Lepidoptera 
produce the isomer biliverdin IXy (pterobilin). 
In addition to pterobilin, the papilionids and 
saturnids possess the pentacyclic phorcabilin 
(Fig. 19.20) and the hex acyclic sarpedobilin. Tra
cer experiments with Actias selene have shown 
that these pigments are produced from pterobi
lin; the animal clearly possesses a specific enzyme 
for this purpose, but the two compounds can also 
be formed non-enzymatically in vitro by the 
action of light. Sarpedobilin is a very reactive 
substance and can form stable complexes with 
many natural polyanions [14]. Biliverdin IX{) and 
neobiliverdin IX{) have been found in the ovaries 
of the marine snail Turbo cornutus [17]. 

Complexes between bilins and proteins (phy
coerythrins and phycocyanins) are very common 
in the algae and are also found in some molluscs. 
One well-characterized example is aplysioviolin 
(Fig. 19.20), which is bound to protein in the vio
let defence secretion of the sea slug Aplysia sp. 
[31]. Biliverdin proteins are especially widespread 
in the insects. The blue haemolymph proteins 
from various lepidopterans, the bean bug Riptor
tus clavatus and the migratory locust Locusta mig
ratoria owe their colour to non-covalently bound 
biliverdin, which has been shown to be the IXy 
isomer in the "insectacyanin" of Manduca sexta 
and the bilin protein of Pieris brassicae. The bilin 
proteins of these two lepidopterans are homotet
ramers, the subunits of which belong to the 
retinol-binding-protein super-family. The sequen
ces of the subunits in M. sexta (189 amino acids) 
and P. brassicae (173 amino acids) agree by 
42.8 % [83, 178]. The biliverdin IXa proteins in 
the haemolymph of L. migratoria and R. clavatus 
are homotetramers with a different structure, 
having subunits of 83 and 76 kDa, respectively. 
The biliverdin-containing lipoglycoprotein from 
the haemolymph of Trichoplusia ni contains an 
apoprotein of 150 kDa [39, 91]. However, biliver
din proteins are not restricted to the insects. The 
haemolymph of the brine shrimp Artemia salina 
contains blue-green biliverdin IXa-containing 
glycolipoproteins (artemiocyanin) with a com
plicated quaternary structure, one subunit of 
which has proteinase activity [102]. In eels and 

other teleosts, the further metabolism of biliver
dins is prevented by binding of the molecules to 
specific plasma proteins of very varied structure 
[30, 61]. Biliverdin IXa-proteins have also been 
detected in the skin of tree frogs. 

19.7 Pterins 

Compounds with the core structure of pteridine 
(Fig.19.17) are ubiquitous as cofactors in cell 
metabolism: e.g. tetrahydrofolic acid is the coen
zyme of C1 metabolism, and tetrahydrobiopterin 
is the electron donor in th~ hydroxylation of aro
matic amino acids [213]. Folic acid is an essential 
nutrient of vertebrates, insects and probably all 
other animals, whereas biopterin can be pro
duced by animals [140]. The biosynthetic pathway 
in insects and lower vertebrates leads to a large 
number of pigments, mostly derived from 2-
amino-4-hydroxypteridine (pterin; Fig. 19.21a) 
and less often from 2,4-dihydroxypteridine 
(lumazines, e.g. violapterin, shown in Fig. 
19.21 b). The numerous variants differ in the sub
stituents at C-6 and C-7 as well as the oxidation 
state of the nitrogen atoms N-5 and N-8. The 
dimer drosopterin has an especially complicated 
structure (Fig. 19.21b). Pterin biosynthesis begins 
with guanosine triphosphate (Fig. 19.22); as well 
as in bacteria and mammals, the pathway has 
been studied in the fly Drosophila melanogaster 
and the butterflies Pieris brassicae and Colias 
eurytheme [31, 96, 140, 213]. In the first step, the 
5-ring (imidazole ring) of purine is enlarged to a 
6-ring (pyrazine ring) by opening of the imidazole 
ring, removal of C-8, and introduction of atoms 
C-1 and C-2 from ribose to give 7,8-dihydro
neopterin triphosphate. The enzyme responsible 
for this rather complicated reaction, GTP cyclo
hydrolase I, has been characterized in bacteria, 
the chicken, Drosophila melanogaster and vari
ous fi1ammals [198]. The second reaction step 
leads to 6-pyruvoyl-tetrahydropterin by removal 
of the three phosphates; the responsible enzyme, 
sepiapterin synthase A, better known as 6-
pyruvoyl-IL-pterin synthase, has also been parti
ally purified from Drosophila [180]. In this fly, 
three biosynthetic pathways lead from 6-
pyruvoyl-tetrahydropterin to sepiapterin and 
biopterin, to pterins like isoxanthopterin, and to 
drosopterin. Several of the enzymes involved 
have been partially purified and characterized 
[63, 96]. Two molecules of dihydroneopterin tri
phosphate are required for the synthesis of the 
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dimeric drosopterins, one of which is reduced 
to pyrimidodiazepin [96, 199]. In Drosophila 
numerous eye-colour mutants are known in which 
single enzyme defects change the spectra of 
pterins and ommochromes in the eye or cause 
the accumulation of specific intermediates [63]. 
The deamination of pterins leads to lumazines such 
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H2N~NAN 
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as violapterin (7-hydroxylumazine; Fig. 19.21b), 
which has been identified in the honeybee and 
other insects [96]. 

The yellow to red body coloration of many 
fish, amphibians and reptiles stems from pterins 
stored in special pigment cells (xanthophores or 
erythrophores); these are sepiapterin or its dimer, 
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Fig. 19.22 a, b. Pterin biosynthesis 
[96, 213]. Guanosine trisphosphate 
gives rise to 7,8-dihydroneopterin 
triphosphate (a) and 6-pyruvoyl
tetrahydropterin (b); see text for 
further details 
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pigments which are comparable with drosopterin. 
In the insects, xanthopterin and isoxanthopterin 
(Fig. 19.21 b) in particular are found in almost all 
orders, with an especially rich spectrum of pterins 
in bugs and butterflies, notably in the whites (Pie
ridae). Pterins are mostly localized in the epider
mal cells but are also deposited in the form of 
extracellular crystalline "pterinosomes" in lepi
dopteran wing scales. White leucopterin is found 
in large amounts in the cabbage whites Pieris 
brassicae and P. rapae, yellow chrysopterin occurs 
in, for example, the brimstone Gonepteryx 
rhamni, and red erythropterin is found in the 
aurora Euchloe (Anthocharis) cardamines. The 
yellow of the wasp Vespula vulgaris stems from 
xanthopterin, but the syrphids (hoverflies) have 
no pterins in their integument, despite their 
wasp-like appearance. In the dipterans, pterins 
are found together with ommochromes in the pig
ment cells of the eye; in particular, sepiapterin 
and, in Drosophila, drosopterin are present. The 
eyes of many lepidopterans contain ekapterin and 
lepidopterin, but the dimeric pterorhodin is 
found only in Ephestia and Ptychopoda; it is also 
present in the wing scales of the Pieridae [31, 96]. 
The colour of pterin-containing tissue is often dif
ferent from that of the isolated pigment; this may 
be due to the bathochromic effects of protein 
binding or to stabilization of the tautomeric keto 
form [31]. 

19.8 Ommochromes and Papiliochromes 

The only animal pigments to be based on the 
N,O-heterocyclic phenoxazine (Fig. 19.17) are the 
ommochromes, which were first discovered in the 
complex eyes of insects and other arthropods. 
They are derived from the tryptophan metabolite 
3-hydroxykynurenine (see Fig. 12.9, p. 425). Xan
thommatin, the simplest of these pigments, is 
formed non-enzymatically by the oxidation of 3-
hydroxykynurenine with hexacyanoferrate (III). 
Xanthommatin has the unusual property of 
changing colour from yellow to red upon reduc
tion. For rhodommatin and ommatin D the 
reduced state is fixed by conjugation of dihydro
xyxanthommatin with glucose or sulphate 
(Fig. 19.23). In addition to the above-mentioned 
ommatins, there are also the sulphur-containing, 
high molecular weight ommins and the ommi
dins, which also contain sulphur but have lower 
molecular weights. The exact structures of these 
substances await determination. The first steps of 

Fig.19.23. Ommochromes [96] 
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ommochrome synthesis from tryptophan to 3-
hydroxykynurenine are well known from in
vestigations of eye-colour mutants of the Mediter
ranean flour moth Ephestia kuhniella and Droso
phila melanogaster (p. 425, see Fig. 12.9). The fur
ther steps from 3-hydroxykynurenine to the 
ommatins, ommatidins and ommins, however, 
have not yet been completely defined, although a 
"phenoxazinone synthase" from Drosophila has 
been partially purified [96]. Somewhat more is 
known about the xanthommatin reductase of 
Drosophila, an NADH-dependent enzyme of 
55 kDa which is specifically inhibited by pterins 
[158]. Ommochromes are found in the eyes of all 
arthropods and are common in the integument. 
They have also been reported in the eggs of the 
echiurid Urechis caupo, in the tentacles of sedent
ary polychaetes (Sabillidae), in the integument of 
the nemertine Linaeus and in the eyes of the 
jellyfish Spirocodon. Insect eyes have predomin
antly ommins; however, the eyes of flies from the 
super-family Cyclorrhapha (e.g. Musca, Calli
phora, Drosophila) contain only xanthommatin; 
ommatins are mainly found in secondary pigment 
cells and ommins are present in primary pigment 
cells and receptor cells. Ommins predominate in 
the integument of most insects, but they are never 
found in the wing scales of lepidopterans. The 



ommochrome complement of the orthopterans 
has various special features: the eyes of the Gryl
lidae and Acrididae contain the unusual ommi
dins, and acridiommatins, whose structure is not 
yet known, are found only in the integument of 
the Acrididae and Tettigoniidae. The conjugated 
ommatins rhodommatin and ommatin D 
(Fig. 19.23) are found only in the Lepidoptera. 
They are the main pigment in the wings of the 
Nymphalidae, and are also found in the faeces of 
the larvae and in some internal organs. Apart 
from the water-soluble conjugated ommatins, 
ommochromes in cells may be found in the form 
of specific high-density granules together with 
calcium phosphate and proteins. The biological 
importance of the ommochromes is still a matter 
of debate. Their production possibly serves to 
eliminate surplus tryptophan at certain stages in 
development; they may have receptor functions 
in the eye and confer body colour [96]. 

The tryptophan metabolite kynurenine also 
gives rise to a group of pigments that are found 
only in the wing scales of the family Papilionidae 
and are known as papiliochromes. The light
yellow papiliochromes II and III, the dark-yellow 
papiliochrome M and the red-brown papilio
chrome R have been described. They are all com
plexes of kynurenine, ~-alanine and dopamine, 
but only in the case of papiliochrome II is the 
exact structure known. Enzyme preparations 
from the left colleterial gland of the praying man
tis Tenodera aridifolia and from the cuticula of the 
giant silkmoth Dictyoploca japonica can produce 
papiliochrome II from N-~-alanyldopamine and 
kynurenine [192, 204]. 

19.9 Melanins 

The term melanins was coined for the black pig
ments that are widely distributed in vertebrates 
and invertebrates, and are polymeric and inso
luble in all solvents. Similar in structure to these 
black eumelauius are the brown, red and yellow 
phaemolanins that are frequently present in 
mammal hair and bird feathers. The phaeomela
nins, like the eumelanins, contain about 9 % 
nitrogen, but also 9-10% sulphur; furthermore, 
they are soluble in dilute alkali. Melanins are 
practically the only pigments that contribute to 
hair and body coloration in mammals, and are of 
great importance as a feather pigment in birds. 
Phaeomelanins are apparently restricted to mam
mals and birds, whereas the black eumelanins 
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also play an important role in the body coloration 
of fish and many invertebrates. Light-absorbing 
melanin layers are the basis of colour generation 
by physical effects (structure colours), and mela
nins also serve to protect photo receptors as well 
as being present in internal organs. The ink of the 
cephalopods is pure melanin and is sold as Indian 
ink under the name "sepia" [31, 96]. Melanins are 
mostly produced in special melanocytes or mela
nophores. It should not be assumed that all dark 
pigments are melanins; ommochromes may also 
produce dark body coloration, e.g. in the insects. 
Sclerotization of insect cuticulae can lead to dark 
structures (p.430). However, although dopa 
derivatives playa role in both cases, melanization 
and sclerotization are two completely different 
processes. There exist albino forms of the migrat
ory locust without melanin but with a normal 
sclerotized cuticula [96]. 

