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Preface

When I first started studying proteins as an undergrad-
uate I encountered for the first time complex areas of
biochemistry arising from the pioneering work of Paul-
ing, Sumner, Kendrew, Perutz, Anfinsen, together with
other scientific ‘giants’ too numerous to describe at
length in this text. The area seemed complete. How
wrong I was and how wrong an undergraduate’s per-
ception can be! The last 30 years have seen an explo-
sion in the area of protein biochemistry so that my 1975
edition of Biochemistry by Albert Lehninger remains,
perhaps, of historical interest only. The greatest change
has occurred through the development of molecular
biology where fragments of DNA are manipulated in
ways previously unimagined. This has enabled DNA
to be sequenced, cloned, manipulated and expressed
in many different cells. As a result areas of recom-
binant DNA technology and protein engineering have
evolved rapidly to become specialist disciplines in their
own right. Almost any protein whose primary sequence
is known can be produced in large quantity via the
expression of cloned or synthetic genes in recombinant
host cells. Not only is the method allowing scien-
tists to study some proteins for the first time but the
increased amount of protein derived from recombinant
DNA technology is also allowing the application of
new and continually advancing structural techniques.
In this area X-ray crystallography has remained at the
forefront for over 40 years as a method of determin-
ing protein structure but it is now joined by nuclear
magnetic resonance (NMR) spectroscopy and more
recently by cryoelectron microscopy whilst other meth-
ods such as circular dichroism, infrared and Raman
spectroscopy, electron spin resonance spectroscopy,
mass spectrometry and fluorescence provide more lim-
ited, yet often vital and complementary, structural data.
In many instances these methods have become estab-
lished techniques only in the last 20 years and are

consequently absent in many of those familiar text-
books occupying the shelves of university libraries.

An even greater impact on biochemistry has
occurred with the rapid development of cost-effective,
powerful, desktop computers with performance equiv-
alent to the previous generation of supercomput-
ers. Many experimental techniques relied on the co-
development of computer hardware but software has
also played a vital role in protein biochemistry. We
can now search databases comparing proteins at the
level of DNA or amino acid sequences, building up
patterns of homology and relationships that provide
insight into origin and possible function. In addition
we use computers routinely to calculate properties such
as isoelectric point, number of hydrophobic residues or
secondary structure — something that would have been
extraordinarily tedious, time consuming and problem-
atic 20 years ago. Computers have revolutionized all
aspects of protein biochemistry and there is little doubt
that their influence will continue to increase in the
forthcoming decades. The new area of bioinformatics
reflects these advances in computing.

In my attempt to construct an introductory yet exten-
sive text on proteins I have, of necessity, been circum-
spect in my description of the subject area. [ have often
relied on qualitative rather than quantitative descrip-
tions and I have attempted to minimise the introduc-
tion of unwieldy equations or formulae. This does
not reflect my own interests in physical biochemistry
because my research, I hope, was often quantitative.
In some cases particularly the chapters on enzymes
and physical methods the introduction of equations is
unavoidable but also necessary to an initial descrip-
tion of the content of these chapters. I would be failing
in my duty as an educator if I omitted some of these
equations and I hope students will keep going at these
‘difficult’ points or failing that just omit them entirely
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on first reading this book. However, in general I wish
to introduce students to proteins by describing princi-
ples governing their structure and function and to avoid
over-complication in this presentation through rigorous
and quantitative treatment. This book is firmly intended
to be a broad introductory text suitable for undergrad-
uate and postgraduate study, perhaps after an initial
exposure to the subject of protein biochemistry, whilst
at the same time introducing specialist areas prior to
future advanced study. I hope the following chapters
will help to direct students to the amazing beauty and
complexity of protein systems.

Target audience

The present text should be suitable for all introductory
modes of biochemistry, molecular biology, chemistry,
medicine and dentistry. In the UK this generally means
the book is suitable for all undergraduates between
years 1 and 3 and this book has stemmed from lectures
given as parts of biochemistry courses to students of
biochemistry, chemistry, medicine and dentistry in all
3 years. Where possible each chapter is structured
to increase progressively in complexity. For purely
introductory courses as would occur in years 1 or 2
it is sufficient to read only the first parts, or selected
sections, of each chapter. More advanced courses may
require thorough reading of each chapter together with
consultation of the bibliography and secondly the list
of references given at the end of the book.

The world wide web

In the last ten years the world wide web (WWW)
has transformed information available to students. It
provides a new and useful medium with which to
deliver lecture notes and an exciting and new teach-
ing resource for all. Consequently within this book
URLs direct students to learning resources and a list
of important addresses is included in the appendix.
In an effort to exploit the power of the internet
this book is associated with ‘web-based’ tutorials,
problems and content and is accessed from the following
URL http://www.wiley.com/go/whitfordproteins. These
‘pages’ are continually updated and point the interested
reader towards new areas as they emerge. The Bibli-
ography points interested readers towards further study

material suitable for a first introduction to a subject
whilst the list of references provides original sources
for many areas covered in each of the twelve chapters.
For the problems included at the end of each chapter
there are approximately 10 questions that aim to build
on the subject matter discussed in the preceding text.
Often the questions will increase in difficulty although
this is not always the case. In this book I have limited
the bibliography to broad reviews or accessible journal
papers and I have deliberately restricted the number of
‘high-powered’ (difficult!) articles since I believe this
organization is of greater use to students studying these
subjects for the first time. To aid the learning process
the web edition has multiple-choice questions for use
as a formative assessment exercise. I should certainly
like to hear of all mistakes or omissions encountered
in this text and my hope is that educators and students
will let me know via the e-mail address at the end of
this section of any required corrections or additions.
Proteins are three-dimensional (3D) objects that are
inadequately represented on book pages. Consequently
many proteins are best viewed as molecular images
using freely available software. Here, real-time manip-
ulation of coordinate files is possible and will prove
helpful to understanding aspects of structure and func-
tion. The importance of viewing, manipulating and
even changing the representation of proteins to com-
prehending structure and function cannot be underesti-
mated. Experience has suggested that the use of com-
puters in this area can have a dramatic effect on stu-
dent’s understanding of protein structures. The ability
to visualize in 3D conveys so much information — far
more than any simple 2D picture in this book could
ever hope to portray. Alongside many figures I have
written the Protein DataBank files (e.g. PDB: 1HKO)
used to produce diagrams. These files can be obtained
from databases at several permanent sites based around
the world such as http://www.rscb.org/pdb or one of
the many ‘mirrors’ that exist (for example, in the
UK this data is found at http://pdb.ccdc.cam.ac.uk).
For students with Internet access each PDB file can
be retrieved and manipulated independently to pro-
duce comparable images to those shown in the text.
To explore these macromolecular images with reason-
able efficiency does not require the latest ‘all-powerful’
desktop computer. A computer with a Pentium III (or
later) based processor, a clock speed of 200 MHz or
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greater, 32—-64 MB RAM, hard disks of 10 GB, a
graphics video card with at least § MB memory and
a connection to the internet are sufficient to view and
store a significant number of files together with rep-
resentative images. Of course things are easier with a
computer with a surfeit of memory (>256 MB) and
a high ‘clock’ speed (>2 GHz) but it is not obliga-
tory to see ‘on-line’ content or to manipulate molecular
images. This book was started on a 700 MHz Pentium
IIT based processor equipped with 256 MB RAM and
16 MB graphics card.

Organization of this book

This book will address the structure and function of
proteins in 12 subsequent chapters each with a defini-
tive theme. After an initial chapter describing why one
would wish to study proteins and a brief historical
background the second chapter deals with the ‘building
blocks’ of proteins, namely the amino acids together
with their respective chemical and physical proper-
ties. No attempt is made at any point to describe the
metabolism connected with these amino acids and the
reader should consult general textbooks for descriptions
of the synthesis and degradation of amino acids. This
is a major area in its own right and would have length-
ened the present book too much. However, I would
like to think that students will not avoid these areas
because they remain an equally important subject that
should be covered at some point within the under-
graduate curriculum. Chapter 3 covers the assembly
of amino acids into polypeptide chains and levels of
organizational structure found within proteins. Almost
all detailed knowledge of protein structure and func-
tion has arisen through studies of globular proteins but
the presence of fibrous proteins with different struc-
tures and functional properties necessitated a separate
chapter devoted to this area (Chapter 4). Within this
class the best understood structures are those belonging
to the collagen class of proteins, the keratins and the
extended B sheet structures such as silk fibroin. The
division between globular proteins and fibrous proteins
was made at a time when the only properties one could
compare readily were a protein’s amino acid compo-
sition and hydrodynamic radius. It is now apparent
that other proteins exist with properties intermediate
between globular and fibrous proteins that do not lend

themselves to simple classification. However, the ‘old’
schemes of identification retain their value and serve
to emphasize differences in proteins.

Membrane proteins represent a third group with
different composition and properties. Most of these
proteins are poorly understood, but there have been
spectacular successes from the initial low-resolution
structure of bacteriorhodopsin to the highly defined
structure of bacterial photosynthetic reaction centres.
These advances paved the way towards structural
studies of G proteins and G-protein coupled receptors,
the respiratory complexes from aerobic bacteria and the
structure of ATP synthetases.

Chapter 6 focuses both on experimental and com-
putational methods of comparing proteins where in
silico methods have become increasingly important as
a vital tool to assist with modern protein biochemistry.
Chapter 7 focuses on enzymes and by discussing basic
reaction rate theories and kinetics the chapter leads to
a discussion of enzyme-catalysed reactions. Enzymes
catalyse reactions through a variety of mechanisms
including acid—base catalysis, nucleophilic driven
chemistry and transition state stabilization. These and
other mechanisms are described along with the princi-
ples of regulation, active site chemistry and binding.

The involvement of proteins in the cell cycle,
transcription, translation, sorting and degradation of
proteins is described in Chapter 8. In 50 years we
have progressed from elucidating the structure of
DNA to uncovering how this information is converted
into proteins. The chapter is based around the struc-
ture of two macromolecular systems: the ribosome
devoted towards accurate and efficient synthesis and
the proteasome designed to catalyse specific proteoly-
sis. Chapter 9 deals with the methods of protein purifi-
cation. Very often, biochemistry textbooks describe
techniques without placing the technique in the correct
context. As a result, in Chapter 9 I have attempted to
describe equipment as well as techniques so that stu-
dents may obtain a proper impression of this area.

Structural methods determine the topology or fold
of proteins. With an elucidation of structure at atomic
levels of resolution comes an understanding of bio-
logical function. Chapter 10 addresses this area by
describing different techniques. X-ray crystallography
remains at the forefront of research with new variations
of the basic principle allowing faster determination of
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structure at improved resolution. NMR methods yield
structures of comparable resolution to crystallography
for small soluble proteins. In ideal situations these
methods provide complete structural determination of
all heavy atoms but they are complemented by other
spectroscopic methods such as absorbance and fluores-
cence methods, mass spectrometry and infrared spec-
troscopy. These techniques provide important ancillary
information on tertiary structure such as the helical con-
tent of the protein, the proportion and environment of
aromatic residues within a protein as well as secondary
structure content.