The insolubility of the melanins, their poly
meric nature and their binding to proteins make 
for great difficulties in structure determinations. 
Clearly homogenous fractions cannot be pro
duced, spectroscopic methods cannot be applied, 
and defined fragments cannot be obtained. 
Present-day views of melanin structure are based, 
on the one hand, on analysis of hydrolysis prod
ucts and, on the other hand, on examination of 
polymers produced in vitro from various precur
sors by the action of phenoloxidase. According to 
the classical Raper-Mason model, eumelanin is a 
linear polymer of indole-5,6-quinone, which is 
produced in a series of oxidative reactions from 
tyrosine. However, both natural and synthetic 
eumelanins contain 5,6-dihydroxyindole, the 2-
carboxylic acids of quinone and hydro quinone , 
and the corresponding pyrrole derivatives 
(Fig. 19.24a) [87]. The pyrrole units arise by per
oxidative ring cleavage from indole-5,6-quinone. 
The first two steps of melanin biosynthesis from 
tyrosine to dopa and further to dopa quinone, and 
possibly also the first polymerization steps, are 
catalysed by phenoloxidases (tyrosinases). The 
reactions leading from dopa quinone imine to 5,6-
dihydroxyindole require a thermolabile dopa qui
none imine conversion factor (QICF) of unknown 
structure [6]. The sulphur-containing phaeomela
nins arise from the reaction of dopa quinone with 
cysteine to give 5-cysteinyl dopa (Fig. 19.24b). 
The predominant SH compound of the cells, how
ever, is not free cysteine but reduced glutathione. 
Thus, it is possible that the primary product is glu
tathionyl dopa and that this is further metabolized 
to cysteinyl dopa by the action of y-glutamyl trans
peptidase and peptidase [88]. 
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The phenoloxidases are copper enzymes which 
have been studied mainly in fungi and higher 
plants, but also in the insects and amphibians. 
The various phenoloxidases from the haemo
lymph and cuticula of insects and which are 
involved in sclerotization were discussed on 
p.433. Animal phenoloxidases occur mainly as 
inactive pro-enzymes. The pro-phenoloxidase 
from the skin of the frog Rana ridibunda is acti
vated by partial proteolysis. The pro-enzyme is a 
dimer of 68 kDa and the active enzyme is a tetra
mer with subunits shortened to 62 kDa by cleav
age of a short peptide. Conflicting information is 
available for the phenoloxidase from the skin of 
the clawed frog Xenopus laevis,. in this case the 
isolated pro-enzyme is activated not by trypsin 
but by anionic detergents. The active enzyme 
here is a glycoprotein of 175 kDa [201]. An inter
esting source of tyrosinase is cephalopod ink; the 
isolated enzyme from Octopus vulgaris has a mass 
of 205 kDa and that from Sepia officinalis and 
Loligo vulgaris 125-135 kDa. These enzymes, 
like that from the frog skin, can also produce 
melanin from D-tyrosine; their affinity for the D
isomer is greater than that for the L-isomer. 

Fig. 19.24 a, b. The biosynthesis of 
the basic components of a eumela
nins and b phaeomelanins [87, 88]. 
The carboxyl groups at C-2 may be 
present or absent; the thick arrows 
on the melanin components indi
cate possible bonding sites in the 
polymer 

19.10 Bioluminescence 

There are several thousand species of luminescent 
animals, most of them living in the sea; almost all 
animals that live at depths below 700 m have 
luminescent properties. There is only one known 
freshwater luminescent species, the New Zealand 
limpet Latia neritoides. Of the many luminescent 
species of terrestrial animals, probably the best 
known are the fireflies; however there are other 
insect groups that have this characteristic, as well 
as collembolans, diplopods, chilopods and earth
worms (oligochaetes). In the marine habitat bio
luminescence is found among animals of very 
different groups: radiolarians, dinoflagellates, 
hydrozoans, ctenophorans, nemertines, poly
chaetes, pantopods, molluscs, echinoderms, and 
tunicates (Thaliacea), but in particular cephalo
pods and teleosts. Bioluminescence fulfils various 
biological functions: intraspecific communication 
(for fireflies, several fish, and the polychaete 
Odontosyllis), protection from attack (for the ost
racod Cypridina and cephalopods), attraction of 
prey (in the angler fish), and illumination of the 



surroundings ("flashlight fish"). The great impor
tance of self-generated light in the life of animals 
is indicated by the evolution of complicated aids 
for the amplification, focusing or temporary 
shading of light. On the other hand, the biolo
gical role of the luminescent capacity is in many 
cases far from clear. In luminescent bacteria and 
unicellular organisms the phenomenon may sim
ply be part of a metabolic function, e.g. detoxi
fication of oxygen [79, 130]. 

In some marine animals (fish, cephalopods, 
tunicates) the light capacity comes from a symbi
osis with luminescent bacteria, but in most cases 
it is generated by the animal itself. The biochem
ical mechanisms of bioluminescence are very 
varied, and it would appear that the phenomenon 
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has arisen on several different occasions during 
evolution. Common to all bioluminescence reac
tions is that a reactive molecule (luciferin) reacts 
with oxygen and is thereby brought to an excited 
state; the excitation energy is released as light 
energy. It appears that the reactions always pro
ceed via peroxide as the intermediate. So far, 
seven different luciferins are known in detail, five 
from metazoans and one each from the dinofla
gellates and bacteria (Fig. 19.25). The emission 
maxima of the excited substances usually lie in 
the range 460-500 nm (blue-green), but for the 
firefly luciferin it is 560 nm (yellow). However, in 
many cases fluorescing proteins are present which 
shift the maximum of the emitted light into the 
red part of the spectrum [35]. Almost nothing is 
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Fig. 19.25 a-f. Luciferins and chromophores of biolumi
nescence systems [79, 130,131, 170]. a Luciferin from Cyp
ridina hilgendorfii (Crustacea: Ostracoda); b firefly lucife
rin; c luciferin from Diplocardia longa ( oligochaete ) ; 

d luciferin from Latia neritoides (gastropod); e coelenter
azine; f chromophore of the green-fluorescing protein 
(GFP) of Aequo rea aequorea 
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known about the regeneration or biosynthesis of 
luciferin or about the enzymes (luciferases) 
involved in the light reaction. Details of the regu
lation of the light generation are available for 
only a few cases [79, 130, 131]. 

A simple bioluminescence system is found in 
Cypridina hilgendorfii. Enormous numbers of 
this ostracod inhabit the Sea of Japan, and they 
emit a cloud of a luminescent substance when 
danger threatens; in this way they obscure their 
exact whereabouts from the aggressor. The cloud 
of light arises from the mixing of two secretions, 
one of which contains luciferin and the other luci
ferase. With the aid of the luciferase, the luciferin 
reacts with oxygen; the light -emitting product 
and free carbon dioxide are formed, probably via 
the peroxidic intermediate with the 4-ring dioxe
thanone whose structure is shown in Fig. 19.25a 
[79, 130]. A simple two-component system of 
luciferin and luciferase is also responsible for the 
bioluminescence of the earthworms (oligochae
tes), some species of which react to stimuli by the 
exudation of a luminous fluid from dorsal pores. 
This light system is apparently located in the free 
chloragogue cells. The only detailed example is 
that of Diplocardia longa. The luciferin is 
3-(isovaleryl-amino)propanol (Fig. 19.25 c), and 
the luciferase is a glycoprotein of 300 kDa which 
carries up to four copper atoms per molecule 
[154]. The bioluminescence system of the small 
limpet Latia neritoides from New Zealand, the 
only freshwater luminescent species known, has 
unfortunately been only partially characterized. 
The luciferin contains no nitrogen and has a very 
unusual structure with an enol formiate group 
(Fig. 19.25 d). The light reaction requires in addi
tion an apparently catalytic "purple protein" and 
a reducing agent; the reaction produces carbon 
dioxide and free formic acid [130]. 

Amongst the insects, bioluminescence is found 
in the larvae of the fungus flies (families Platyuri
dae, Bolitophilidae) and in a South American 
cicada (Fulgora lanternaria) , but occurs mainly in 
the numerous beetle species of five families 
(Lampyridae, Elateridae, Phengodidae, Drilidae 
and Rhagopthalmidae). Biochemically, the best
known system is that of the lampyrid Photinus 
pyralis. However, the information on this species 
does not necessarily apply only to the Lampyri
dae; the Elateridae have been shown to possess 
the same luciferin, and it is probable that the light 
reaction is similar for all beetles [44]. The reac
tion scheme for Photinus is more complicated 
than that of Cypridina in that the luciferin must 
be activated before the oxidative reaction. This is 

accomplished by the transfer of an adenyl residue 
from Mg-ATP to the carboxyl group of luciferin, 
and the release of pyrophosphate. This process 
corresponds to the activation of fatty acids and 
amino acids in the production of acetyl-CoA and 
aminoacyl-tRNA. The reaction of the luciferin 
adenylate with oxygen leads via a peroxidic inter
mediate with the 4-ring dioxethanone and the 
dianionic excited molecule to oxyluciferin 
(Fig. 19.25b). Both reaction steps are catalysed 
by the luciferase and thus take place on the same 
enzyme-substrate complex. Firefly luciferin can 
be synthesized from 2-cyano-6-hydroxybenz
thiazol and cysteine, whereby an excitable mol
ecule is produced only with D-cysteine; luciferin 
produced from L-cysteine is converted to oxyluci
ferin by luciferase but no light is produced. The 
luciferases of the Japanese firefly Luciola cruciata 
and the North American Photinus pyralis agree 
by up to 67 % in their sequences of 548-549 
amino acids [124]. The firefly luciferase shows 
marked product inhibition; the light reaction 
ceases already after the conversion of a few 
luciferin molecules, which gives a light flash of 
only about 5-5 duration. The luciferases of other 
Lampyridae are related immunologically to that 
of P. pyralis; the differences in immunological 
cross-reactivity in the larval and adult luciferins of 
Photuris pennsylvanica suggest the existence of 
development-dependent isoenzymes. The bio
luminescence system of P. pyralis has in vivo and 
in vitro an emission maximum in the yellow-green 
at 560 nm. Other firefly species produce light of 
somewhat different wavelengths, and this can 
only be due to differences in the luciferase 
because the luciferins are identical. Artificially 
produced substituted luciferins show alterations 
in emission maxima due to changes in enzyme 
binding, e.g. 6-aminoluciferin emits in the red 
[131]. ATP activation is also found in the light 
system of the diplopod Luminodesmus sequoiae, 
although the luciferin is not known. 

The bioluminescence system of the hydrome
dusa Aequorea aequorea consists of two proteins, 
the photoprotein aequorin and the green
fluorescing protein (GFP). Aequorin has coelen
terazine (Fig. 19.25 e) as the prosthetic group. 
This is similar to the Cypridina luciferin in that it 
also contains an imidazopyrazine skeleton; the 
light-generating reactions are correspondingly 
similar. The special feature of the Aequorea sys
tem is that the peroxidic, excited intermediate 
produced in the reaction with oxygen forms a 
stable compound with the protein, and this only 
dissociates in the presence of calcium with the 



simultaneous enusslOn of light. This calcium
induced light production also occurs in the com
plete absence of oxygen. Isolated aequorin has an 
emission maximum at 469 nm (blue); however, 
the living animal generates green light at 509 nm 
because of interference by the GFP. The chromo
phore of the GFP (Fig. 19.25 f) is closely related 
to coelenterazine. Analysis of the cDNA shows 
that the aequorin polypeptide chain consists of 
196 amino acids. In the directly obtained 
sequence, seven amino acids missing from the N
terminus were apparently lost during isolation of 
the protein. The aequorin sequence has an inter
nal periodicity with three homologous Ca2+ -

binding domains with the typical EF-hand struc
ture (p. 348). Thus, aequorin belongs to the same 
protein super-family of Ca2+ -binding proteins as 
do calmodulin and troponin C. The dissociation 
constant of the Ca2+ -binding site is about 
10-7 molll. Due to its high Ca2+ sensitivity, aequ
orin is used as a calcium detection reagent. Aequ
orea aequorea possesses at least three isoforms 
of aequorin; these differ in 23 amino acids and 
are encoded by different genes [38, 146]. 

Ca2+ -sensitive proteins that are comparable 
with aequorin are found in many cnidarians, cte
nophorans and in species of the unicellular radio
larians. As for aequorin, they are named after the 
genera in which they are found; in the absence of 
sequence data, little can be said about their phy
logenetic relationships. Obelin is found in the 
hydroid polyp Obelia, phialidin and halistaurin 
occur in the hydromedusae Phialidium and Halis
taura, mnemiopsin and berovin are present in the 
ctenophorans Mnemiopsis and Beroe, and thalas
sicolin occurs in the radiolarian Thassicola [169). 
In contrast to aequorin, mnemiopsin is inactiv
ated by light, probably because coelenterazine 
and oxygen dissociate from the protein [3]. In the 
hydrozoans, the photoprotein is always accom
panied by a GFP. In the anthozoan Renilla reni
formis, the luciferin (coelenterazine) is also 
bound to a Ca2+ -triggered luciferin-binding pro
tein (LBP) and can only generate light with luci
ferase and oxygen in the presence of calcium. The 
LBP belongs to the same super-family of calcium
binding proteins as do calmodulin and aequorin, 
and it carries three EF-hand domains in its 
sequence of 184 amino acids [105]. The Renilla 
luciferase, whose unique sequence of 314 amino 
acids was determined from the eDNA, catalyses 
in vitro the oxidative decarboxylation of coelen
terazine with the production of blue light (A. 
= 480 nm). Renilla also possesses a GFP which 
shifts the colour of the bioluminescence in the liv-
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ing animal towards the green at 509 nm [117]. 
Coelenterazine is in no way restricted to the so
called coelenterates (Le. cnidarians and cteno
phorans), but is also found as the luciferin in fish, 
cephalopods and crustaceans. In addition, it is 
present in non~luminescent species, especially of 
fish and crustaceans, where it is probably taken 
up in the diet [79, 152, 170). The light organs of 
the cephalopod Watasenia scintillans contain 
sulphated coelenterazine, whereas the hepato
pancreas has the free substance. The light reac
tion is ATP dependent but not known in detail 
[186]. 
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Appendix 

Animal Systematics 

The natural system attempts to classify the 
approximately 1.5 million known animal species 
according to the degree of their phylogenetic rela
tionships. The categories (taxa), phylum - class -
order - family - genus, bring together species 
with increasingly closer relationships. In the fol
lowing, the first category are taxa for which there 
is no completely secure evidence of mutual gen
ealogical relationships. Subgroups of these higher 
taxa are placed in the subsequent categories, 
whereby some groups of animals which have only 
a few species, and which are not mentioned in 
this book, have been omitted. 

I have deliberately resisted referring to the 
individual categories as phylum, class, order, etc. 
to avoid giving the impression that groups of ani
mals in the same category are equivalent in the 
degree of their relationship or their phylogenetic 
age. The approximate number of species is given 
for the taxa of the first category. 

Protozoa (unicellular animals) 

Sarcomastigophora: 25000 species 
Mastigophora = Flagellata 
Opalinata 
Sarcodina = Rhizopoda 

Apicomplexa: 4800 species 
Microspora: 800 species 
Ciliophora = Ciliata: 7500 species 

Metazoa (multicellular animals) 

Mesozoa: 50 species 
Placozoa: 2 species 
Porifera (sponges): 5000 species 

Eumetazoa (animals with tissues) 

Cnidaria: 9000 species 
Anthozoa (sea anemones and corals) 
Scyphozoa Uellyfish) 
Hydrozoa (hydroids) 

Ctenophora (comb jellyfish) 
(Coelenterata = Cnidaria and Ctenophora 
together) 
Nemathelminthes: 12000 species 

Nematoda (round- or threadwonns) 
Rotatoria (rotifers or wheel animalcules) 
Acanthocephala (spiny-headed worms) 

Priapulida: 4 species 
Pogonophora: 50 species 
Sipunculida: 250 species 
Echiuroida: 150 species 
Kamptozoa = Entoprocta: 60 species 
Platyhelminthes (flatworms): 12000 species 

Turbellaria (eddyworms) 
Trematoda (flukes) 
Cestoda (tapeworms) 

Nemertini (ribbon worms): 800 species 
Mollusca: 130000 species 

Polyplacophora (chitons) 
Gastropoda (snails and slugs) 

Prosobranchia 
Pulmonata 
Opisthobranchia 

Bivalvia = Lamellibranchia (mussels) 
Cephalopoda (octopuses, cuttlefish and squids) 

Annelida (ringed or segmented worms): 9000 
species 

Polychaeta (bristle worms) 
Clitellata 

Oligochaeta (earthworms) 
Hirudinea (leeches) 

Arthropoda: 800000 species 
Tardigrada (bear animalcules) 
Onychophora 
Chelicerata 

Xiphosura (horseshoe crabs) 
Arachnida 

Scorpiones (scorpions) 
Uropygi 
Amblypygi 
Araneae (spiders) 
Palpigradi 
Pseudoscorpiones (false scorpions) 
Solifugae 



Opiliones (harvestmen) 
Acari (mites) 

Crustacea (crabs) 
Chilopoda (centipedes) 
Diplopoda (millipedes) 
Insecta = Hexapoda (insects) 

Collembola (springtails) 
Pterygota (flying insects): subdivisions given 

below 
(Articulata = Annelida and Arthropoda 
together) 
Tentaculata: 5000 species 

Phoronida 
Bryozoa = Polyzoa 
Brachiopoda (lamp shells) 

Hemichordata: 80 species 
Enteropneusta 

Echinodermata: 6000 species 
Crinoides (sea lilies, feather stars) 
Asteroidea (starfish) 
Ophiuroidea (brittle stars) 
Echinoidea (sea urchins) 
Holothurioidea (sea cucumbers) 

Chaetognatha (arrow worms): 50 species 
Chordata: 60000 species 

Acrania = Cephalochordata 
Tunicata = Urochordata 
Vertebrata 

Agnatha Gawless fish: hagfish and lampreys) 
Chondrichthyes (cartilaginous fish) 

Elasmobranchii (sharks and rays) 
Holocephali (chimaeras) 

Osteichthyes (bony fish) 
Actinopterygii 

Chondrostei (sturgeons) 
Polypteri 
Holostei (garpikes and bowfins) 
Teleostei ("modem" bony fish) 

Dipnoi (lungfish) 
Crossopterygii (Latimeria) 

Amphibia 
Urodela (newts and salamanders) 
Anura (frogs and toads) 

Reptilia 
Chelonia (tortoises and turtles) 
Squamata 

Sauria (lizards) 
Ophidia (snakes) 

Crocodilia (crocodiles and alligators) 
Aves (birds) 
Mammalia (mammals) 

Monotremata (egg-laying mammals) 
Marsupialia = Metatheria = Didelphia 
Placentalia = Eutheria 
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The most important insect orders 

Ephemeroptera (mayflies) 
Odonata (dragonflies) 
Plecoptera (stoneflies) 
Dermaptera (earwigs) 
Mantodea (praying mantids) 
Blattodea (cockroaches) 
Isoptera (termites) 
Phasmatodea (stick and leaf insects) 
Saltatoria = Orthoptera (locusts and grasshop
pers) 
Psocoptera (book lice) 
Phthiraptera (animal lice) 
Thysanoptera (thrips) 
Hemiptera = Rhynchota (bugs, aphids and cicadas) 
Megaloptera (snake flies) 
Planipennia = Neuroptera (alderflies and lace
wings) 
Coleoptera (beetles) 
Strepsiptera (twisted-wing insects) 
Hymenoptera (bees, wasps and ants) 
Trichoptera (caddis flies) 
Lepidoptera (butterflies and moths) 
Siphonaptera (fleas) 
Diptera (flies) 

Biochemical Nomenclature 

The nomenclature commissions set up by the IUB 
(International Union of Biochemistry) and 
IUPAC (International Union of Pure and Applied 
Chemistry) have strived for many years to bring 
uniformity to biochemical nomenclature and have 
published their recommendations in universally 
available biochemical journals. Despite these 
efforts, variation in the names given to individual 
substances and enzymes is still common. This 
makes it especially difficult for biologists to read 
biochemical research papers. I have attempted to 
present a uniform nomenclature in this book and 
to deviate as little as possible from the nomen
clature of the primary literature. 

Information on the positions of substituents in 
aliphatic carbonic acids is either given by the let
ters a, ~, y, etc. for the C atoms after the car
boxyl C, or the C atoms are numbered consecu
tively with the carboxyl C as C-1. The positions of 
substituents on the glycerol molecule are 
described according to special rules (see Fig. 15.2, 
p.568). Oxo-substituted carbonic acids are given 
as either keto acids or oxo acids, e.g. a-keto
glutarate is identical with 2-oxoglutarate. 
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The enantiomers of sugars, organic acids and 
amino acids with asymmetric C atoms are 
described with the prefix D- or L-. For natural 
products as in Chapter 19, the arrangement of 
ligands at the chiral centre is usually given by the 
"sequence rules" using the symbols (S) and (R). 
A chiral centre with four tetrahedrically arranged 
ligands (e.g. an asymmetric C atom) is considered 
from the side opposite the ligands with the lowest 
preference. Where the line joining the other three 
ligands, in order of declining preference accord
ing to the sequence rule, runs clockwise, the sym
bol (R) is used, and where it runs anti-clockwise, 
(S) is used. The sequence rule gives, for example, 
the series -I > -Br > -CI > -OH > -NH2 > 
-COOH > isopropyl >n-propyl > -CH3 > -H. 

1. Position 

A C G U 

AAA 
AAG Lys 

CAA 
CAG Gin 

GAA 
GAG Glu 

UAA 
UAG Stop 

A 
AAC CAC His GAC UAC 
AAU Asn CAU GAU Asp UAU 'JYr 

ACA CCA GCA UCA 
ACG CCG GCG UCG 

C Thr Pro Ala Ser 
ACC CCC GCC UCC 
ACU CCU GCU UCU = 

:~ 
AGA CGA GGA UGA Stop 
AGG Arg CGG GGG UGG Trp 

~ 
N 

G Arg Gly 
AGC CGC GGC UGC 
AGU Ser CGU GGU UGU Cys 

AUA He CUA GUA UUA 
AUG Met CUG GUG UUG Leu 

U Leu Val 
AUC CUC GUC UUC 
AUU He CUU UUU UUU Phe 

For the steric configuration at double bonds in 
products of secondary metabolism, most authors 
use (Z) (from German "zusammen" = together) 
and (E) (for German "entgegengesetzt" = oppo
site) instead of cis and trans, respectively. 