Chapter 11 describes protein folding and stabil-
ity — a subject that has generated intense research inter-
est with the recognition that disease states arise from
aberrant folding or stability. The mechanism of protein
folding is illustrated by in vitro and in vivo studies.
Whilst the broad concepts underlying protein fold-
ing were deduced from studies of ‘model’ proteins
such as ribonuclease, analysis of cell folding path-
ways has highlighted specialised proteins, chaperones,
with a critical function to the overall process. The
GroES—GroEL complex is discussed to highlight the
integrated process of synthesis and folding in vivo.

The final chapter builds on the preceding 11 chapters
using a restricted set of well-studied proteins (case
studies) with significant impact on molecular medicine.
These proteins include haemoglobin, viral proteins,
pS3, prions and a;-antitrypsin. Although still a young
subject area this branch of protein science will expand
in the next few years and will rely on the techniques,
knowledge and principles elucidated in Chapters 1—11.
The examples emphasize the impact of protein science
and molecular medicine on the quality of human life.
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An Introduction to protein structure
and function

Biochemistry has exploded as a major scientific
endeavour over the last one hundred years to rival pre-
viously established disciplines such as chemistry and
physics. This occurred with the recognition that living
systems are based on the familiar elements of organic
chemistry (carbon, oxygen, nitrogen and hydrogen)
together with the occasional involvement of inorganic
chemistry and elements such as iron, copper, sodium,
potassium and magnesium. More importantly the laws
of physics including those concerning thermodynam-
ics, electricity and quantum physics are applicable to
biochemical systems and no ‘vital’ force distinguishes
living from non-living systems. As a result the laws
of chemistry and physics are successfully applied to
biochemistry and ideas from physics and chemistry
have found widespread application, frequently revolu-
tionizing our understanding of complex systems such
as cells.

This book focuses on one major component of all
living systems — the proteins. Proteins are found in
all living systems ranging from bacteria and viruses
through the unicellular and simple eukaryotes to
vertebrates and higher mammals such as humans.
Proteins make up over 50 percent of the dry weight
of cells and are present in greater amounts than
any other biomolecule. Proteins are unique amongst
the macromolecules in underpinning every reaction

Proteins: Structure and Function by David Whitford
© 2005 John Wiley & Sons, Ltd

occurring in biological systems. It goes without saying
that one should not ignore the other components of
living systems since they have indispensable roles, but
in this text we will consider only proteins.

A brief and very selective historical
perspective

With the vast accumulation of knowledge about pro-
teins over the last 50 years it is perhaps surprising to
discover that the term protein was introduced nearly
170 years ago. One early description was by Gerhardus
Johannes Mulder in 1839 where his studies on the com-
position of animal substances, chiefly fibrin, albumin
and gelatin, showed the presence of carbon, hydro-
gen, oxygen and nitrogen. In addition he recognized
that sulfur and phosphorus were present sometimes in
‘animal substances’ that contained large numbers of
atoms. In other words, he established that these ‘sub-
stances’ were macromolecules. Mulder communicated
his results to Jons Jakob Berzelius and it is suggested
the term protein arose from this interaction where the
origin of the word protein has been variously ascribed
to derivation from the Latin word primarius or from
the Greek god Proteus. The definition of proteins was
timely since in 1828 Friedrich Wohler had shown that
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(NHsOCN ——» _C.

HN"~ NH,

Figure 1.1 The decomposition of ammonium cyanate
yields urea

heating ammonium cyanate resulted in isomerism and
the formation of urea (Figure 1.1). Organic compounds
characteristic of living systems, such as urea, could
be derived from simple inorganic chemicals. For many
historians this marks the beginning of biochemistry and
it is appropriate that the discovery of proteins occurred
at the same period.

The development of biochemistry and the study of
proteins was assisted by analysis of their composition
and structure by Heinrich Hlasiwetz and Josef Haber-
mann around 1873 and the recognition that proteins
were made up of smaller units called amino acids.
They established that hydrolysis of casein with strong
acids or alkali yielded glutamic acid, aspartic acid,
leucine, tyrosine and ammonia whilst the hydrolysis
of other proteins yielded a different group of products.
Importantly their work suggested that the properties of
proteins depended uniquely on the constituent parts — a
theme that is equally relevant today in modern bio-
chemical study.

Another landmark in the study of proteins occurred
in 1902 with Franz Hofmeister establishing the con-
stituent atoms of the peptide bond with the polypep-
tide backbone derived from the condensation of free
amino acids. Five years earlier Eduard Buchner rev-
olutionized views of protein function by demonstrat-
ing that yeast cell extracts catalysed fermentation of
sugar into ethanol and carbon dioxide. Previously it
was believed that only living systems performed this
catalytic function. Emil Fischer further studied biolog-
ical catalysis and proposed that components of yeast,
which he called enzymes, combined with sugar to pro-
duce an intermediate compound. With the realization
that cells were full of enzymes 100 years of research
has developed and refined these discoveries. Further
landmarks in the study of proteins could include Sum-
ner’s crystallization of the first enzyme (urease) in
1926 and Pauling’s description of the geometry of the

peptide bond; however, extensive discussion of these
advances and many other important discoveries in pro-
tein biochemistry are best left to history of science
textbooks.

A brief look at the award of the Nobel Prizes
for Chemistry, Physiology and Medicine since 1900
highlighted in Table 1.1 reveals the involvement of
many diverse areas of science in protein biochemistry.
At first glance it is not obvious why William and
Lawrence Bragg’s discovery of the diffraction of
X-rays by sodium chloride crystals is relevant, but
diffraction by protein crystals is the main route towards
biological structure determination. Their discovery was
the first step in the development of this technique.
Discoveries in chemistry and physics have been
implemented rapidly in the study of proteins. By 1958
Max Perutz and John Kendrew had determined the first
protein structure and this was soon followed by the
larger, multiple subunit, structure of haemoglobin and
the first enzyme, lysozyme. This remarkable advance
in knowledge extended from initial understanding of
the atomic composition of proteins around 1900 to
the determination of the three-dimensional structure of
proteins in the 1960s and represents a major chapter
of modern biochemistry. However, advances have
continued with new areas of molecular biology proving
equally important to understanding protein structure
and function.

Life may be defined as the ordered interaction
of proteins and all forms of life from viruses to
complex, specialized, mammalian cells are based on
proteins made up of the same building blocks or
amino acids. Proteins found in simple unicellular
organisms such as bacteria are identical in structure
and function to those found in human cells illustrating
the evolutionary lineage from simple to complex
organisms.

Molecular biology starts with the dramatic eluci-
dation of the structure of the DNA double helix by
James Watson, Francis Crick, Rosalind Franklin and
Maurice Wilkins in 1953. Today, details of DNA repli-
cation, transcription into RNA and the synthesis of pro-
teins (translation) are extensive. This has established
an enormous body of knowledge representing a whole
new subject area. All cells encode the information con-
tent of proteins within genes, or more accurately the
order of bases along the DNA strand, yet it is the
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Table 1.1 Selected landmarks in the study of protein structure and function from 1900-2002 as seen by the award
of the Nobel Prize for Chemistry, Physiology or Medicine

Date Discoverer + Discovery

1901 Wilhelm Conrad Rontgen ‘in recognition of the ... discovery of the remarkable rays subsequently
named after him’
1907 Eduard Buchner ‘cell-free fermentation’

1914 Max von Laue ‘for his discovery of the diffraction of X-rays by crystals’

1915 William Henry Bragg and William Lawrence Bragg ‘for their services in the analysis of crystal
structure by ... X-rays’
1923 Frederick Grant Banting and John James Richard Macleod ‘for the discovery of insulin’

1930 Karl Landsteiner ‘for his discovery of human blood groups’
1946 James Batcheller Sumner ‘for his discovery that enzymes can be crystallized’.

John Howard Northrop and Wendell Meredith Stanley ‘for their preparation of enzymes and virus

proteins in a pure form’

1948 Arne Wilhelm Kaurin Tiselius “for his research on electrophoresis and adsorption analysis, especially
for his discoveries concerning the complex nature of the serum proteins’

1952 Archer John Porter Martin and Richard Laurence Millington Synge ‘for their invention of partition
chromatography’

1952 Felix Bloch and Edward Mills Purcell ‘for their development of new methods for nuclear magnetic
precision measurements and discoveries in connection therewith’

1954 Linus Carl Pauling ‘for his research into the nature of the chemical bond and ... to the elucidation of
... complex substances’

1958 Frederick Sanger ‘for his work on the structure of proteins, especially that of insulin’

1959 Severo Ochoa and Arthur Kornberg ‘for their discovery of the mechanisms in the biological synthesis
of ribonucleic acid and deoxyribonucleic acid’

1962 Max Ferdinand Perutz and John Cowdery Kendrew ‘for their studies of the structures of globular
proteins’

1962 Francis Harry Compton Crick, James Dewey Watson and Maurice Hugh Frederick Wilkins ‘for their
discoveries concerning the molecular structure of nucleic acids and its significance for information
transfer in living material’

1964 Dorothy Crowfoot Hodgkin ‘for her determinations by X-ray techniques of the structures of important
biochemical substances’

1965 Francois Jacob, André Lwoff and Jacques Monod ‘for discoveries concerning genetic control of
enzyme and virus synthesis’

1968 Robert W. Holley, Har Gobind Khorana and Marshall W. Nirenberg ‘for ... the genetic code and its
function in protein synthesis’

1969 Max Delbriick, Alfred D. Hershey and Salvador E. Luria ‘for their discoveries concerning the
replication mechanism and the genetic structure of viruses’

(continued overleaf)
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Table 1.1 (continued)

Date Discoverer + Discovery

1972 Christian B. Anfinsen ‘for his work on ribonuclease, especially concerning the connection between
the amino acid sequence and the biologically active conformation’ Stanford Moore and William H.
Stein ‘for their contribution to the understanding of the connection between chemical structure and
catalytic activity of ... ribonuclease molecule’

1972 Gerald M. Edelman and Rodney R. Porter ‘for their discoveries concerning the chemical structure of
antibodies’

1975 John Warcup Cornforth ‘for his work on the stereochemistry of enzyme-catalyzed reactions’. Vladimir
Prelog ‘for his research into the stereochemistry of organic molecules and reactions’

1975 David Baltimore, Renato Dulbecco and Howard Martin Temin ‘for their discoveries concerning the
interaction between tumour viruses and the genetic material of the cell’