T Thymidine 
U Uridine 
'tjJ Pseudouridine 
R Purine nucleoside 
Y Pyrimidine nucleoside 
N Not specified 

Amino acid residues in peptide and protein 
sequences are given by either the single-letter or 
the three-letter codes, according to the space 
available: 

A Ala Alanine 
R Arg Arginine 
D Asp Aspartic acid 
N Asn Asparagine 
C Cys Cysteine 
E GIu Glutamic acid 
Q GIn Glutamine 
G Gly Glycine 
H His Histidine 
I Ile Isoleucine 
L Leu Leucine 
K Lys Lysine 
M Met Methionine 
F Phe Phenylalanine 
P Pro Proline 
S Ser Serine 
T Thr Threonine 
W Trp Tryptophan 
Y Tyr Tyrosine 
V Val Valine 
B Asx Aspartic acid or asparagine 
Z Glx Glutamic acid or glutamine 
X Not identified 

The following abbreviations are used for sugar 
residues in compound carbohydrates and glyco
lipids: 

Non-substituted sugars: 
Ara Arabinose 
Fru Fructose 
Fuc Fucose 
Gal Galactose 
Glc Glucose 
Man Mannose 
Xyl Xylose 

Sugar derivatives (e.g. of glucose): 
GleN Glucosamine 
GleNac N-Acetylglucosamine 
GleUA Glucuronic acid 

Sialic acids: 
Neu Neuraminic acid 
NeuAc N-Acetylneuraminic acid 
NeuGc N-Glycolylneuraminic acid 

Glycosidic bonds are described by a or ~, for the 
steric configuration, followed by, in parentheses, 
the numbers of the bound C atoms. For example, 
Glea(1-4)Gle is maltose (4-0-a-D-gluco
pyranosyl-glucopyranose). In Chapter 14, these 
symbols are used also for sugar phosphates, e.g. 
Fru-1,6-P2 for frutose-1,6-bisphosphate. 

Nomenclature problems for other groups of 
substances are discussed in the relevant sections, 



e.g. fatty acids and lipids in Chapter 15, steroids 
in Chapter 16, and carotenoids in Chapter 19. 

Mass units are usually given according to the S1 
system. Molecular masses are given with the rela
tive atomic mass unit, Da (dalton), or derived 
units, kDa (kilo dalton) or MDa (megadalton). 
The S1 unit of enzyme activity (1 kat = 1 molls) is 
inappropriately large; here I have used the unit, 
1 U = 1 flmol/min = 16.67 nkat and the WOO-fold 
smaller unit mU. 

Abbreviations 

bp Base pair 
D Genetic distance (after Nei) (p. 152) 
Da Dalton (unit of relative atomic mass) 
~ T m Difference in dissociation temperature 

between homologous and heterologous 
DNA double helices 

(E) trans-Configuration at double bonds 
[the opposite of (Z)] 

H Mean heterozygosity (p.131) 
kb Kilobases (in DNA or RNA) 

kDa 
kDNA 
LDso 
MDa 
mtDNA 
mU 
Ne 
5'-NT 
3'-NT 
nt 
P 
(R) 

rDNA 
rRNA 
(S) 

SDS 
sp. 
Tm 

U 
Vo 
(Z) 
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Kilodalton (1000 daltons) 
Kinetoplast DNA 
Lethal Dose (50 % ) 
Megadalton (1 million daltons) 
Mitochondrial DNA 
Milliunit of enzyme activity (nmol/min) 
Effective population size 
5' Non-translated 
3' Non-translated 
Nucleotide 
Proportion of polymorphic loci (p.131) 
Steric configuration at a chiral centre 
[the opposite of (S)] 
The gene of ribosomal RNA 
Ribosomal RNA 
Steric configuration at a chiral centre 
[the opposite of (R)] 
Sodium dodecyl sulphate 
Non-identified species 
Dissociation (melting) temperature of 
the DNA double helix 
Unit of enzyme activity (flmol/min) 
Neutral mutation rate (p. 141) 
cis-Configuration at double bonds 
[the opposite of (E)] 



Genera Index 

A 

Abarenicola 267 
Acanthamoeba 336,338, 341, 343, 

344,408,438,575,626,636,703 
Acanthaster 632 
Acanthella 635 
Acanthias (see also Squalus) 661 
Acantholyda 422 
Acanthomyops 726 
Acanthopis 320 
Acanthopleura 280 
Acartia 501 
Achatina 234,306,406,489,497, 

545 
Acherontia 196, 524 
Acheta 50, 450, 478, 574, 592, 612, 

644 
Acila 280 
Acipenser 529,531,650 
Acropora 416,418,493 
Actias 396, 746 
Actinia 328, 730 
Actinopyga 463,634 
Acyrthosiphon 49, 572 
Aedes 19,136,200,201,409,430, 

492, 545, 670, 695 
Aeotes 446 
Aequipecten 333, 337, 387 
Aequorea 751-753 
Agalychnia 413 
Agama 665 
Agapus 631 
Agelas 635 
Agelenopsis 326 
Agkistrodon 259, 320, 322, 323, 

664 
Agriolimax 485 
Ailuropoda 169,608,609 
Ailurus 169 
Ajaia 732 
Albula 166, 544 
Alcedo 590 
Alcyonium 634 
Aldrichina 420, 422 
Aleochara 591 
Alligator 132, 259 
Allolobophora 411 
Alma 536, 539 
Alosa 54 
Alytes 324 
Amauris 720 
Amaurochiton 272 

Ambystoma 30,259 
Ameiurus 199 
Amia 199,532,544,650 
Amoeba 48 
Amphiprion 741 
Amphitrite 270 
Ampullarius 488, 489 
Anablebs 734 
Anabrus 592 
Anadara 266,271,453 
Anaitides 541 
Anaphe 396 
Anas 209,388,572,590,650,723 
Andrena 723,726 
Androctonus 277, 278, 325, 326, 

421 
Anemone 98, 328 
Anemonia 101 
Angiostrongylus 448,522,524 
Anguilla 199,259, 302, 303, 531, 

574, 652, 744 
Anguina 466 
Anguispira 411 
Anisodoris 741 
Anisops 273 
Anodonta 32, 172, 532, 550 
Anolis 132, 135, 198,388, 665 
Anomalocardia 484, 677 
Anopheles 19,22,46,54, 146, 166 
Anotheca 169 
Anser 155, 495, 503, 504, 572 
Anseranus 590 
Antherea 19,94,236,392, 393, 

395,396,430,445,486,719 
Anthocidaris 235 
Anthonomus 464 
Anthophora 586 
Anthopleura 328, 605 
Aotes 299 
Ape (see Pongo) 
Aphelenchus 466,695,702 
Aphis 716, 724 
Aphomia 723 
Aphonepelma 594 
Aphrodite 267, 541, 547 
Apis 19,43,71,82, 192, 197, 200, 

236,326,426,443,467,496,524, 
593-595, 629, 644, 718 

Aplysia 27,265,266,271,272,290, 
305-307,348,405,415,605,612, 
726-728, 745, 746 

Aptenodytes 169,388,503,586 
Apteryx 589 

Arachnocampa 396 
Araneus 394, 739 
Arapaima 259,416,531,650 
Arbacia 305,348,349,450,489 
Arca 441 
Archiblatta 725 
Archosargus 226,678 
Ardea 132 
Arenicola 250,418,441-443,521, 

535-537,539,540,542,547,549, 
551, 552, 698 

Arenivaga 592 
Arge 396 
Argiope 97, 741 
Argonauta 735 
Argyrotaenia 409 
Arianta 210,489 
Armitermes 721 
Arothron 17 
Artemia 29,48,50,54,72,81,82, 

95,201,266,272,273,448,449, 
487,495,496,502,665,670, 
671-673,723,731,746 

Artibeus 365 
Ascardia 524, 702 
Ascaris 23,28,54,74,78,80,97, 

101,132,251,266,267,274,341, 
345,356,383,384,411,418,420, 
439,463,524,526,528,531,539, 
549-553, 606, 688-690, 692, 693, 
695,698,702,704 

Asellus 498 
Ass (see Equus) 
Astacus 71,90,92,93,97,102,206, 

276-278,350,392,406,409,646, 
733 

Astarte 271 
Asterias 29, 33, 72, 101, 132,230, 

412,474,493,494, 503, 505, 522, 
633,666,699,732,733 

Asterina 741 
Asterospicularia 634, 635 
Astyanax 735 
Atelopus 730,743 
Atractaspis 303 
Atrax 326 
Atta 582,629,630,720,724,726, 

740 
Attacus 614 
Attagenus 593 
Audouinia 441 
Aurelia 406 
Axinella 627, 635, 636 



B 

Baboon (see Papio) 
Babylonia 743 
Balaenopetera 297, 467 
Balanus 146, 346, 408, 545, 612 
Barbatia 265,267,271 
Barbus 49, 126 
Bathygobius 474 
Bee (see Apis) 
Beroe 584, 753 
Biomphalaria 271,411,489,493, 

580 
Bipalium 94, 411, 418, 420 
Bison 669 
Bitis 101, 320, 323 
Blaberus 420, 433, 486, 496, 610, 

705 
Blatta 191, 192, 431 
Blattella 200, 423, 629 
Bledius 720 
Blepharisma 305 
Boiga 320 
Bombina 121, 166, 294, 324 
Bombus 200, 527, 593, 667, 726, 

728 
Bombyx 12,20,27,37,46,49-52, 

74,81, 94, 98-100, 119, 124, 172, 
192,196,201,236,278,300,307, 
341,348,392-396,405,409,426, 
427,433,434,450,473,475,484, 
496,499,502,505,519,521-524, 
582, 612, 614, 628-630, 644, 666, 
669, 687, 690, 718 

Bonellia 441, 442 
Bm ~,~,~,~,OO,~,~,~, 

116, 121, 125, 187, 188, 194,203, 
205,209,231,263,292,297, 
302-304,351,354,362,364,366, 
381,387,390,415,416,427,452, 
467,470,482,504,523,530,543, 
569,588,589,601,608,642,648, 
652,661,664,668,669,677,678, 
692,699-701,707,708,737-738 

Bothrops 320,323,324,664 
Botryllus 230 
Brachinus 445, 708 
Brachycephalus 743 
Branchiostoma 300,349,350,465, 

483, 
486, 532, 692 
Brenthis 168 
Briarosaccus 272 
Bubalus 589 
Buccinum 210,272,276,485,535, 

537, 579, 739 
Buenoa 273, 744 
Bufo 94,126,132,166,169,259, 

264,291,412,534,650,678,694 
Bulimulus 411 
Bungarus 116, 320, 321 
Bunodosoma 408, 546 
Busycon 265,272, 279, 484, 485, 

517,549,550 
Busycoptypus 514, 531, 532, 

546-548 
Buthus 325 

c 

Caenocephalus 199 
Caenorhabditis 11, 20, 22, 23, 28, 

30, 32, 35, 40, 42-44, 46, 51, 54, 
74,75,120,122,165,197,202, 
204,210,304,311,332,336,339, 
341,346,352,354,361,362,364, 
384,385,418,439,528,529,566, 
659,695 

Caiman 258 
Cairina 39, 209, 590 
Calamoichthys 650 
Calanus 436, 584, 585 
Calliactis 546 
Callinectes 172, 644 
Calliphora 46, 191, 192, 406, 423, 

426,428,429,431,444,496,573, 
582,645,691,735,736,748 

Callorhynchus 299 
Callosobruchus 498 
Caloglophus 726 
Calomys 132 
Calotes 420 
Calpodes 186, 192, 211, 396, 709 
Calyptocephalella 523 
Calyptogena 266,269,272,703,708 
Calyx 635, 636 
Cambarus 424 
Camel (see Camelus) 
Camelus 367, 452 
Cancer 18,102,189,206,275,276, 

278, 433, 646 
Canis 93, 102, 121, 172, 194, 195, 

260,263,357,364,391,444,467, 
501,523,531,533,569,588,589, 
601,608,641,661,667,708 

Capitella 166 
Capra 93, 164, 188, 234, 263, 470, 

479, 504, 523, 543, 569, 571, 601, 
639, 661, 669, 677 

Carabus 720 
Caraina 32 
Carassius 46, 49, 126, 199, 259, 

292,451,521,540,548,642 
Carausius 422, 426, 644 
Carcharias 678 
Carcharinus 226 
Carcinoscorpius 206, 235 
Carcinus 206,276,279,296,307, 

308,407,408,498,599,644 
Cardita 271 
Cardium 415,517,532,535,537, 

539-541,545,547,548,550 
Caretta 166, 543 
Carp (see Cyprinus) 
Carpoides 650 
Caryedes 717 
Castor 468, 650 
Casuarina 250 
Cat ( see Felis) 
Catharsius 693, 694 
Catla 487 
Catostomus 32,291-293 
Caulerpa 722 
Cavia 74, 195,229,231, 233, 234, 