1978 Werner Arber, Daniel Nathans and Hamilton O. Smith ‘for the discovery of restriction enzymes and
their application to problems of molecular genetics’

1980 Paul Berg ‘for his fundamental studies of the biochemistry of nucleic acids, with particular regard to
recombinant-DNA’ Walter Gilbert and Frederick Sanger ‘for their contributions concerning the
determination of base sequences in nucleic acids’

1982 Aaron Klug ‘development of crystallographic electron microscopy and structural elucidation of
nucleic acid—protein complexes’

1984 Robert Bruce Merrifield ‘for his development of methodology for chemical synthesis on a solid
matrix’

1984 Niels K. Jerne, Georges J.F. Kohler and César Milstein ‘for theories concerning the specificity in
development and control of the immune system and the discovery of the principle for production of
monoclonal antibodies’

1988 Johann Deisenhofer, Robert Huber and Hartmut Michel ‘for the determination of the structure of a
photosynthetic reaction centre’

1989 J. Michael Bishop and Harold E. Varmus ‘for their discovery of the cellular origin of retroviral
oncogenes’

1991 Richard R. Ernst ‘for ... the methodology of high resolution nuclear magnetic resonance
spectroscopy’

1992  Edmond H. Fischer and Edwin G. Krebs ‘for their discoveries concerning reversible protein
phosphorylation as a biological regulatory mechanism’

1993 Kary B. Mullis ‘for his invention of the polymerase chain reaction (PCR) method’ and Michael Smith
‘for his fundamental contributions to the establishment of oligonucleotide-based, site-directed
mutagenesis’

1994 Alfred G. Gilman and Martin Rodbell ‘for their discovery of G-proteins and the role of these proteins
in signal transduction’
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Table 1.1 (continued)

Date Discoverer + Discovery

1997 Paul D. Boyer and John E. Walker ‘for their elucidation of the enzymatic mechanism underlying the
synthesis of adenosine triphosphate (ATP)’. Jens C. Skou ‘for the first discovery of an
ion-transporting enzyme, Na*, K™-ATPase’

1997 Stanley B. Prusiner ‘for his discovery of prions — a new biological principle of infection’

1999 Giinter Blobel ‘for the discovery that proteins have intrinsic signals that govern their transport and
localization in the cell’

2000 Arvid Carlsson, Paul Greengard and Eric R Kandel ‘signal transduction in the nervous system’

2001 Paul Nurse, Tim Hunt and Leland Hartwill ‘for discoveries of key regulators of the cell cycle’

2002 Kurt Wuthrich, ‘for development of NMR spectroscopy as a method of determining biological

macromolecules structure in solution.” John B. Fenn and Koichi Tanaka ‘for their development of

soft desorption ionization methods for mass spectrometric analyses of biological macromolecules’.

Sydney Brenner, H. Robert Horvitz and John E. Sulston ‘for their discoveries concerning genetic

regulation of organ development and programmed cell death’

conversion of this information or expression into pro-
teins that represents the tangible evidence of a living
system or life.

DNA — RNA — protein

Cells divide, synthesize new products, secrete unwanted
products, generate chemical energy to sustain these pro-
cesses via specific chemical reactions, and in all of
these examples the common theme is the mediation
of proteins.

In 1944 the physicist Erwin Schrodinger posed the
question ‘What is Life?” in an attempt to understand the
physical properties of a living cell. Schrédinger sug-
gested that living systems obeyed all laws of physics
and should not be viewed as exceptional but instead
reflected the statistical nature of these laws. More
importantly, living systems are amenable to study using
many of the techniques familiar to chemistry and
physics. The last 50 years of biochemistry have demon-
strated this hypothesis emphatically with tools devel-
oped by physicists and chemists rapidly employed in
biological studies. A casual perusal of Table 1.1 shows
how quickly methodologies progress from discovery to
application.

The biological diversity of proteins

Proteins have diverse biological functions ranging from
DNA replication, forming cytoskeletal structures, trans-
porting oxygen around the bodies of multicellular
organisms to converting one molecule into another.
The types of functional properties are almost end-
less and are continually being increased as we learn
more about proteins. Some important biological func-
tions are outlined in Table 1.2 but it is to be expected
that this rudimentary list of properties will expand
each year as new proteins are characterized. A for-
mal demarcation of proteins into one class should not
be pursued too far since proteins can have multiple
roles or functions; many proteins do not lend them-
selves easily to classification schemes. However, for
all chemical reactions occurring in cells a protein is
involved intimately in the biological process. These
proteins are united through their composition based on
the same group of 20 amino acids. Although all pro-
teins are composed of the same group of 20 amino
acids they differ in their composition — some contain
a surfeit of one amino acid whilst others may lack
one or two members of the group of 20 entirely.
It was realized early in the study of proteins that
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Table 1.2 A selective list of some functional roles for proteins within cells

Function Examples

Enzymes or catalytic proteins Trypsin, DNA polymerases and ligases,

Contractile proteins Actin, myosin, tubulin, dynein,

Structural or cytoskeletal proteins Tropocollagen, keratin,

Transport proteins Haemoglobin, myoglobin, serum albumin, ceruloplasmin,
transthyretin

Effector proteins Insulin, epidermal growth factor, thyroid stimulating hormone,

Defence proteins Ricin, immunoglobulins, venoms and toxins, thrombin,

Electron transfer proteins Cytochrome oxidase, bacterial photosynthetic reaction centre,
plastocyanin, ferredoxin

Receptors CD4, acetycholine receptor,

Repressor proteins Jun, Fos, Cro,

Chaperones (accessory folding proteins) GroEL, DnaK

Storage proteins Ferritin, gliadin,

variation in size and complexity is common and the
molecular weight and number of subunits (polypep-
tide chains) show tremendous diversity. There is no
correlation between size and number of polypeptide
chains. For example, insulin has a relative molecu-
lar mass of 5700 and contains two polypeptide chains,

Table 1.3 The molecular masses of proteins together
with the number of subunits. The term ‘subunit® is
synonymous with the number of polypeptide chains
and is used interchangeably

haemoglobin has a mass of approximately 65000 and Protein Molecular  Subunits

contains four polypeptide chains, and hexokinase is mass

a single polypeptide chain with an overall mass of

~100000 (see Table 1.3). Insulin 5700 2
The molecular weight is more properly referred to Haemoglobin 64 500 4

as the relative molecular mass (symbol M;). This is Tropocollagen 285 000 3

defined as the mass of a molecule relative to 1/12th S 27500 1

thfa mass of Fhe carbon ('?C) isotope. The mass of  Ribonuclease 12,600 !

this isotope is defined as exactly 12 atomic mass

units. Consequently the term molecular weight or Aspartate 310000 12

relative molecular mass is a dimensionless quantity transcarbamoylase

and should not possess any units. Frequently in this Bacteriorhodopsin 26 800 1

and many other textbooks the unit Dalton (equivalent Hexokinase 102 000 1

to 1 atomic mass unit, i.e. 1 Dalton = 1 amu) is used
and proteins are described with molecular weights of
5.5 kDa (5500 Daltons). More accurately, this is the weight’ is used freely in protein biochemistry and in
absolute molecular weight representing the mass in this book.

grams of 1 mole of protein. For most purposes this Proteins are joined covalently and non-covalently
becomes of little relevance and the term ‘molecular with other biomolecules including lipids, carbohydrates,
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nucleic acids, phosphate groups, flavins, heme groups
and metal ions. Components such as hemes or metal
ions are often called prosthetic groups. Complexes
formed between lipids and proteins are lipoproteins,
those with carbohydrates are called glycoproteins,
whilst complexes with metal ions lead to metallo-
proteins, and so on. The complexes formed between
metal ions and proteins increases the involvement of
elements of the periodic table beyond that expected
of typical organic molecules (namely carbon, hydro-
gen, nitrogen and oxygen). Inspection of the periodic
table (Figure 1.2) shows that at least 20 elements have
been implicated directly in the structure and function
of proteins (Table 1.4). Surprisingly elements such as
aluminium and silicon that are very abundant in the
Earth’s crust (8.1 and 25.7 percent by weight, respec-
tively) do not occur in high concentration within cells.
Aluminium is rarely, if ever, found as part of proteins

whilst the role of silicon is confined to biomineralization
where it is the core component of shells. The involve-
ment of carbon, hydrogen, oxygen, nitrogen, phospho-
rus and sulfur is clear although the role of other ele-
ments, particularly transition metals, has been difficult
to establish. Where transition metals occur in proteins
there is frequently only one metal atom per mole of pro-
tein and led in the past to a failure to detect metal. Other
elements have an inferred involvement from growth
studies showing that depletion from the diet leads to
an inhibition of normal cellular function. For metallo-
proteins the absence of the metal can lead to a loss of
structure and function.

Metals such as Mo, Co and Fe are often found
associated with organic co-factors such as pterin,
flavins, cobalamin and porphyrin (Figure 1.3). These
organic ligands hold metal centres and are often tightly
associated to proteins.

Table 1.4 The involvement of trace elements in the structure and function of proteins

Element Functional role

Sodium Principal intracellular ion, osmotic balance

Potassium Principal intracellular ion, osmotic balance

Magnesium Bound to ATP/GTP in nucleotide binding proteins, found as structural component of
hydrolase and isomerase enzymes

Calcium Activator of calcium binding proteins such as calmodulin

Vanadium Bound to enzymes such as chloroperoxidase.

Manganese Bound to pterin co-factor in enzymes such as xanthine oxidase or sulphite oxidase. Also
found in nitrogenase and as component of water splitting enzyme in higher plants.

Iron Important catalytic component of heme enzymes involved in oxygen transport as well as
electron transfer. Important examples are haemoglobin, cytochrome oxidase and
catalase.

Cobalt Metal component of vitamin B, found in many enzymes.

Nickel Co-factor found in hydrogenase enzymes

Copper Involved as co-factor in oxygen transport systems and electron transfer proteins such as
haemocyanin and plastocyanin.

Zinc Catalytic component of enzymes such as carbonic anhydrase and superoxide dismutase.

Chlorine Principal intracellular anion, osmotic balance

Todine Iodinated tyrosine residues form part of hormone thyroxine and bound to proteins

Selenium Bound at active centre of glutathione peroxidase
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Figure 1.3 Organic co-factors found in proteins. These co-factors are pterin, the isoalloxine ring found as part of
flavin in FAD and FMN, the pyridine ring of NAD and its close analogue NADP and the porphyrin skeletons of heme
and chlorophyll. R represents the remaining part of the co-factor whilst M and V signify methyl and vinyl side chains

Proteins and the sequencing of the
human and other genomes

Recognition of the diverse roles of proteins in biolog-
ical systems increased largely as a result of the enor-
mous amount of sequencing information generated via
the Human Genome Mapping project. Similar schemes
aimed at deciphering the genomes of Escherichia coli,
yeast (Sacharromyces cerevisiae), and mouse provided
related information. With the completion of the first
draft of the human genome mapping project in 2001
human chromosomes contain approximately 25—30 000
genes. This allows a conservative estimate of the num-
ber of polypeptides making up most human cells as
~25000, although alternative splicing of genes and
variations in subunit composition increase the num-
ber of proteins further. Despite sequencing the human
genome it is an unfortunate fact that we do not know
the role performed by most proteins. Of those thou-
sands of polypeptides we know the structures of only a
small number, emphasizing a large imbalance between

the abundance of sequence data and the presence of
structure/function information. An analysis of protein
databases suggests about 1000 distinct structures or
folds have been determined for globular proteins. Many
proteins are retained within cell membranes and we
know virtually nothing about the structures of these
proteins and only slightly more about their functional
roles. This observation has enormous consequences for
understanding protein structure and function.

Why study proteins?

This question is often asked not entirely without reason
by many undergraduates during their first introduction
to the subject. Perhaps the best reply that can be given
is that proteins underpin every aspect of biological
activity. This is particularly important in areas where
protein structure and function have an impact on
human endeavour such as medicine. Advances in
molecular genetics reveal that many diseases stem from
specific protein defects. A classic example is cystic
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Figure 1.4 The shape of erythrocytes in normal and sickle cell anemia arises from mutations to haemoglobin found
within the red blood cell. (Reproduced with permission from Voet, D, Voet, J.G and Pratt, C.W. Fundamentals of

Biochemistry. John Wiley & Sons Inc.)

fibrosis, an inherited condition that alters a protein,
called the cystic fibrosis transmembrane conductance
regulator (CFTR), involved in the transport of sodium
and chloride across epithelial cell membranes. This
defect is found in Caucasian populations at a ratio
of ~1 in 20, a surprisingly high frequency. With 1
in 20 of the population ‘carrying’ a single defective
copy of the gene individuals who inherit defective
copies of the gene from each parent suffer from the
disease. In the UK the incidence of cystic fibrosis is
approximately 1 in 2000 live births, making it one
of the most common inherited disorders. The disease
results in the body producing a thick, sticky mucus
that blocks the lungs, leading to serious infection, and
inhibits the pancreas, stopping digestive enzymes from
reaching the intestines where they are required to digest
food. The severity of cystic fibrosis is related to CFTR
gene mutation, and the most common mutation, found
in approximately 65 percent of all cases, involves the
deletion of a single amino acid residue from the protein
at position 508. A loss of one residue out of a total
of nearly 1500 amino acid residues results in a severe
decrease in the quality of life with individuals suffering
from this disease requiring constant medical care and
supervision.

Further examples emphasize the need to understand
more about proteins. The pioneering studies of Vernon
Ingram in the 1950s showed that sickle cell anemia
arose from a mutation in the § chain of haemoglobin.
Haemoglobin is a tetrameric protein containing 2a
and 2f chains. In each of the B chains a mutation

is found that involves the change of the sixth amino
acid residue from a glutamic acid to a valine. The
alteration of two residues out of 574 leads to a drastic
change in the appearance of red blood cells from their
normal biconcave disks to an elongated sickle shape
(Figure 1.4).

As the name of the disease suggests individuals
are anaemic showing decreased haemoglobin content
in red blood cells from approximately 15 g per
100 ml to under half that figure, and show frequent
illness. Our understanding of cystic fibrosis and of
sickle cell anaemia has advanced in parallel with
our understanding of protein structure and function
although at best we have very limited and crude means
of treating these diseases.

However, perhaps the greatest impetus to understand
protein structure and function lies in the hope of
overcoming two major health issues confronting the
world in the 21st century. The first of these is cancer.
Cancer is the uncontrolled proliferation of cells that
have lost their normal regulated cell division often in
response to a genetic or environmental trigger. The
development of cancer is a multistep, multifactorial
process often occurring over decades but the precise
involvement of specific proteins has been demonstrated
in some instances. One of the best examples is a
protein called p53, normally present at low levels in
cells, that ‘switches on’ in response to cellular damage
and as a transcription factor controls the cell cycle
process. Mutations in p53 alter the normal cycle of
events leading eventually to cancer and several tumours
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including lung, colorectal and skin carcinomas are
attributed to molecular defects in p53. Future research
on p53 will enable its physicochemical properties to
be thoroughly appreciated and by understanding the
link between structure, folding, function and regulation
comes the prospect of unravelling its role in tumour
formation and manipulating its activity via therapeutic
intervention. Already some success is being achieved
in this area and the future holds great promise for
‘halting’ cancer by controlling the properties of p53
and similar proteins.

A second major problem facing the world today
is the estimated number of people infected with the
human immunodeficiency virus (HIV). In 2003 the
World Health Organization (WHO) estimated that
over 40 million individuals are infected with this
virus in the world today. For many individuals,
particularly those in the ‘Third World’, the prospect
of prolonged good health is unlikely as the virus
slowly degrades the body’s ability to fight infection
through damage to the immune response mechanism
and in particular to a group of cells called cytotoxic
T cells. HIV infection encompasses many aspects of
protein structure and function, as the virus enters cells
through the interaction of specific viral coat proteins
with receptors on the surface of white blood cells. Once
inside cells the virus ‘hides’ but is secretly replicating
and integrating genetic material into host DNA through
the action of specific enzymes (proteins). Halting the
destructive influence of HIV relies on understanding
many different, yet inter-related, aspects of protein
structure and function. Again, considerable progress
has been made since the 1980s when the causative
agent of the disease was recognized as a retrovirus.
These advances have focussed on understanding the

structure of HIV proteins and in designing specific
inhibitors of, for example, the reverse transcriptase
enzyme. Although in advanced health care systems
these drugs (inhibitors) prolong life expectancy, the
eradication of HIV’s destructive action within the
body and hence an effective cure remains unachieved.
Achieving this goal should act as a timely reminder
for all students of biology, chemistry and medicine
that success in this field will have a dramatic impact
on the quality of human life in the forthcoming
decades.

Central to success in treating any of the above dis-
eases are the development of new medicines, many
based on proteins. The development of new therapies
has been rapid during the last 20 years with the list of
new treatments steadily increasing and including min-
imizing serious effects of different forms of cancer via
the use of specific proteins including monoclonal anti-
bodies, alleviating problems associated with diabetes
by the development of improved recombinant ‘insulins’
and developing ‘clot-busting’ drugs (proteins) for the
management of strokes and heart attacks. This highly
selective list is the productive result of understanding
protein structure and function and has contributed to
a marked improvement in disease management. For
the future these advances will need to be extended
to other diseases and will rely on an extensive and
thorough knowledge of proteins of increasing size and
complexity. We will need to understand the structure
of proteins, their interaction with other biomolecules,
their roles within different biological systems and their
potential manipulation by genetic or chemical meth-
ods. The remaining chapters in this book represent an
attempt to introduce and address some of these issues
in a fundamental manner helpful to students.






Amino acids:
the building blocks of proteins

Despite enormous functional diversity all proteins con-
sist of a linear arrangement of amino acid residues
assembled together into a polypeptide chain. Amino
acids are the ‘building blocks’ of proteins and in order
to understand the properties of proteins we must first
describe the properties of the constituent 20 amino
acids. All amino acids contain carbon, hydrogen, nitro-
gen and oxygen with two of the 20 amino acids
also containing sulfur. Throughout this book a colour
scheme based on the CPK model (after Corey, Pauling
and Kultun, pioneers of ‘space-filling’ representations
of molecules) is used. This colouring scheme shows
nitrogen atoms in blue, oxygen atoms in red, carbon
atoms are shown in light grey (occasionally black), sul-
fur is shown in yellow, and hydrogen, when shown, is
either white, or to enhance viewing on a white back-
ground, a lighter shade of grey. To avoid unnecessary
complexity ‘ball and stick’ representations of molecu-
lar structures are often shown instead of space-filling
models. In other instances cartoon representations of
structure are shown since they enhance visualization of
organization whilst maintaining clarity of presentation.

The 20 amino acids found in proteins

In their isolated state amino acids are white crystalline
solids. It is surprising that crystalline materials form the

Proteins: Structure and Function by David Whitford
© 2005 John Wiley & Sons, Ltd

building blocks for proteins since these latter molecules
are generally viewed as ‘organic’. The crystalline
nature of amino acids is further emphasized by their
high melting and boiling points and together these
properties are atypical of most organic molecules.
Organic molecules are not commonly crystalline nor do
they have high melting and boiling points. Compare,
for example, alanine and propionic acid — the former
is a crystalline amino acid and the other is a volatile
organic acid. Despite similar molecular weights (89
and 74) their respective melting points are 314°C
and —20.8 °C. The origin of these differences and the
unique properties of amino acids resides in their ionic
and dipolar nature.

Amino acids are held together in a crystalline
lattice by charged interactions and these relatively
strong forces contribute to high melting and boiling
points. Charge groups are also responsible for electrical
conductivity in aqueous solutions (amino acids are
electrolytes), their relatively high solubility in water
and the large dipole moment associated with crystalline
material. Consequently amino acids are best viewed
as charged molecules that crystallize from solutions
containing dipolar ions. These dipolar ions are called
zwitterions. A proper representation of amino acids
reflects amphoteric behaviour and amino acids are
always represented as the zwitterionic state in this
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Figure 2.1 A skeletal model of a generalized amino
acid showing the amino (blue) carboxyl (red) and R
groups attached to a central or a carbon

textbook as opposed to the undissociated form. For
19 of the twenty amino acids commonly found in
proteins a general structure for the zwitterionic state has
charged amino (NH3™) and carboxyl (COO™) groups
attached to a central carbon atom called the o carbon.
The remaining atoms connected to the o carbon are a
single hydrogen atom and the R group or side chain
(Figure 2.1).

The acid—base properties of amino
acids

At pH 7 the amino and carboxyl groups are charged
but over a pH range from 1 to 14 these groups
exhibit a series of equilibria involving binding and
dissociation of a proton. The binding and dissociation
of a proton reflects the role of these groups as weak
acids or weak bases. The acid—base behaviour of
amino acids is important since it influences the eventual
properties of proteins, permits methods of identification
for different amino acids and dictates their reactivity.
The amino group, characterized by a basic pK value
of approximately 9, is a weak base. Whilst the amino
group ionizes around pH 9.0 the carboxyl group
remains charged until a pH of ~2.0 is reached. At
this pH a proton binds neutralizing the charge of the
carboxyl group. In each case the carboxyl and amino
groups ionize according to the equilibrium

HA + H,0 — H;0" + A~ 2.1
where HA, the proton donor, is either -COOH or
—NH;* and A~ the proton acceptor is either -COO~
or -NH,. The extent of ionization depends on the
equilibrium constant

K = [H][A7]/[HA] 2.2)

and it becomes straightforward to derive the relation-
ship

pH = pK + log[A™]/[HA] 2.3)
known as the Henderson—Hasselbalch equation (see
appendix). For a simple amino acid such as alanine
a biphasic titration curve is observed when a solution
of the amino acid (a weak acid) is titrated with
sodium hydroxide (a strong base). The titration curve
shows two zones where the pH changes very slowly
after additions of small amounts of acid or alkali
(Figure 2.2). Each phase reflects different pK values
associated with ionizable groups.