260,295,299,304,364,367,390, 
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467,470,479,543,569,572,589, 
661, 667, 669, 692, 693 

Centrostephanus 340 
Centruroides 594 
Cepaea 210,489,566 
Cephalophus 717 
Cephaloscyllium 258 
Cerastes 320,323 
Ceratitis 35,74, 192, 348, 391, 394, 

429,503,505,571,573,581,704 
Ceratophrys 126 
Cercopithecus 24 
Cerebratulus 328, 537 
Cerithidea 272 
Cerogenes 593 
Cerura 731 
Chaetopterus 33,485 
Chaetura 366 
Chalcophora 467 
Chaoborus 540 
Charonia 485,632,676 
Chauliognathus 721, 722, 742 
Chelonia 297, 499, 730 
Chelydra 669, 699 
Cherax 277,278,417,535 
Chicken (see Gallus) 
Chimaera 299, 648 
Chimpanzee (see Pan) 
Chinchilla 299, 523 
Chiromantis 413 
Chironex 328 
Chironomus 10,19,27,32,116, 

250,252,266,267,270,273,274, 
397,539,540,548,615,644,679, 
744 

Chiton 420 
Chlamydomonas 354 
Chlamydoselachus 584 
Chlamys 334, 501, 537, 739 
Choloepus 669, 670 
Choristoneura 208 
Chrysaora 328 
Chrysemys 198 
Chrysolina 631 
Chrysopa 394, 396, 574, 716, 746 
Chrysophrys 574 
Ciona 293,298,464,532,661,692 
Cionus 486 
Cirolana 537 
Cladius 396 
Clarias 487 
Clavarizona 211 
Clavularia 612 
Cleopus 486 
Cliona 240, 567 
Clupea 33, 566 
Cnemidophorus 54,139,168 
Coccinella 629, 731, 732 
Cochliomyia 409 
Coelopa 146 
Colias 133, 135, 412, 746 
Columba 144, 501, 543, 590 
Comatula 724,725 
Concholepas 420,532,546 
Condylactis 443 
Conepatus 722 
Conus 72,291,327 
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Conylactis 584 
Corbicula 211, 417 
Coregonus 234 
Corella 412 
Coris 641 
Cortalus 699 
Costelytra 725 
Cottus 301 
Coturnix 34, 98, 121, 198, 641 
Cow (see Bos) 
Coypu (see Castor) 
Crangon 417,494,693 
Crassostrea 234, 235, 411, 526, 531, 

532,539,540,547,550,632,679, 
690 

Cricetus 82, 190, 191,229, 342, 
359,364,454,626,667,692 

Crinia 324 
Crithidia 20, 39, 49, 55, 56, 72, 86, 

448,488,493,516,526,533,548, 
575, 604, 690, 692, 698, 699, 703, 
708,744 

Crocodile (see Crocodilus) 
Crocodilus = Crocodylus 129, 163, 

259,389 
Crotalus 320, 322, 323 
Cryptocerus 500 
Cryptops 319 
Crytochiton 280 
Ctenolepisma 499, 500 
Cubitermes 727 
Cucumaria 275,524 
Culex 28, 146,409,524,574, 603, 

612, 659, 666 
Cupiennius 277,278,502,646 
Cybister 631 
Cyclothone 584 
Cygnus 155,387,504 
Cylindroiulus 412 
Cynthia 592 
Cyphocaris 584 
Cypridina 484, 750-752 
Cyprinodon 129 
Cyprinus 32,49,90,126,194,259, 

295,297,299,404,474,479,484, 
492,496,519,548,574,599,667, 
675 

Cystophora 250 
Cyzicus 272 

D 

Dactylopius 593, 725 
Dacus 721, 723 
Danaus 671, 716 
Daphnia 136,251,272,273,445, 

731 
Dasyatis 226 
Dasypus 259 
Dasytricha 488,499,703 
Dasyurops 367 
Dasyurus 467 
Deilephila 566 
Delphinus 677 
Dendroapsis 100,320 
Dendrobates 743 

Dendroctonus 721, 723, 724 
Dendrodoris 728 
Dendrolasius 727, 728 
Dermasterias 99 
Dermestes 628 
Dermophis 650 
Derurasterias 93 
Diadema 412 
Diaulula 741 
Dicentrarchus 579,694 
Dicrocoelium 266,267,274,545, 

550 
Dictyonella 567 
Dictyoploca 396, 749 
Dictyostelium 10,341,342, 348, 

496, 526, 701 
Didelphis 129,262,291,467,530, 

676 
Digelansinus 396 
Dina 268 
Dinophysis 721 
Dinothrombium 197 
Diocentrarchus 473 
Diplocardia 751, 752 
Diploptera 307, 586, 615 
Dipodomys 18 
Dirofilaria 522, 526, 550 
Discoglossus 126, 708 
Dispholidus 320 
Ditylenchus 411 
Dog (see Canis) 
Dolabella 266, 272 
Dolichoderus 728 
Dolichoglossus 465 
Dolphin (see Delphinus) 
Donacia 486 
Drow~ili 1O,0-~,~-n, 

35-55,73-82,88,89,92,93, 
120-123,125,129-04,06-142, 
144-147,153, 154, 162-168, 191, 
192,197,200,201,209,210,225, 
230,236,238,239,300,304,305, 
307-311,333,334,336,339,341, 
342,344,345,348,349,351-354, 
357,359,362,364,377,378,383, 
385,391-394,397,415,417,422, 
424,426,428-430,432,436,438, 
439,444,445,447,449,453,454, 
470, 471, 473-478, 482, 492, 
496-499,502,516,519-523,528, 
529,533,566,571-573,575,582, 
591-593,604,611,613,615,628, 
638, 643-645, 658-662, 664, 666, 
668-671,674, 675, 691, 693, 698, 
700, 701, 707, 708, 735, 736, 738, 
746-748 

Duck (see Anas) 
Dugesia 671 
Dugesiella 189 
Dugong 171 
Dysdera 277 
Dysdercus 412,644 
Dysidea 635, 727, 728 
Dysticus 47,630,631 

E 

Echinarachnius 485 
Echinococcus 524 
Echinostrephus 165 
Echinus 443,485,633,725 
Echis 320,323 
Echnida 504 
Eimeria 242, 448, 488, 528 
Eisenia 237,411,467,540,699 
Eisenoides 411 
Elaphe 302,665 
Eldana 725 
Electrophorus 235, 257, 308, 348, 

650, 659, 660, 674 
Eledone 165, 292, 293, 723 
Elephant (see Elephas) 
Elephas 116,259,266,467 
Emplectonema 49 
Emys 424 
Enhydrina 320 
Ensis 535,537,539,540,548,549 
Entamoeba 94, 340, 445, 472, 473, 

476,502,526,528,532,548,688, 
703,708 

Entodinium 488,499 
Entosphenus 259,381,428,519, 

521, 523, 699 
Ephestia 146, 424, 426, 748 
Ephydatia 575 
Epilachna 630 
Eptatretus 199,256, 296, 381, 386, 

428,483,542,543,648,651 
Equus 93, 124, 171, 231, 234, 260, 

297,391,467,477,504,523,533, 
588, 589, 601, 608, 609, 642, 661, 
668, 670, 677, 678 

Eremoplastron 499 
Eretmochelys 166 
Ergates 500 
Erinaceus 365 
Erinnyis 495, 496 
Eriocheir 93 
Erythrocebus 446 
Esox 34,121,259,609 
Etheostoma 166 
Euchaeta 584 
Euchloe 748 
Eudiplodinium 499 
Eudistilia 483 
Eudrilus 424 
Euglena 48, 116, 493, 526, 573, 

699,707 
Eukronia 584 
Eunice 268 
Eunicella 426 
Euphausia 02, 277, 584, 605 
Euplotes 17,28,49,305,341 
Euprymna 737 
Eurosta 527 
Eurycotis 463 
Eurypelma 275-279,679 
Euthynnus 541 
Euzonus 268 
Evasterias 739 



F 

Fasciola 54, 55, 411, 418, 441, 526, 
545,552,688,694,695,698,702 

Felis 130,364,405,467,501,569, 
589, 608, 609, 677, 708 

Filstata 277 
Fin whale (see Balaenoptera) 
Formica 166,582,717,728 
Fox (see Vulpes) 
Fugu 743 
Fulgora 752 
Fundulus 132, 144, 145, 259, 260, 

474, 567, 568 
Fusinus 305, 306, 730 

G 

C1adus 54,291,297,301,609 
C1alago 24, 263, 357, 466 
C1alathea 206, 733 
C1aleocerda 678 
C1alleria 192,200,467,484,505, 

574, 615, 644 
C1allus 10, 29, 31, 34, 46, 72, 78, 

84,85,88,95,96,99,100-102, 
116, 128, 186-190, 195, 197, 198, 
205,226,229,231,234,235,238, 
264,294,297,298,302-304,337, 
343,346,350,351,359,360,365, 
367,380-382,387,389,414-416, 
419,420,444,446,447,451,475, 
479,482,503,504,520,523,528, 
529,533,571,575,588,590,609, 
626,627,638-641,648,652, 
659-661,671,678,692,699,700, 
703, 705, 744 

C1ambusia 542 
C1ammarus 500 
C1asterophilus 172, 265, 273, 467 
C1ecarcinus 406, 644 
C1ekko 543 
C1enypterus 420 
C1eoc1emmys 665 
Geodia 75,240 
C1eomys 139,168 
C1erardia 646 
C1erris 27 
C1iardia 46, 49, 355, 448, 688, 703 
C1i11ichthys 132, 292 
C1inglymostoma 227,233,436 
C1iraffa 364 
(}iomeris 500 
(}iossina 241, 412, 416, 421, 422, 

583, 591, 593, 670 
(}iossobalanus 741 
(}iottidia 546 
(}iycera 267,270,273,433,537, 

539,546,679 
(}iycimeris 546 
C1nathonemus 609 
C1nathophausia 584 
C10at (see Capra) 
C10ldfish (see Carassius) 
C10nepteryx 748 
C10nyaulax 721, 743 

C100se (see Anser) 
C10rilla 139,168,169,357,361 
C1raphidostreptus 568, 594 
C1ryllus 55, 132, 139, 146,450, 565, 

645,646 
C1uanaco (see Lama) 
C1uava 732 
C1uekensia 146 
C1uinea-pig (see Cavia) 
C1ycera 266 
C1ymnodinium 721 
C1yrinus 727, 728 
C1yrocotyle 418 

H 

Habrobracon 426 
Haementeria 98, 101, 206 
Haemonchus 439 
Haemopis 268 
Halichoerus 566 
Halichondria 537,539,546,547 
Haliotis 94,537,545,546,549,550 
Halistaura 753 
Halla 726 
Halocynthia 94,334, 345, 523, 739 
Hamster (see Cricetus) 
Haplochlaena 546 
Harmonia 495 
Heimeidiens 467 
Heirodula 431 
Heleophryne 325 
Helicocranchia 411 
Heligmosomoides 706 
Heliocopris 422 
Heliothis 192,197,439,496,593, 

615,629 
Helisoma 271,272,605,612 
Helix 98-100,210,235,275,276, 

279,280,306,356,407,411,414, 
418,435,438,448,451,467,470, 
475,488,489,494,500,501,528, 
545,582,646,666,676,699 

Heloderma 292,300,319,324 
Hemachatus 320 
Hemicentrotus 94, 202, 676 
Hemideina 593 
Hemitripterus 208 
Herpetomonas 566, 568 
Heterodontus 226, 227, 607 
Heterpneustes 419 
Hexathe1e 467 
Hippoglossus 199, 533 
Hippolyte 350 
Hippopotamus 290, 364, 670 
Hirudo 98, 101, 206, 307, 441, 442, 

501,537,539,540 
Holothuria 443, 741 
Homarus 102,132,206,235,276, 

278,279,308,335,350,408,423, 
438,443,498,522,524,535,545, 
599,732,733 

Homaxinella 635 
Horse (see Equus) 
Huso 529 
Hyalinoecia 485 
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Hyalomma 694,695,708 
Hyalophora 192, 200, 201, 236, 

392,396,420,430,467,496,505, 
521, 524, 613 

Hydra 43, 290, 292, 304 
Hydrodamalis 171 
Hydrolagus 293, 299 
Hydrophilus 394, 396 
Hydrophis 320 
Hyla 126, 169,264, 292, 324, 413, 

466 
Hylobates 169 
Hymenochirus 444 
Hymenodora 584 
Hymenolepsis 406, 411, 418, 470, 

518, 519, 532, 545, 550-552, 698, 
702, 709 

Hypera 394, 396 
Hyperolius 413 
Hyperoodon 584 
Hypoderma 93 
Hyriopsis 607 
Hystrix 299 

I 

Ictalurus 226,260, 300, 301, 406, 
666 

Iguana 260,388 
Inia 567 
Iotrochota 709 
Ips 723, 726-728 
Ircinia 383, 635 
Iridomyrmex 593,727,728 
Isis 634, 635 
Isoodon 479 
Isotricha 488,499, 548 
Ixodes 670 

J 

Jaspis 567,573,636 
Jasus 276, 278 

K 

Kangaroo (see Macropus) 
Kassina 324 
Katharina 280 
Katsuwonus 446,699 
Kermes 725 
Kinosternon 723 

L 

Lacerta 451 
Lachesis 320 
Lacistorhynchus 418 
Laemonema 584 
Lama 259, 523 
Lamblia 453 
Lamellibrachia 251, 268, 269 
Lamna 260 
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Lampetra 132,233, 256, 428, 609, 
735 

Larinus 466 
Lasciocampa 394 
Lasius 717,721 
Latia 750-752 
Laticauda 320, 321 
Latimeria 170,199,387,412,418, 

533, 583, 584, 648 
Laurencia 726 
Leiobunum 277 
Leiognathus 127, 708 
Leiostomus 692 
Leishmania 28, 39, 44, 55, 56, 88, 

242,353,448,453,454,493,524, 
526,528,532,541,571,610,688, 
690-695,708 

Lemur 263,357 
Leonereis 408 
Lepidosiren 257,259,412,418,649 
Lepidurus 272 
Lepisma 467 
Lepisosteus 199,226, 301, 532, 650 
Lepomis 259,598,659 
Leptinotarsa 319,416,421,422, 

583, 593, 615, 693 
Leptodactylus 258,412,739 
Leptoglossus 725 
Leptomonas 39 
Leptoptilus 590 
Lethocerus 334 
Leucophaea 200, 201, 298, 306, 

307,615 
Levantina 280 
Libinia 613 
Ligunia 612 
Lima 536, 537 
Limax 411-418 
Limulus 101,102,129,132,189, 

191,206,235,237,276-279,307, 
344,348,436,443,450,474,480, 
522,524,539,545,546,738 

Linaeus 748 
Linckia 733 
Lingula 129, 281, 485 
Liocarcinus 279 
Lioluphura 633 
Lion (see Panthera) 
Liophis 255, 266 
Litoria 324 
Littorina 272,408,497,537,539, 

546,547 
Llama (see Lama) 
Lobophyton 612 
Lobster (see Homarus) 
Locusta 54, 192, 195, 196, 200, 201, 

290,300,306,308,345,391,392, 
432,435,467,471,488,496,505, 
517,519,521,527,571,573,576, 
581, 582, 604, 612, 613, 615, 644, 
645, 662, 670, 671, 706, 731, 744, 
746 

Loligo 333, 349, 405, 415, 416, 424, 
436,449,483,486,528,537,545, 
548,735,750 

Lophius 85,253,293,298,300,302 
Lucilia 135, 192, 592 

Lucinoma 703 
Luciola 752 
Ludwigothurea 483 
Luidia 690 
Lumbriconereis 726, 739 
Lumbricus 230,237,266,268,269, 

296,335,345,383,384,411,412, 
417,418,420,433,438,442,443, 
445,451,485,540,582,607,708, 
744 

Luminodesmus 752 
Lunatia 272 
Lutra 588 
Lycas 412 
Lymnaea 27,211,235,276,278, 

279,290, 300, 306, 411, 415, 488, 
489 

Lytechinus 16, 31, 46, 52, 304, 351, 
386,418 

Lytta 723 

M 

~acaca 92,96,132,361,386,467 
~acaclemys 678 
~acrobdella 206,268,607 
~acrobrachium 408,409,495,699 
~acrocallista 305, 386 
~acrocentrus 396 
~acrocorixa 273 
~acropipus 206 
~acropus 161,364,367,391,410, 

468,470,497,533,670,676,677 
~acrosiphum 732 
~acrotermes 486, 500 
~acrozoarces 208 
~ageleia 467 
~agelona 251, 267, 281 
~aja 172, 206, 279 
~alacochersus 260 
~amestra 348,423 
~ammuthus 171 
~anduca 74,98,100,189,191,192, 

196,200,201,211,236,278,306, 
308,391,392,429-433,480,502, 
521,576, 585, 593, 594, 613-615, 
629-631,643,644, 663, 679, 706, 
719,746 

~antella 744 
~antis 394, 431, 744 
~aoridrilus 267 
~armot (see ~armota) 
~armota 479 
~artasterias 731 
~arten (see ~artes) 
~artes 588 
~astophora 720 
~egabalanus 235 
~egabombus 327 
~egacephala 740 
~egalotomus 644 
~egarhyssa 486, 487 
~egascolex 250 
~egathura 281 
~egoura 467 
~elanargia 724, 726 

~elanophryscus 743 
~elanoplus 74, 201, 592, 593, 595 
~eleagris 93, 100,389, 543, 659, 

668 
~eloidogyne 49 
~elongena 279 
~enidia 132, 168 
~ephitis 722 
~ercenaria 272,503,539,547 
~eretrix 451 
~ergus 504 
~eriones 364,589,724 
~erluccius 584 
~esocestoides 448 
~esocricetus 289 
~esoplodon 585 
~etadinium 499 
~etastrongylus 448, 698, 702 
~etridium 146, 348, 485, 548, 601, 

605,607,634,635,668 
~icrociona 240,575,604 
Wcropterus 130,420 
Wcrotus 139,166,467 
~icrurus 320 
~irounga 136 
Wsgurnus 49, 126 
Wtra 743 
~nemiopsis 753 
~odiolus 408, 416, 690, 691 
~olgula 448 
~olpadia 266, 275 
~oniezia 525,550, 693, 698, 702 
~onomorium 741 
~oschus 723 
~ouse (see ~us) 
~ugil 132, 566, 584 
~uraenesox 295 
~urex 281,739,743 
~urmidius 486 
~us 10, 23, 24, 74, 82, 85, 91, 96, 

98-100, 102, 116, 119, 124, 125, 
130,133,134,162,168,187,195, 
209,211,223,224,226,229,231, 
238,263,264,295,297,303,364, 
377,390,391,435,467,475,477, 
501,504,533,534,543,544,569, 
581,588,589,639,640,650,658, 
667,677,678,692,700,701,705, 
708, 738 

~usca 19,26,132,191,192,423, 
427,429,436,444,446,471,474, 
498,502,578,591,595,597,612, 
613,628,629, 661, 679, 700, 
704-706, 718, 748 

~usculium 168 
~ustelus 116,191,259,266,436 
~ya 411,498,502 
~ydaus 723 
~yliobatis 609 
~ylopharodon 132 
~yocastor 299 
~yotis 132 
~yoxococcus 364 
~ytilus 46, 72, 94, 145, 166, 172, 

186,235,305,306,349,383,384, 
387,407,414,416,423,437,439, 
452,464,473,474,487,497,503, 



517, 519, 522, 524, 531, 532, 536, 
537, 539, 541, 546, 547, 549-552, 
566, 612, 690 

Myxine 85, 102, 233, 256, 266, 292, 
293,299,300,357,381,483,542, 
544,640,648,661,677 

Myzus 574 

N 

Naegleria 626, 636 
Naja 99,320,321,323 
Narce 660 
Nassa 272, 537 
Nassarius 548 
Nasutitermes 410 
Nauphoeta 201, 613 
Nautilus 280, 281, 537 
Neanthes 384, 408 
Necturus 46 
Nematus 383, 396 
Neoceratodus 412,418,649,650 
Neodysis 251, 275 
Neomys 468 
Neophirasea 732 
Nephila 81,394,396,397,741 
Nephrops 172, 303 
Nephthys 267,442,503,505,537, 

539,541 
Neptunea 485 
Nerchaster 132 
Nereis 202,350,384,537,539,541, 

542,545,549 
Nerita 272 
Nippostrongylus 551, 702 
Nocardia 494 
Noctiluca 597 
Noetia 271 
Notonecta 135 
Notropis 144 
Nucella 539, 743 
Nucula 280, 539 

o 

Obelia 753 
Ochotona 365 
Octolasium 211 
Octopus 235, 276, 280, 290, 306, 

319,348,367,386-388,426,434, 
437,438,467,531,537,583,666, 
750 

Ocypode 276 
Odontaspis 300 
Odontophrynus 126, 199 
Odontosyllis 750 
Odontotermes 593 
Olata 411 
Olinga 396 
Ommastrephes 367, 483 
OncopeJtus 200,434, 629, 644, 716 
Oncorhynchus 33,147,185,264, 

291-294,296, 297, 300-302, 505, 
531, 574, 678 

Ondatra 723 

Ophelia 268, 440, 442 
Ophioderma 632, 633 
Ophiodon 648 
Ophiophagus 320 
Ophioplocus 524 
Ophryoscolex 499 
Opossum (see Didelphis) 
Opsanus 418 
Orang-utan (see Pongo) 
Orconectes 348, 434, 445, 451, 466, 

467,471,498,519,531,545,580, 
582,599,646,693,694,709 

Oreochromis 412 
Ornithodorus 101, 202 
Ornithorhynchus 290,319,325,468 
Orthopterus 568 
Orycteropus 169 
Oryctes 500 
Oryctolagus 29,72,74,78,79,102, 

119, 121, 125, 162, 187, 194, 195, 
234,260,263,293,295,337,346, 
351,367,390,391,427,451,475, 
477,487,488,496,501,519,521, 
525,528,530,533,543,569,571, 
589,601,608,639,640,661,667, 
671,675,677,692,693,697,705, 
708 

Oryzias 542 
Osteoglossum 416, 544 
Ostrich (see Struthio) 
Ostrinia 719 
Otala 418, 424, 485, 532 
Otiorhynchus 132 
Otostigmus 319 
Ovis 93, 116, 121, 131, 151, 164, 

188, 194, 209, 234, 263, 292, 295, 
297,387,390,419,470,491,501, 
504,523,569,588,589,597,601, 
652,669,671,677,692,699 

Oxynoe 722 
Oxynotus 126 
Oxytricha 13, 17, 28 
Oxyuranus 320, 322 

p 

Pachygrapsus 202 
Pachymedusa 413 
Pacifastacus 102 
Paederus 743 
Pagophilus 95, 467 
Palaemon 202,277,279,451 
Palythoa 721 
Pan 130, 139, 147, 168, 169,229, 

361, 699 
Panagrellus 384,418,536,539,540, 

548,695, 706 
Panda (see Ailuropoda) 
Pandalus 306, 308, 392 
Panthera 169, 405 
Pantodon 544 
Panulirus 139,192,206,249, 

275-279 
Papilio 192, 720, 728 
Papio 120,263,477,589 
Paracaudina 275 
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Paracentrotus 54, 94, 384 
Paragonimus 95, 539 
Paralichthys 297, 492 
Paramecium 13, 28, 36, 55, 74, 75, 

85,242,251,274,348,408,450, 
575,602,605,636,703 

Paramphistomum 441 
Paramyxine 519 
Parartemia 272, 273 
Parascaris 28, 101, 274, 539 
Parasicyonis 328 
Parasilurus 439 
Paraspornia 250 
Parastichopus 205 
Pardachirus 324, 628 
Parophrys 606 
Partula 135 
Paruroctonus 412,594 
Parus 139 
Patella 30,272,515, 532, 536, 731 
Patinopecten 349, 350, 519 
Peccary (see Tayassu) 
Pecten 334, 340, 451, 485, 521, 546, 