During the titration of alanine different ionic species
predominate in solution (Figure 2.3). At low pH (<2.0)
the equilibrium lies in favour of the positively charged
form of the amino acid. This species contains a charged
amino group and an uncharged carboxyl group leading
to the overall or net charge of +1. Increasing the
pH will lead to a point where the concentration of
each species is equal. This pH is equivalent to the
first pK value (~pH 2.3) and further increases in
pH lead to point of inflection, where the dominant

147
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Figure 2.2 Titration curve for alanine showing
changes in pH with addition of sodium hydroxide
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Figure 2.3 The three major forms of alanine

occurring in titrations between pH 1 and 14

species in solution is the zwitterion. The zwitterion,
although dipolar, has no overall charge and at this
pH the amino acid will not migrate towards either the
anode or cathode when placed in an electric field. This
pH is called the isoelectric point or p/ and for alanine
reflects the arithmetic mean of the two pK values p/ =
(pK1 + pK2)/2. Continuing the pH titration still further
into alkaline conditions leads to the loss of a proton

from the amino group and the formation of a species
containing an overall charge of —1. The R group may
contain functional groups that donate or accept protons
and this leads to more complex titration curves. Amino
acids showing additional pK values include aspartate,
glutamate, histidine, argininine, lysine, cysteine and
tyrosine (see Table 2.1).

Amino acids lacking charged side chains show
similar values for pK; of about 2.3 that are significantly
lower than the corresponding values seen in simple
organic acids such as acetic acid (pK; ~4.7). Amino
acids are stronger acids than acetic acid as a result
of the electrophilic properties of the a amino group
that increase the tendency for the carboxyl hydrogen
to dissociate.

Stereochemical representations
of amino acids

Although an amino acid is represented by the skeletal
diagram of Figure 2.1 it is more revealing, and
certainly more informative, to impose a stereochemical
view on the arrangement of atoms. In these views an
attempt is made to represent the positions in space
of each atom. The amino, carboxyl, hydrogen and R
groups are arranged tetrahedrally around the central o
carbon (Figure 2.4).

Table 2.1 The pK values for the a-carboxyl, a-amino groups and side chains found in the individual amino acids

Amino acid pK, pK> pPKr Amino acid pKi pK> pPKr
Alanine 24 9.9 - Leucine 2.3 9.7 -
Arginine 1.8 9.0 12.5 Lysine 2.2 9.1 10.5
Asparagine 2.1 8.7 - Methionine 2.1 9.3 -
Aspartic Acid 2.0 9.9 39 Phenylalanine 2.2 9.3 -
Cysteine 1.9 10.7 8.4 Proline 2.0 10.6 -
Glutamic Acid 2.1 9.5 4.1 Serine 22 9.2 -
Glutamine 2.2 9.1 - Threonine 2.1 9.1 -
Glycine 2.4 9.8 - Tyrosine 2.2 9.2 10.5
Histidine 1.8 9.3 6.0 Tryptophan 2.5 94 -
Isoleucine 2.3 9.8 - Valine 2.3 9.7 -

Adapted from Dawson, R.M.C, Elliot, W.H., & Jones, K.M. 1986 Data for Biochemical Research, 3rd edn. Clarendon Press Oxford.
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Figure 2.4 The spatial arrangement of atoms in the
amino acid alanine

The nitrogen atom (blue) is part of the amino
(-NH;™%) group, the oxygen atoms (red) are part of
the carboxyl (-COO™) group. The remaining groups
joined to the o carbon are one hydrogen atom and the
R group.

The R group is responsible for the different
properties of individual amino acids. As amino acids
make up proteins the properties of the R group
contribute considerably to the physical properties of
proteins. Nineteen of the 20 amino acids found in
proteins have the arrangement shown by Figure 2.4 but
for the remaining amino acid, proline, an unusual cyclic
ring is formed by the side chain bonding directly to the
amide nitrogen (Figure 2.5).

Ho
C
H.c” “CH, O
\ L/ //
N-CH—C
> AN

Figure 2.5 The structure of proline - an unusual
amino acid containing a five-membered pyrroli-
dine ring

A glance at the structures of the 20 different side
chains reveals major differences in, for example, size,
charge and hydrophobicity although the R group is
always attached to the o carbon (C2 carbon). From the
a carbon subsequent carbon atoms in the side chains
are designated as f, y, 9, € and ¢. In some databases of
protein structures the Cg is written as CB, the C; as CD,
C, as CZ, etc. Both nomenclatures are widely used.
The nomenclature is generally unambiguous but care
needs to be exercised when describing the atoms of the
side chain of isoleucine. Isoleucine has a branched side
chain in which the C, or CG is either a methyl group
or a methylene group. In this instance the two groups
are distinguished by the use of a subscript 1 and 2, i.e.
CGl1 and CG2. A similar line of reasoning applies to
the carbon atoms of aromatic rings. In phenylalanine,
for example, the aromatic ring is linked to the Cy atom
by the C, atom and contains two C; and C; atoms (Cy;
and Cy;, C;; and C,;) before completing ring at the C,
(or CZ) atom.

Peptide bonds

Amino acids are joined together by the formation
of a peptide bond where the amino group of one
molecule reacts with the carboxyl group of the other.
The reaction is described as a condensation resulting
in the elimination of water and the formation of a
dipeptide (Figure 2.6).

Three amino acids are joined together by two pep-
tide bonds to form a tripeptide and the sequence

CHs

|
HoN—CH,—COOH + NH,— CH—COOH

-

il
HpN— CH, — CO — NH— CH— COOH
Glycylalanine
Figure 2.6 Glycine and alanine react together to

form the dipeptide glycylalanine. The important
peptide bond is shown in red
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continues with the formation of tetrapeptides, pen-
tapeptides, and so on. When joined in a series of
peptide bonds amino acids are called residues to
distinguish between the free form and the form
found in proteins. A short sequence of residues
is a peptide with the term polypeptide applied to
longer chains of residues usually of known sequence
and length. Within the cell protein synthesis occurs
on the ribosome but today peptide synthesis is
possible in vitro via complex organic chemistry.
However, whilst the organic chemist struggles to
synthesize a peptide containing more than 50 residues
the ribosome routinely makes proteins with over
1000 residues.

All proteins are made up of amino acid residues
linked together in an order that is ultimately derived
from the information residing within our genes. Some
proteins are clearly related to each other in that they
have similar sequences whilst most proteins exhibit
a very different composition of residues and a very
different order of residues along the polypeptide chain.
From the variety of side chains a single amino acid
can link to 19 others to create a total of 39 different
dipeptides. Repeating this for the other residues leads
to a total of 780 possible dipeptide permutations.
If tripeptides and tetrapeptides are considered the
number of possible combinations rapidly reaches
a very large figure. However, when databases of
protein sequences are studied it is clear that amino
acid residues do not occur with equal frequency in
proteins and sequences do not reflect even a small
percentage of all possible combinations. Tryptophan
and cysteine are rare residues (less than 2 percent of all
residues) in proteins whilst alanine, glycine and leucine
occur with frequencies between 7 and 9 percent (see
Table 2.2).

Amino acid sequences of proteins are read from
left to right. This is from the amino or N terminal
to the carboxyl or C terminal. The individual amino
acids have three-letter codes, but increasingly, in order
to save space in the presentation of long protein
sequences, a single-letter code is used for each amino
acid residue. Both single- and three-letter codes are
shown alongside the R groups in Table 2.2 together
with some of the relevant properties of each side chain.
Where possible the three-letter codes for amino acids
will be used but it should be stressed that single letter

codes avoid potential confusion. For example Gly,
Glu and Gln are easily mistaken when rapidly reading
protein sequences but their single letter codes of G, E
and Q are less likely to be misunderstood.

Joining together residues establishes a protein
sequence that is conveniently divided into main chain
and side chain components. The main chain, or
polypeptide backbone, has the same composition in all
proteins although it may differ in extent — that is the
number of residues found in the polypeptide chain. The
backbone represents the effective repetition of peptide
bonds made up of the N, C, and C atoms, with pro-
teins such as insulin having approximately 50 residues
whilst other proteins contain over 1000 residues and
more than one polypeptide chain (Figure 2.7). Whilst
all proteins link atoms of the polypeptide backbone
similarly the side chains present a variable component
in each protein.

Properties of the peptide bond

The main chain or backbone of the polypeptide chain is
established by the formation of peptide bonds between
amino acids. The backbone consists of the amide
N, the a-carbon and the carbonyl C linked together
(Figure 2.8).

R O R HR o
oL | L
NHa—CH-chN—CH—c N—CH—C
n

| [l \of
H 0

Figure 2.7 Part of a polypeptide chain formed by
the covalent bonding of amino acids where n is often
50-300, although values above and below these limits
are known.

ot 9
1]
CH N -C
\'Tl/ ~c” ScH O\
I
wooo |

residuei residuei+1

Figure 2.8 The polypeptide backbone showing
arrangement of i, i + 1 residues within a chain.
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Table 2.2 The frequencies with which amino acid residues occur in proteins

Amino acid Property of individual amino Ball and stick representation
acid residues of each amino acid

Alanine Non-polar side chain.

A Small side chain volume.