690 
Pectinaria 539 
Pedetes 364 
Pediculus 273 
Pelamis 320 
Penaeus 202,383,480,574,607 
Penereis 350 
Penguin (see Aptenodytes) 
Perameles 479 
Perca 32 
Perinereis 202, 349 
Periophthalmus 412 
Periplaneta 196,200,295, 

306-308,412,430,432,438,464, 
467,480,484,495,496,521,525, 
526, 531, 572, 574, 578, 580, 581, 
592,595, 615, 629, 668, 695 

Peristernia 438 
Peromyscus 23, 132, 133, 135, 136, 

139,167,168,263 
Petricola 694 
Petromyzon 102,195,205,226, 

255,266,292,293,296,299,428, 
444,484,648 

Petrosia 636 
Phacochoerus 290 
Phascolion 441 
Phascolomys 467 
Phascolopsis 281, 679 
Phascolosoma 281,441,442 
Phasianus 144, 504, 575 
Pheretima 172, 268, 384, 420 
Phialidium 753 
Philosamia 196, 395 
Phoca 530, 566 
Phoenicopterus 586 
Phorrrria 236,308,409,423,426, 

444,446,467,496,519,520,527, 
603, 667, 706 

Phoronopsis 132, 275 
Photinus 449, 631, 752 
Photuris 752 
Phrynops 253 
Phyllobates 743 
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Phyllomedusa 169,293,324,325,413 
Phymatocera 396, 486 
Physadesmia 593 
Physalaemus 292, 293, 324 
Physalia 328 
Physarum 343 
Physeter 265,273,584,728 
Pieris 435, 744, 746, 748 
Pig (see Sus) 
Pigeon (see Columba) 
Pikonema 591, 592 
Pipa 258, 444 
Pisaster 54, 55, 139 
Placopecten 55, 535 
Planococcus 11 
Planorbis 271 
Planototrix 719 
Plasmodium 10, 25, 44-46, 74, 81, 

242,352,361,416,448,453,454, 
473, 604, 698 

Platichthys 529,531 
Platynereis 29, 30, 33, 720 
Platynota 574 
Platysarnia 502 
Plethodon 26, 132 
Pleurodeles 199 
Pleuronectes 199,259,503,505, 

574,659 
Plexaura 612, 634 
Plodia 480 
Pneumatophorus 453 
Podisus 644 
Poecilia 543 
Poekilocerus 716, 717 
Poephila 642 
Pogonomyrmex 582 
Polinices= Pollinices 272, 679 
Polistes 325 
Polyandrocarpa 235 
Polycelis 442,545,690 
Polyodon 226, 544, 650 
Polypterus 199, 650 
Polyzonium 743 
Pomace a 483 
Pomoxis 32 
Pongo 139,169,189,261-263,357, 

446,453 
Popillia 416, 421, 422, 721 
Porcellio 467 
Porpita 732 
Potarnilla 265, 267 
Potamotrygon 412,419,543, 639 
Praunus 417 
Prionace 297 
Procambarus 346, 352, 733-735 
Procavia 410 
Prociphilus 593 
Procyon 588 
Prodenia 404, 576, 695 
Proechimys 299 
Progenitor 127 
Prorhinoterrnes 723 
Protophorrnia 426 
Protopterus 412, 418, 649 
Protoreaster 632, 633 
Psammechinus 127 
Psammophis 320 

Pseudechis 322 
Pseudemys 302, 526, 543 
Pseudoaxinyssa 636, 727 
Pseudonaja 321, 322 
Pseudophryne 743 
Pseudophycis 544 
Pseudopleuronectes 33,199,208 
Pseudoplexaura 612, 613 
Psolus 632, 633 
Pteronarcys 592 
Pteropus 479 
Ptilometra 725 
Ptilosarcus 634, 635 
Ptinus 394, 486 
Ptychopoda 748 
Puma (see Felis) 
Purpura 679 
Pycnonotus 479 
Pyenopodia 94,97,438 
Pygoscelis 388, 389 
Pyura 189, 544 
Pyxicephalus 126 

R 

Rabbit (see Oryctolagus) 
Raccoon (see Procyon) 
Racophilus 497 
Radianthus 328,740 
Raja 126, 226, 300, 421, 705 
Rana 32,94,96,102,130,166,186, 

211,226,235,253,254,257,259, 
260,264,291,293,294,297,301-
303,325,346,366,367,412,413, 
447,451,453,466,477,488,503, 
505,521,523,525,534,540,578, 
601,612,650,659,666,678,692, 
699,707,708,734,737,738,750 

Rangia 386 
Rapana 18 
Rat (see Rattus) 
Rattus 10, 19,29,46,74,75,79,83, 

90-93, 100, 102, 119, 121, 132, 139, 
168,172,186,187,193-195,204, 
211, 223, 229, 231, 234, 260, 295, 
297,302,304,346,350,362,364, 
367, 378, 390, 391, 408, 414-417, 
419,424,427,435,437,438,445, 
447,451,467,470,474-477,479, 
480,482,488,496,501,518-520, 
522,523,525,528,529,530,534, 
538,543,567,569,571-573, 
575-577,580,588,589,597,601, 
626-628, 639, 640, 650, 652, 658, 
661,663,664,666,667,671,673, 
675,685,687,688,690-692,697, 
700, 701, 705, 708, 730 

Renilla 348, 753 
Reticuloterrnes 591 
Rhagium 501 
Rhigophila 208 
Rhinocerus 258 
Rhizoglyphus 728 
Rhodeus 539, 548 
Rhodnius 191,200,235,273,494, 

582,613,670 

Rhynchosciara 191, 495, 497, 733 
Riftia 250,251,269,708 
Riptortus 746 
Romalea 306, 725 
Rousettus 351 
Rumina 132, 135 
Ruvettus 584 

s 

Sabella 443 
Sabellaria 93 
Saccoglossus 441, 725 
Salamandra 650 
Salmo 12, 13, 30-35, 166, 190, 194, 

199,233,259,297,417,464,492, 
526,531,534,548,574,578,579, 
600,612,628,659,678,705 

Salvelinus 336, 492 
Samia 172, 307 
Sanguinus 229 
Sarcophaga 19,46, 101, 191, 192, 

235,236,392,429,432,435,444, 
445,496 

Sarcophilus 467 
Sarcophyton 634, 721 
Sardinops 453 
Saxidomus 272 
Scapharca 271,532,546,596,739 
Scaphirhynchus 544 
Schistocerca 306,308, 311, 349, 

387,391,415,426,427,430,467, 
486,524,527,528,531,563,580, 
593,644, 645, 709 

Schistosoma 46, 95, 411, 420, 443, 
445,448,524,550,661,702 

Sciara 46, 49 
Sciurus 580,588 
Scoliodon 366 
Scololepis 541 
Scolopendra 319 
Scoloplos 541 
Scolopocryptops 319 
Scomber 172, 484 
Scutigera 251, 275, 277 
Scyliorhinus 33, 34, 199,292, 293, 

299,301,451,579,580,648 
Scylla 209,210,392 
Scyllarus 277 
Scyllium 352, 464 
Sebastes 132, 484 
Sebastodes 543 
Sepia 172,280,319,334,367,415, 

537-539,545,546,548,633,750 
Seriola 297 
Serpula 265, 270 
Sheep (see Ovis) 
Silpha 631 
Siphonaria 272 
Siphonosoma 281 
Sipunculus 30,441,442,535-540, 

546, 547, 549 
Sistrurus 320 
Sitophilus 592 
Solemya 703 
Solen 442,537,539 



Solenomya 434 
Solenopsis 166, 741 
Spalax 129, 229, 365 
Sperm whale (see Physeter) 
Spermophilus 260,579,580 
Sphaerium 168 
Sphenodon 129 
Sphenomorphus 259 
Sphyrna 701 
Spirocodon 748 
Spirographis 443, 666 
Spirometra 551, 552 
Spirorbis 269 
Spisula 335,405,484, 502 
Spodoptera 235, 505, 704-706 
Spongionella 635 
Squalus 46, 92, 93, 258, 259, 296, 

300, 364, 436, 484, 519-521, 543, 
584,585,608,609,640,678,693, 
699,701 

Squilla 278,666 
Squirrel (see Sciurus) 
Statilia 431 
Steganacarus 500 
Stenella 572 
Stenobrachius 584 
Stenoplax 280 
Stenotomus 705 
Stentor 332, 738 
Stichopus 633 
Stoichactis 328 
Stomoxys 19, 201, 421, 429, 502 
Streptocephalus 272 
Strombus 537, 548 
Strongylocentrotus 31, 54, 55, 82, 

94,119,127,138,197,202,210, 
233, 239, 304, 305, 341, 351, 443, 
450,474,612,627,636,676,739 

Strongyluris 550 
Strophocheilus 411,418 
Struthio 259,296, 366 
Stylocheilus 720, 721 
Stylonychia 10, 13, 17, 28, 353 
Suberites 319 
Sus 34,79,87,92,93,95,96,98, 

102, 116, 188,205,211,231,260, 
290,292,296,297,303,357,391, 
415,467,487,491,499,529,543, 
569,601,641,642,650,661,670, 
671, 673, 690-692, 699, 701, 731 

Swan (see Cygnus) 
Sylvilagus 410 
Syngamus 275 

T 

Tachyglossus 290, 467, 468, 497, 
498 

Tachypleus 206,237,277,345,483 
Talpa 365 
Tapinoma 728 
Taricha 51, 189, 743 
Tayassu 290 
Tegenaria 646 
Tegula 494 
Teleogryllus 234, 566, 574, 612 

Telesto 612 
Tenebrio 18,200,208,383,398, 

436, 592 
Tenodera 431, 749 
Terrapene 659 
Testudo 424 
Tethya 452, 612 
Tetrahymena 10,13, 14, 17,28-30, 

32,33,37,38,45,46,49,51,52, 
55,72,88,166,208,251,274,293, 
299, 300, 341, 343, 348-350, 352-
354,439,445,454,488,502,515, 
522,525,528,568,573,575,578, 
596-599,602, 604, 605, 625, 636, 
662,667,668,688,690,691,694, 
695,699,703,704,706,707 

Tetranychus 731 
Thais 739 
Thalassema 265,270,441 
Thalssicola 753 
Thamnophis 198, 659 
Thaumetopoea 396,719,722,746 
Thelepus 270 
Themiste 249, 267, 281 
Themisto 567 
Thermobia 19,200,499,500,612 
Thermophilium 720 
Thermus 692 
Thetya 463,741 
Thiara 136 
Thunnus 233,257,260,698,699 
Thyone 343 
Tiger (see Panthera) 
Tilapia 295 
Tinca 259 
Tineola 93 
Tipula 208 
Tivela 484 
Todarodes 384 
Torpedo 126, 301, 308, 311, 361, 

427,443,444,657,659,660,671, 
672,676 

Toxocara 418,692,693 
Toxoplasma 352, 353, 448, 453 
Tracheoniscus 500 
Trachurus 166 
Travisia 270, 440 
Trematomus 609 
Triatoma 582, 592, 612, 659 
Tribolium 409, 420, 432, 498, 502, 

630,695,725 
Trichechus 171,391 
Trichinella 411, 550, 698 
Trichogaster 575 
Trichomonas 415,448,453,528, 

548,703 
Trichoplusia 278,585,612,719,746 
Trichopsenius 591 
Tridacna 132, 144 
Trigona 594, 720, 726 
Trimeresurus 320 
Trionyx 413, 504 
Triops 272 
Tripneustes 127 

. Tritrichomonas 548, 606 
Triturus 26, 30, 47, 542 
Trogoderma 409,629 
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Trygonorhina 407 
Trypanosoma 18,20,36,37,39,48, 

50-52,55,56,74,85,88,235,240-
242,348,350,353,378,416,425, 
439,445,448,450,453,454,465, 
488,493,495,497,515,516,518, 
522,524-526,528,529,532,533, 
541,566,575,606,610,664,688, 
690-694,698,703,706,708,744 