Ala Van der Waals volume = 67 A3*

M; 71.09 Frequency in proteins = 7.7 %

Surface area = 115 A2

Unreactive side chain

Arginine Positively charged side chain at pH 7.0. pK
R for guanidino group in proteins ~12.0
Arg Van der Waals volume = 167 A3

M; 156.19 Frequency in proteins = 5.1 %

Surface area = 225 A2
Participates in ionic interactions with
negatively charged groups

Asparagine Polar, but uncharged, side chain
N Van der Waals volume = 148 A3
Asn Frequency in proteins = 4.3 %
M, 114.11 Surface area = 160 A2

Polar side chain will hydrogen bond

Relatively small side chain volume leads to
this residue being found relatively
frequently in turns

Aspartate Negatively charged side chain
D pK for side chain of ~4.0

Asp Van der Waals volume = 67 A3 L A /m
M; 115.09 Frequency in proteins = 5.2 %
Surface area = 150 A? &'

Charged side chain exhibits electrostatic
interactions with positively charged groups.
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Table 2.2 (continued)

Amino acid Property of individual amino Ball and stick representation
acid residues of each amino acid
Cysteine Side chain contains thiol (SH) group.
C Van der Waals volume = 86 A3 L
Cys Frequency in proteins = 2.0 %
M, 103.15 Surface area = 135 A2 ; .%
Thiol side chain has pK in isolated amino ‘,ﬂ—-“ . 8
acid of ~8.5 but in proteins varies 5—10 L L
Thiol group is very reactive
Glutamine Polar but uncharged side chain
Q Van der Waals volume = 114 A3
Gln Frequency in proteins = 4.1 %
M, 128.12 Surface area = 180 A2
Polar side chain can hydrogen bond
Glutamate Negatively charged side chain.
E Van der Waals volume = 109 A3
Glu Frequency in proteins = 6.2 %
M; 129.12 Surface area = 190 A2
Side chain has pK of ~4.5.
Glycine Uncharged, small side chain.
G Often found in turn regions of proteins or
Gly regions of conformational flexibility
M; 57.05 No chiral centre; due to two hydrogens

attached to C, centre
Van der Waals volume = 48 A’
Frequency in proteins = 7.4 %
Surface area = 75 A?

“
¢
C

(continued overleaf)
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Table 2.2 (continued)

Amino acid Property of individual amino Ball and stick representation
acid residues of each amino acid
Histidine Imidazole side chain
H Van der Waals volume = 118 A3
His Frequency in proteins = 2.3 %
M, 137.14 Surface area = 195 A2
The side chain exhibits a pK ~ 6.0 in model
peptides but in proteins can vary from
4-10
Isoleucine Hydrophobic side chain exhibiting non-polar
I based interactions but generally unreactive
Tle Van der Waals volume = 124 A3
M; 113.16 Frequency in proteins = 5.3 %
Surface area = 175 A?
Leucine Hydrophobic side chain
L Van der Waals volume = 124 A3
Leu Frequency in proteins = 8.5 %
M, 113.16 Surface area = 170 A?
Lysine Positively charged side chain
K Van der Waals volume = 135 A3
Lys Frequency in proteins = 5.9 %
M, 128.17 Surface area = 200 A2

Side chain is basic with pK of ~10.5.
Shows ionic interactions
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Table 2.2 (continued)
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Amino acid Property of individual amino Ball and stick representation
acid residues of each amino acid
Methionine Sulfur containing hydrophobic side chain
M The sulfur is unreactive especially when ;
Met compared with thiol group of cysteine k}' J
M, 131.19 Van der Waals volume = 124 A3 A ﬁ'&
Frequency in proteins = 2.4 % H
Surface area = 185 A2 L_,‘L C
Phenylalanine Hydrophobic, aromatic side chain ‘N .
F Phenyl ring is chemically unreactive in _ . h
Phe proteins. Exhibits weak optical absorbance k"’ﬁ/ ;
M, 147.18 around 280 nm
Van der Waals volume = 135 A3 L&‘V& WL~
Frequency in proteins = 4.0 % L
Surface area = 210 A?
Proline Cyclic ring forming hydrophobic side chain
P The cyclic ring limits conformational m
Pro flexibility around N-C, bond .
M; 97.12 In a polypeptide chain lacks amide hydrogen &"L_
and cannot form backbone hydrogen bonds .
Van der Waals volume = 90 A3
Frequency in proteins = 5.1 %
Surface area = 145 A2
Serine Polar but uncharged side chain. Contains
S hydroxyl group (—OH) that hydrogen bonds
Ser Oxygen atom can act as potent nucleophile in &:
M; 87.08 some enzymes -

Van der Waals volume = 73 A3
Frequency in proteins = 6.9 %
Surface area = 115 A2

(continued overleaf’)
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Table 2.2 (continued)

Amino acid Property of individual amino Ball and stick representation
acid residues of each amino acid
Threonine Polar but uncharged side chain. Contains
T hydroxyl group (—-OH)
Thr Hydrogen bonding side chain L
M, 101.11 Van der Waals volume = 93 A3
Frequency in proteins = 5.9 %
Surface area = 140 A2
Tryptophan Large, hydrophobic and aromatic side chain
W Almost all reactivity is based around the ‘i} t‘
Trp indole ring nitrogen - “ 3
M; 186.21 Responsible for majority of near uv &1‘-”&‘ \&L
absorbance in proteins at 280 nm Cy .’Q&
Van der Waals volume = 163 A3 -
Frequency in proteins = 1.4 % -
Surface area = 255 A2
Tyrosine Aromatic side chain
Y Van der Waals volume = 141 A3 C
Tyr Frequency in proteins = 3.2 % * Bl
M, 163.18 Surface area = 230 A2 .
Phenolic hydroxyl group ionizes at pH values 4 -"
around pH 10 €
Aromatic ring more easily substituted than . ,
that of phenylalanine .
.
Valine Hydrophobic side chain
\% Van der Waals volume = 105 A3
Val Frequency in proteins = 6.6 %
M, 99.14 Surface area = 155 A2

From Jones, D.T. Taylor, W.R. & Thornton, J.M. (1991) CABIOS 8, 275-282. Databases of protein sequences are weighted towards globular
proteins but with the addition of membrane proteins to databases a gradual increase in the relative abundance of hydrophobic residues
such as Leu, Val, Ile, Phe, Trp is expected. The surface area was calculated for an accessible surface of residue X in the tripeptide G-X-G
(Chothia, C. (1975) J. Mol. Biol., 105, 1-14). Volumes enclosed by the van der Waals radii of atoms as described by Richards, F.M. (1974)
J. Mol. Biol. 82, 1-14.

*1 A=0.1 nm.
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The linear representation of the polypeptide chain
does not convey the intricacy associated with the
bond lengths and angles of the atoms making up the
peptide bond. The peptide bond formed between the
carboxyl and amino groups of two amino acids is a
unique bond that possesses little intrinsic mobility. This
occurs because of the partial double bond character
(Figure 2.9)—a feature associated with the peptide bond
and resonance between two closely related states.

One of the most important consequences of reso-
nance is that the peptide bond length is shorter than
expected for a simple C—N bond. On average a peptide
bond length is 1.32 A compared to 1.45 A for an ordi-
nary C—N bond. In comparison the average bond length
associated with a C=N double bond is 1.25 A, empha-
sizing the intermediate character of the peptide bond.
More importantly the partial double bond between car-
bon and nitrogen atoms restricts rotation about this
bond. This leads to the six atoms shown in Figure 2.9
being coplanar; that is all six atoms are found within a
single imaginary plane. For any polypeptide backbone
represented by the sequence -N—-C,—C-N-C,—C-only
the C,—C and N-C, bonds exhibit rotational mobil-
ity. As a result of restricted motion about the peptide
bond two conformations related by an angle of 180°
are possible. The first occurs when the C, atoms are
trans to the peptide bond whilst the second and less
favourable orientation occurs when the C, atoms are
cis (Figure 2.10).

Figure 2.9 The peptide bond may be viewed as a
partial double bond as a result of resonance

(6] Cy (0] H
/ /
RV
\ \
Co Co

® trans

Figure 2.10 (is and trans configurations are possible
about the rigid peptide bond

‘ H O

0.105 nm | |0.1 23 nm
\(121.9 C"H(
NTor

1sg__~N<0145nm C
%32 nm 0.152 m
119.5\T/ 121 .1\I‘|/123.2 TH
H (0]

0.38 nm

residue i residue i + 1

Figure 2.11 Detailed bond lengths and angles for
atoms of the polypeptide backbone

The trans form is the more favoured state because in
this arrangement repulsion between non-bonded atoms
connected to the C, centre are minimized. For most
peptide bonds the ratio of cis to trans configurations
is approximately 1:1000. However, one exception to
this rule is found in peptide bonds where the following
residue is proline. Proline, unusual in having a cyclic
side chain that bonds to the backbone amide nitrogen,
has less repulsion between side chain atoms. This leads
to an increase in the relative stability of the cis peptide
bond when compared with the trans state, and for
peptide bonds formed between Xaa and proline (Xaa
is any amino acid) the cis to trans ratio is 1:4.

The dimensions associated with the peptide bond
have generally been obtained from crystallographic
studies of small peptides and besides the peptide bond
length of 0.132 nm other characteristic bond lengths
and angles have been identified (Figure 2.11). One
of the most important dimensions is the maximum
distance between corresponding atoms in sequential
residues. In the trans peptide bond and a fully extended
conformation this distance is maximally 0.38 nm
although in proteins it is often much less.

The chemical and physical properties
of amino acids

Chemical reactions exhibited by the 20 amino acids
are extensive and revolve around the reactivity of
amino and carboxyl groups. In proteins, however, these
groups are involved in peptide bonds and the defining
properties of amino acids are those associated with
side chains.
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Glycine

Glycine is the simplest amino acid containing two
hydrogen atoms attached to the central o carbon.
Consequently it lacks an asymmetric centre and
does not occur as R/S isomers (see below). More
importantly the absence of any significant functional
group means that glycine possesses little intrinsic
chemical reactivity. However, the absence of a large
side chain results in conformational flexibility about
the N-C, and C,—C bonds in a polypeptide chain. This
fact alone has important consequences for the overall
structure of proteins containing significant numbers of
glycine residues.

Aliphatic side chains: alanine, valine,
isoleucine and leucine

Alanine, like glycine, has a very simple side chain — a
single methyl group (CHj3) that is chemically inert and
inactive (Figure 2.12). It is joined in this remarkable
non-reactivity by the side chains of valine, leucine
and isoleucine (Figure 2.13). The side chains of these
amino acids are related in containing methine (CH)
or methylene (—CH,) groups in branched aliphatic
chains terminated by methyl groups. However, one
very important property possessed by these side chains
is their unwillingness to interact with water — their
hydrophobicity. The side chains interact far more
readily with each other and the other non-polar
side chains of amino acids such as tryptophan or
phenylalanine. In later chapters on tertiary structure,
protein stability and folding the important role of
the weak hydrophobic interaction in maintaining the

Figure 2.12 The side chain of alanine is the un-
reactive methyl group (-CH3)

Figure 2.13 The structures of the side chains of
leucine (left) and isoleucine (right)

Figure 2.14 The side chain of valine is branched
at the CB (-CH or methine) group and leads to two
methyl groups

native state of proteins is described. Alanine, valine,
leucine and isoleucine will all exhibit hydrophobic
interactions. Isoleucine and leucine as their names
suggest are isomers differing in the arrangement of
methylene and methyl groups. The first carbon atom
in the side chain (CB) is a methylene (CH,) group
in leucine whilst in isoleucine it is a methine (-CH-)
moiety. The CB of leucine is linked to a methine group
(CG) whilst in isoleucine the CB atom bonds to a
methyl group and a methylene group. The side chain
of valine (Figure 2.14) has one methylene group less
than leucine but is otherwise very similar in property.
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The hydroxyl-containing residues: serine
and threonine

The side chains of serine and threonine are charac-
terized by the presence of a polar hydroxyl (—OH)
group (Figure 2.15). Their side chains are generally
small (Table 2.2). Although small the side groups of
both serine and threonine hydrogen bond with other
residues in proteins whilst in an isolated state their reac-
tivity is confined to that expected for a primary alcohol,
with esterification representing a common reaction with
organic acids. One of the most important reactions to a
serine or threonine side chain is the addition of a phos-
phate group to create phosphoserine or phosphothreo-
nine. This occurs as a post-translational modification
in the cell after protein synthesis on the ribosome and
is important in protein—protein interactions and intra-
cellular signalling pathways.

In one group of enzymes — the serine proteases — the
activity of a single specific serine side chain is
enhanced by its proximity to histidine and aspartyl side
chains. By itself the side chain of Ser is a weak nucle-
ophile but combined with His and Asp this triad of
residues becomes a potent catalytic group capable of
splitting peptide bonds.

The acidic residues: aspartate and glutamate

Aspartic acid and glutamic acid have side chains with
a carboxyl group (Figure 2.16). This leads to the side
chain having a negative charge under physiological

Figure 2.15 The side chains of serine and threonine
are aliphatic containing hydroxyl groups

Figure 2.16 The acidic side chains of aspartate and
glutamate

conditions and hence to their description as acidic
side chains. For this reason the residues are normally
referred to as aspartate and glutamate reflecting the
ionized and charged status under most cellular con-
ditions. The two side chains differ by one methylene
group (CH,) but are characterized by similar pK values
(range 3.8-4.5).

The side chains behave as typical organic acids and
exhibit a wide range of chemical reactions including
esterification with alcohols or coupling with amines.
Both of these reactions have been exploited in chemical
modification studies of proteins to alter one or more
aspartate/glutamate side chains with a loss of the
negatively charged carboxyl group. As expected the
side chains of aspartate and glutamate are potent
chelators of divalent metal ions and biology exploits
this property to bind important ions such as Ca’* in
proteins such as calmodulin or Zn>* in enzymes such
as carboxypeptidase.

The amide-containing residues: asparagine
and glutamine

Asparagine and glutamine residues are often confused
with their acidic counterparts, the side chains of aspar-
tate and glutamate. Unlike the acidic side chains the
functional group is an amide — a generally unreactive
group that is polar and acts as hydrogen bond donor
and acceptor (see Figure 2.17). The amide group is
labile at alkaline pH values, or extremes of temperature,
being deamidated to form the corresponding acidic side
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Figure 2.17 The uncharged side chains of asparagine
and glutamine

chain. This reaction can occur during protein isolation
and occasionally leads to protein sequences containing
the three letter code Glx or Asx where the identity of a
residue, either Gln or Glu and Asp or Asn, is unclear.

The sulfur-containing residues: cysteine
and methionine

Sulfur occurs in two of the 20 amino acids: cysteine and
methionine. In cysteine the sulfur is part of a reactive
thiol group whilst in methionine sulfur is found as
part of a long, generally unreactive, side chain. The
side chain of methionine is non-polar (Figure 2.18)
and is larger than that of valine or leucine although
it is unbranched. Its properties are dominated by the
presence of the sulfur atom, a potent nucleophile under
certain conditions.

The sulfur atom is readily methylated using methyl
iodide in a reaction that is often used to introduce
a ‘label’ onto methionine residue via the use of 3C
labelled reactant. In addition the sulfur of methionine
interacts with heavy metal complexes particularly those
involving mercury and platinum such as K,;PtCly or

Figure 2.18 The side chain of methionine

—CHp—CHp,—S—CHs

i
—CHp— CH; —S—CHg

0
Il

—CH, —CH, —S—CHa
|

0

Figure 2.19 Oxidation of methionine side chains by
strong oxidizing agents

HgCl, and these have proved extremely useful in the
formation of isomorphous heavy atom derivatives in
protein crystallography (see Chapter 10). The sulfur
atom of methionine can be oxidized to form first a
sulfoxide and finally a sulfone derivative (Figure 2.19).
This form of oxidative damage is known to occur in
proteins and the reaction scheme involves progressive
addition of oxygen atoms.

One of the most important reactions of methionine
involves cyanogen bromide — a reagent that breaks the
polypeptide chain on the C-terminal side of methionine
residues by sequestering the carbonyl group of the next
peptide bond in a reaction involving water and leading
to formation of a homoserine lactone (Figure 2.20).
This reaction is used to split polypeptide chains
into smaller fragments for protein sequencing. When
compared with cysteine, however, the side chain of
methionine is less reactive undergoing comparatively
few important chemical reactions.

The functional group of cysteine is the thiol (-SH)
group, sometimes called the sulfhydryl or mercapto
group. It is the most reactive side chain found
amongst the 20 naturally occurring amino acids under-
going many chemical reactions with diverse reagents
(Figure 2.21). Some enzymes exploit reactivity by
using a conserved cysteine residue at their active sites
that participates directly in enzyme-catalysed reactions.

The large sulfur atom as part of the thiol group influ-
ences side chain properties significantly, with disulfide
bonds forming between cysteine residues that are close
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Figure 2.20 The reaction of cyanogen bromide with
methionine residues

Figure 2.21 The thiol group in the side chain of

cysteine is the most reactive functional group found
in amino acid residues

together in space. This forms a strong covalent bond
and exercises considerable conformational restraint on
the structure adopted in solution by polypeptides. For-
mation of a disulfide bridge is another example of
post-translational modification (Figure 2.22).

The thiol group ionizes at alkaline pH values (~pH
8.5) to form a reactive thiolate anion (S7). The

NH NH
| |
CH—CH;—S—S—CH,—CH
|
CO CO

Figure 2.22 Formation of a disulfide bridge between
two thiol side chains

Figure 2.23 The formation of mixed disulfides via
the interaction of thiolate groups. A thiolate anion
reacts with other symmetrical disulfides to form a
mixed disulfide formed between R; and R,

thiolate anion reacts rapidly with many compounds but
the most important includes other thiols or disulfides
in exchange type reactions occurring at neutral to
alkaline pH values. A general reaction scheme for thiol-
disulfide exchange is given in Figure 2.23.

A common reaction of this type is the reaction
between cysteine and Ellman’s reagent (dithionitroben-
zoic acid, DTNB; Figure 2.24). The aromatic disulfide
undergoes exchange with reactive thiolate anions form-
ing a coloured aromatic thiol — nitrothiobenzoate. The
benzoate anion absorbs intensely at 416 nm allowing
the concentration of free thiol groups to be accurately
estimated in biological systems.

Thiols are also oxidized by molecular oxygen in
reactions catalysed by trace amounts of transition met-
als, including Cu and Fe. More potent oxidants such
as performic acid oxidize the thiol group to a sul-
fonate (SO5%7) and this reaction has been exploited
as a method of irreversibly breaking disulfide bridges
to form two cysteic acid residues. More frequently
the disulfide bridge between cysteine residues is bro-
ken by reducing agents that include other thiols such
as mercaptoethanol or dithiothreitol (Figure 2.25) as
well as more conventional reductants such as sodium
borohydride or molecular hydrogen. Dithiothreitol,
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DTNB

. H .

O2N
NTB —CH,—S—S

Figure 2.24 The reaction between the thiolate anion
of cysteine and Ellman’s reagent

R R’ SH H OH SH
S—S + |
CH, CH;
OH H

RSH+ RSH + S—S

HO OH

Figure 2.25 The reaction between dithiothreitol and
disulfide groups leads to reduction of the disulfide and
the formation of two thiols

sometimes called Cleland’s reagent, reacts with disul-
fide groups to form initially a mixed disulfide inter-
mediate but this rapidly rearranges to yield a stable
six-membered ring and free thiol groups (—SH). The

\ \
N—H N*—H
Vi
NH, —CF == NH;—C_
NHg* NH;

equilibrium constant for the reaction lies over to the
right and is largely driven by the rapid formation of
cyclic disulfide and its inherent stability.

The basic residues: lysine and arginine

The arginine side chain (Figure 2.26) contains three
methylene groups followed by the basic guanidino
(sometimes called guanadinium) group, which is
usually protonated, planar and with the carbon atom
exhibiting sp? hybridization.

The guanidino group is the most basic of the side
chains found in amino acids with a pK of 12 and
under almost all conditions the side chain retains a net
positive charge (Figure 2.27). The positive charge is
distributed over the entire guanidino group as a result
of resonance between related structures

Lysine possesses a long side chain of four methy-
lene groups terminated by a single & amino group
(Figure 2.28). The amino group ionizes with a pK
of approximately 10.5-11.0 and is very basic. As
expected the side chain interacts strongly in proteins
with oppositely charged side chains but will also
undergo methylation, acetylation, arylation and acyla-
tion. Many of these reactions are performed at high
pH (above pH 9.0) since the unprotonated nitrogen
is a potent nucleophile reacting rapidly with suitable
reagents. One of the most popular lysine modifications

Figure 2.26 The side chain of arginine is very basic
and contains a guanidino group

\ \
N—H N—H

/

= H,N*=C — NH—C
NH; NH*

Figure 2.27 Charge delocalization and isomerization within the guanidino group
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Figure 2.28 The lysine side chain is basic
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Figure 2.29 Reaction of lysine side chains with
dinitrobenzene derivatives

involves adding a nitrobenzene derivative to the
e-amino group. The nitrobenzene group is coloured and
the rate of the reaction is therefore comparatively easily
followed spectrophotometrically. In the example shown
in Figure 2.29 4-chloro-3, 5-dinitrobenzoic acid reacts
with lysine side chains to form a negatively charged
dinitrophenol derivative. Methylation, unlike the ary-
lation reaction described above, preserves the positive
charge on the side chain and in some systems, partic-
ularly fungi, trimethylated lysine residues are found as
natural components of proteins.

One of the most important reactions occurring with
lysine side chains is the reaction with aldehydes to
form a Schiff base (see Figure 2.30). The reaction is
important within the cell because pyridoxal phosphate,
a co-factor derived from vitamin Bg, reacts with the ¢
amino group of lysine and is found in many enzyme

HO CHg
0o
N\ / N\
CH NH + C N
fomdmw o
Lysine H.C
\
P
Pyridoxal phosphate
HO CHg
i A
|
~{cH J—N=C 7\
Schiff base HZCi
P

Figure 2.30 Reaction between pyridoxal phosphate
and lysine side chains results in formation of a
covalent Schiff base intermediate. The aldehyde group
of pyridoxal phosphate links with the & amino group
of a specific lysine residue at the active site of
many enzymes

active sites. Pyridoxal phosphate is related to vitamin
B¢, pyridoxine.