Tubifex 268,485,532,550,551,696 
Turbatrix 502,567,633,693,695 
Turbo 497,605,746 
Turkey (see Meleagris) 
Tursiops 391, 584 
Tylorrhynchus 268,269 
Typhlonectes 259 

u 

Uca 93,94,165,276,277,432 
Uperolia 324 
Upogebia 733 
Urechis 46,266,267,270,467,702, 

748 
Urodacus 467 
Uropetala 467 
Ursus 467 

v 

Vairimorpha 48 
Vejovis 412 
Velella 732 
Venus 532 
Verongula 636 
Vespa 92,93,325,327,667 
Vespula 208,325,327,748 
Vipera 99,320,322 
Vitreoscilla 251 
Viverra 723 
Voria 429 
Vorticella 332 
Vulpes 501, 533 
Vultus 591 

w 

Watasenia 734, 753 

x 

Xenomystus 544 
Xenopsylla 396 
Xenopus 14,16, 19,23,24,26,27, 

30-32,36,37,42,44,46,47, 
49-51, 54, 80, 82, 83, 88, 94, 124, 
126,130,163, 170, 186-189, 
197-200,225-227,229,234,235, 
238,239,257,264,291,292,294, 
296,304,324,340,348,352,357, 
359,412,420,444,449,452,491, 
531,533,612,626,639,666,672, 
674-676, 678, 701, 707, 750 
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Xiphias 707 
Xyleborus 628 

y 

Yoldia 280 

z 

Zalopus 468 
Zoarces 132 
Zonotrichia 575, 578 
Zooterrnopsis 572, 574, 575, 578, 

595 
Zygaena 717,740 
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A 

abductins 388 
acetaldehyde 478 
acetyl-CoA carboxylase 571 
acetylation 73 
acetylcholine 435,659 
~-N-acetylglucosaminidase (chitina-

se) 496, 501, 502 
acid phosphatase 666 
aconitase 690 
acrosin 94 
acrosome 239 
actin 331, 333 
- bundling proteins 344 
- capping proteins 343 
- evolution 339, 342 
- filament 339 
- genes 341,342 
- isoactin 339 
- sequence 340 
actinin 344 
activin 295 
acute-phase proteins 190 
adaptation 
- compensatory 6 
- exploitative 6 
adenohypophysis 
adenosine deaminase 451, 452 
adenylate cyclase 332,449,450 
adhesion molecules, insects 239 
adipokinetic hormone (AKH-I) 308 
adrenalin 437, 662 
adrenocorticotropin (ACfH) 296 
AEPn (see 2-amino-ethylphosphonic 

acid) 
aequorin 752, 753 
aggregation systems, sponges 240 
alanine 
- aminotransferase 549 
- transaminase 415 
~-alanyltyrosine 429 
alarm substances 720 
albumen 388,503,504 
albumin 184 
alcohol dehydrogenase (ADH) 138, 

145,146,478,516,548 
- invertebrate 477 
- isoenzymes 476 
- structural and functional variety 

477 
- vertebrates 476 
aldolase 514-516, 518, 527 

- evolution 528 
- sequence 528 
aldosterone 640 
alkaline phosphatase 665 
alkaloids 742 
allantoicase 453 
allantoin 412, 413 
allantoinase 452, 453 
alleloenzymes 4,5,79 
- functions 144 
allomones 717 
allopolyploidy 125 
allosteric effectors 416 
alphoid-DNA 18 
alternative splicing 40,41,447,675 
- actin 342 
- elastin 387 
- fibronectin 378 
- muscle proteins 335 
- myosin 338 
- tropomyosin 345 
- troponin 346 
Alu element 23,24,123,125 
ambergris 728 
amelogenin 386 
amines (see biogenic amines) 
amino acid 
- antagonists 410 
- chemical modification 71 
- concentration 406, 407 
- D-configuration 72,409,433,434 
- deamination 413, 414 
- degradation 410-413 
- essential 409 
- in evolution 70 
- L-configuration 70 
- methylation 71, 405 
- N-acetylated 404 
- non-essential 406, 409 
- oxidase 688 
- - D-amino acids 433,434 
- - in snake venoms 323 
- - L-amino acids 414 
- post-translational changes 71 
- rare 71,404 
- requirements 409 
- side-chain modification 72 
- spectrum 406 
- standard 70, 403 
- substitution 120 
- sulphur-containing 422, 423 
- and wood-eating termites 410 
aminoacyl-tRNA synthetases 81 

2-amino-ethylphosphonic acid 
(AEPn) 604 

- biosynthesis 606 
- glycoproteins 605 
- sphingolipid 605 
aminopeptidase 89 
ammonia 411-414, 451 
- production 417 
ammoniotelic, nitrogen metabolism 

410-413, 419, 452 
AMP deaminase 451 
amylase 497, 498 
- genes 498 
- polymorphism 499 
anaerobiosis 
- activity-dependent 535,537,540, 

548 
- habitat-dependent 536-539,541, 

547 
anaplerotic reactions 689 
androgen 639,641 
- binding protein (ABP) 640 
angiotensin 90, 96 
angiotensinogen 302 
anion-sensitive ATPase 673 
ankyrin 361 
annexin 351 
anserine 446 
antifreeze substances 527 
- proteins (AFPs) 185,207,208, 

466 
antigen-presenting cells (APCs) 220 
apamin 327 
apolipoproteins 193,202 
- evolution 195 
- gene sequences 195 
- genes 195 
- insect 196 
- structures 194 
arachidonic acid 574,603,610-612 
arginase 420 
- flight muscle 421 
arginine kinase 443 
argininosuccinate 
- lyase 419 
- synthase 419 
arrestin 738 
aryl sulphatase 676 
arylphorin 429 
ascarylose 463 
ascorbic acid 479, 480, 676 
aspartate 
- aminotransferase (GOT) 549 
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- proteinase 96 
- - heterogeneity 95 
- - sequence 95 
- transaminase 415 
ATP synthase 701 
ATPase 670 
attacin 236 
autopolyploidy 125 
avarol 728 
avidin 389 

B 

fl-sheet 77 
B lymphocyte 220 
B-DNA 10 
Balbiani-ring proteins 397 
basement membrane 376-378, 381, 

383,384,492 
bdellin 101 
bile salts 650 
- biosynthesis 646, 648, 649 
- functions 646 
- structures 647 
bilin 744-746 
bilirubin 187 
biliverdin 746 
bindin 239 
biochemical markers 4 
biochromes 717, 725 
biogenic amines 434,449,548,704, 

739 
- neurotransmitter 435 
blood sugar 466 
blubber 584 
Bohr effect 256, 257 
bombardier beetle 725 
bradykinin 204,302,323 
brown fat tissue 694, 702 
bursicon 429 

c 

C value 25 
C-reactive protein (CRP) 
- evolution 190 
- structure 190 
Ca2+ -ATPase 671, 672, 701 
cadherin 238 
caerulein 294 
caeruloplasmin 188, 190 
calbindin 338,349,351 
calciferol (D vitamin) 624 
- balance 652 
- functions 652 
- receptors 652 
- synthesis 651 
calcisome 672 
calcitonin 303 
calcium 337,343,348,521,662, 

664, 672, 738, 753 
- actin-myosin system 332 
- balance 651 
- binding proteins, sarcoplasmic 

(SCBPs) 349,350 

- pump 332,333,349,350 
- vector protein (CaVP) 350 
caldesmon 333 
calmodulin 75,333,338,347,349, 

350,521,525,668,669 
- amino acid sequence 348 
- evolution 348 
- genes 348 
calpain 95 
calponin 334 
calreticulin 351 
calsequestrin 333, 351 
carbamylphosphate synthetase 419 
carboanhydrase 678 
- erythrocytes 677 
- evolution 677 
- gene 677 
- invertebrates 677 
- isoenzymes 677 
carbohydrase 493,495,497 
- variety 494 
carbohydrates 
- cold tolerance 466 
- conversion 469 
- energy-yielding metabolism 468 
- haemolymph 467 
- honey 468 
- honeydew 468 
- metabolic reactions 469 
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I. Position 

A e G 

AAA 4· CAA GI, GAA GI, UAA 
AAG CAG GAG UAG 

A 
AAe 

A~ 
eAe His GAe UAe 

AAU eAU GAU Asp UAU 

ACA eeA GCA ueA 
AeG CCG GCG ueG 

e 11" Pro AI. 
Aee ccc Gee uee 
Aeu CCU GCU ueu 

AGA M. eGA GGA UGA 
AGG eGG GGG UGG 

G M. Gly 
AGe 

s" eGe GGe UGe 
AGU CGU GGU UGU 

AUA II, CUA GUA UUA 
AUG M« CUG GUG UUG 

U "" V,I 
Aue II, cue Gue uue 
AUU CUU GUU UUU 

Components or DNA or RNA 

A Adenosine U Uridine Y Pyrimidine 
G Guanosine • Psel,ldouridine nucleoside 
e Cytidine R Purine N Not specific! 
T Thymidine nucleoside 

AmiDo Add Residae!l in Peptida 
(Single- and three-leiter codes) 

A AI, Alanine L "', Leucine 
R A" Arginine K L" Lysine 
D A., Aspartic acid M M« Methionine 
N A~ Asparagine F Ph, Phenylalanin 
e c,. Cysteine P Pro Proline 
E 01, Glutamic acid S S" Serine 
Q GI" Glutamine T 11" Threonine 
G Gly Glycine W T'I' Tryptophan 
H His Histidine Y lY' Tyrosine 
I II, Isoleucine V V,I Valine 

B A" Aspartic acid or asparagine 
Z GI. Glutamic acid or glutamine 
X Not identified 

Supr Restd.es ... Compoalld CarboIIydr1lles 

Non<substiluted Sugars 
Am Arabinose Gle 
Fru Fructose Man 
Fuc Fucose Xyl 
Gal Galactose 

Sugar Derivati~s (e.g. 01 glucose); 

GICn Glucosamine 
GleNac N-AcetylgJucosamine 
GlcUA Glucuronic acid 

Sialic Acids; 

Ncu Neumminic acid 
NeuAc N-Acetylneumminic acid 
NeuGc N-Glycolylneumminic acid 

Glucose 
Mannose 
Xylose 



Klaus Urich 
Comparative Animal Biochemistry 

Abbreviations in the text 

bp Base pair 
D Genetic distance (after Nei) (p.152) 

Da Dalton (unit of relative atomic mass) 

(E) 

H 

kb 

kDa 

kDNA 

LD50 
MDa 

Difference in dissociation temperature 
between homologous and hetero
logous DNA double helices 

trans-Configuration at double bonds 
[the opposite of (Z)] 

Mean heterozygosity (p.131) 
Kilobases (in DNA or RNA) 

Kilodalton (1000 daltons) 

Kinetoplast DNA 

Lethal dose (50 %) 

Megadalton (1 million daltons) 

mtDNA Mitochondrial DNA 

mU Milliunit of enzyme activity (nmoV 
min) 

Ne Effective population size 
S'-NT 5' Non-translated 

3'-NT 3' Non-translated 

nt Nucleotide 

P Proportion of polymorphic loci (p. 131) 
(R) Steric configuration at a chiral centre 

[the opposite of (S)] 
rDNA The gene of ribosomal RNA 
rRNA Ribosomal RNA 
(S) Steric configuration at a chiral centre 

[the opposite of (R)] 

SDS Sodium dodecyl sulphate 

sp. Non-identified species 

Tm Dissociation (melting) temperature of 
the DNA double helix 

U Unit of enzyme activity (IlmoVmin) 

Vo Neutral mutation rate (p.141) 

(Z) cis-Configuration at double bonds 
[the opposite of (E)] 

At the forefront of research 
in animal physiology 

Editorial Board: 

H. Langer, Bochum 
T. Hirano, Tokyo, 
W.T.W. Potts, Lancaster 
R.B. Reeves, Buffalo, NY 

Publishes articles concerning: 

- the "machinery" of animals 
from the molecular to the organismic level 

- comparative aspects of metabolism and 
enzymology 

- metabolic regulation 
- respiration and gas transport 
- physiology of body fluids 
- muscular physiology 

Springer 
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