Proline

The side chain of proline is unique in possessing a side
chain that covalently bonds with the backbone nitrogen
atom to form a cyclic pyrrolidine ring with groups
lacking reactivity. One of the few reactions involving
prolyl side chains is enzyme-catalysed hydroxylation.
The cyclic ring imposes rigid constraints on the N-C,
bond leading to pronounced effects on the configuration
of peptide bonds preceding proline. In addition the
ring is puckered with the C, atom displaced by 0.5 A
from the remaining atoms of the ring which show
approximate co-planarity.

Histidine
The imidazole side chain of histidine (Figure 2.31) is

unusual and alone amongst the side chains of amino
acids in exhibiting a pK around 7.0. In its ionized
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Figure 2.31 The side chain of histidine showing
nomenclature for side chain atoms. The IUPAC scheme
encourages the use of pros (meaning ‘near’ and
abbreviated with the symbol m) and tele (meaning
‘far’, abbreviated with the symbol t) to show their
position relative to the main chain

state the side chain has a positive charge whilst in
the unionized state the side chain remains neutral.
However, protonation not only modulates the charge
and acid—base behaviour of the side chain but also
alters nucleophilic and electrophilic properties of the
ring (Figure 2.32).

The protonated nitrogen, shown in red in Figure 2.32,
is called the NE2 or 2. Experimental evidence suggests
that the hydrogen atom is usually located on the NE2
nitrogen but upon further protonation the structure on
the right is formed with the ND1 nitrogen now binding
a proton. The charge cannot be accurately assigned to
one of the nitrogen atoms and resonance structures exist
(Figure 2.33).

/ /
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Figure 2.32 Protonation of the imidazole side chain
leads to a positively charge
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Figure 2.33 Delocalization of charge in protonated
imidazole side chains of histidine is possible

The unprotonated nitrogen of the uncharged imida-
zole ring is a potent nucleophile and has a capacity for
hydrogen bonding.

The aromatic residues: phenylalanine,
tyrosine and tryptophan

The aromatic side chains have a common property
of absorbing in the ultraviolet region of the electro-
magnetic spectrum. Table 2.3 shows the spectroscopic
properties of Phe, Tyr and Trp. As a result Phe, Tyr
and Trp are responsible for the absorbance and flu-
orescence of proteins frequently measured between

Table 2.3 Spectroscopic properties of the aromatic amino acids

Amino acid Absorbance Fluorescence

Nmax (M) eM'em™) Nmax (M) Quantum yield
Phenylalanine 2574 197 282 0.04
Tyrosine 274.6 1420 303 0.21
Tryptophan 279.8 5600 348 0.20

X, wavelength; €, molar absorptivity coefficient.



THE CHEMICAL AND PHYSICAL PROPERTIES OF AMINO ACIDS 31

250 and 350 nm. In this region the molar extinction
coefficients of Phe, Tyr and Trp, an indication of how
much light is absorbed at a given wavelength, are not
equal. Tryptophan exhibits a molar extinction coeffi-
cient approximately four times that of tyrosine and over
28 times greater than phenylalanine. Almost all spec-
trophotometric measurements of a protein’s absorbance
at 280 nm reflect the intrinsic Trp content of that pro-
tein. At equivalent molar concentrations proteins with
a high number of tryptophan residues will give a much
larger absorbance at 280 nm when compared with pro-
teins possessing a lower Trp content.

Phenylalanine

The aromatic ring of phenylalanine is chemically inert
and has generally proved resistant to chemical modi-
fication (Figure 2.34). Only with genetic modification
of proteins have Phe residues become routinely altered.
The numbering scheme of atoms around the aromatic
benzene ring is shown for carbon and hydrogens. Alter-
native nomenclatures exist for the ring proteins with
labels of HD, HE or HZ (Hj, H or H; in some schemes)
being the most common. In many proteins rotation of
the aromatic ring around the CB—CG axis leads to the
protons at the 2,6 positions (HD) and the 3,5 positions
(HE) being indistinguishable.

Although the aromatic ring is inert chemically it
remains hydrophobic and prefers interactions in pro-
teins with other non-polar residues. With other aromatic

Figure 2.34 The aromatic side chain of phenylalanine

rings Phe forms important m—7 interactions derived
from the delocalized array of electrons that arises from
bonding between the ring carbon atoms. In a simple
alkene such as ethene each carbon links to two hydro-
gens and a single carbon. This is achieved by sp’
hybridization where the normal ground state of car-
bon 1s?2s?2p '2p,! is transformed by elevating one
of the 2s electrons into the vacant p, orbital yield-
ing 1s?2s'2p,'2p '2p,". The sp? hybrids, made from
rearrangement of the 2s orbital and two of the three
2p orbitals, are orientated at an angle of 120° to each
other within a plane. The remaining 2p, orbital is at
right angles to these hybrids. Formation of three bonds
leaves the p, orbital vacant and a similar situation exists
in benzene or the aromatic ring of phenylalanine; each
sp? hybridized carbon is bonded to two carbon atoms
and a single hydrogen and has a single unpaired elec-
tron. This electron lies in the vacant p, orbital proximal
to and overlapping with another carbon atom possess-
ing an identical configuration. The extensive overlap
produces a system of 7 bonds where the electrons are
not confined between two carbon atoms but delocal-
ize around the entire ring. Six delocalized electrons
go into three 7 molecular orbitals — two in each. The
interaction of these m molecular orbitals by the close
approach of two aromatic rings leads to further delocal-
ization. The coplanar orientation is the basis for T—m
interactions and may account for the observation that
aromatic side chains are found in proteins in close
proximity to other aromatic groups. T—m interactions
are expected to make favourable and significant con-
tributions to the overall protein stability. Studies with
model compounds suggest that an optimal geometry
exists with the aromatic rings perpendicular to each
other and leading to positively charged hydrogens on
the edge of one ring interacting favourably with the
1t electrons and partially negatively charged carbons
of the other. For proteins, as opposed to model com-
pounds, this type of interaction is less common than a
co-planar orientation of aromatic rings.

Tyrosine

Tyrosine is more reactive than phenylalanine due to
the hydroxyl group (Figure 2.35) substituted at the
fourth (Cz) aromatic carbon, often called the para
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Figure 2.35 The side chain of tyrosine contains a
reactive hydroxyl group

position. The hydroxyl group leaves the aromatic ring
susceptible to substitution reactions.

Nucleophiles such as nitrating agents or activated
forms of iodide react with tyrosine side chains in
proteins and change the acid—base properties of the
ring. Reaction with nitrating agents yields mono
nitrotyrosine derivatives at the 3,5 position followed
by dinitro derivatives. Normally the hydroxyl group is
a weak acid with a pK ~ 11.0 but the addition of one
or more nitro groups causes the pK to drop by up to
4 pH units. The tyrosine interacts with other aromatic
rings but the presence of the OH group also allows
hydrogen bonding.

Tryptophan

The indole side chain (Figure 2.36) is the largest side
chain occurring in proteins and is responsible for most
of the intrinsic absorbance and fluorescence. As a crude
approximation the molar extinction coefficient of a pro-
tein at 280 nm may be estimated by adding up the
number of Trp residues found in the sequence and
multiplying by 5800 (see Table 2.3). However, the rel-
atively low frequency of Trp residues in proteins means
that this approach is not always accurate and in some
cases (for proteins lacking Trp) will be impossible.

The side chain is hydrophobic and does not undergo
extensive chemical reactions. Exceptions to the rule of
unreactivity include modifying reagents such as iodine,
N-bromosuccinimide and ozone although their use in
chemical modification studies of proteins is limited.
Universally the weakest or most sensitive part of the
indole ring is the pyrrole nitrogen atom.

He7m7 | : b

Figure 2.36 The indole ring of tryptophan. The
nomenclature of the ring protons names the ring
protons as H2, H4, H5, H6 and H7. The carbons with
protons attached are similarly named i.e C2, C3...C7.
The carbon centres lacking protons are C3, C3a and
C7a. The nitrogen is properly termed the N1 centre
but is frequently called the indole, or NE1, nitrogen.
In addition Greek symbols are often applied to these
carbon and protons with the following symbols used
C:, = (7, C, =C6, Ci3 =C5, (3 =C4

Detection, identification and
quantification of amino acids
and proteins

To quantify protein isolation requires a means of
estimating protein concentration and most methods
use the properties of amino acid side chains. Proteins
absorb around 280 nm principally because of the
relative contributions of tryptophan, phenylalanine and
tyrosine. If their occurrence in proteins is known
then, in theory at least, the concentration of a protein
solution is calculated using the data of Table 2.4 and
Beer—Lamberts law where

Azgo = €ag0C [ 2.4
(where A is absorbance, & is molar absorptivity
coefficient, ¢ is the concentration in moles dm—3 and
[ is the light path length normally 1 cm). In practice
this turns out to be a very crude method of measuring
protein concentration and of limited accuracy. The
number of Trp, Tyr or Phe residues is not always
known and more importantly the absorbance of proteins
in their native state does not usually equate with a
simple summation of their individual contributions.
Moreover the presence of any additional components
absorbing at 280 nm will lead to inaccuracies and
this could include the presence of impurities, disulfide
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bridges, or additional co-factors such as heme or flavin.
Performing spectrophotometric measurements under
denaturing conditions allows improved estimation of
protein concentration from the sum of the Trp, Tyr and
Phe components. The contribution of disulfide bridges,
although weak around 280 nm, can be eliminated by
the addition of reducing agents, and under denaturing
conditions co-factors are frequently lost.

An alternative method of determining protein con-
centration exploits the reaction between the thiol group
of cysteine and Ellman’s reagent. The reaction pro-
duces the nitrothiobenzoate anion and since the molar
absorptivity coefficient for this product at 410 nm is
accurately known (13 600 m~!' cm™!) the reagent offers
one route of determining protein concentration if the
number of thiol groups is known beforehand. In gen-
eral, protein concentration may be determined by any
reaction with side chains that lead to coloured prod-
ucts that can be quantified by independent methods.
Other reagents with applications in estimating protein,
peptide or amino acid concentration include ninhy-
drin, fluorescamine, dansyl chloride, nitrophenols and
fluorodinitrobenzene. They have the common theme of
possessing a reactive group towards certain side chains
combined with a strong chromophore. A common
weakness is that all rely on reactions with a restricted
number of side chains to provide estimates of total pro-
tein concentration. A better approach is to devise assays
based on the contribution of all amino acids.

Historically the method of choice has been the biuret
reaction (Figure 2.37) where a solution of copper(Il)
sulfate in alkaline tartrate solution reacts with peptide
bonds to form a coloured (purple) complex absorbing
around 540 nm. The structure of the complex formed
is unclear but involves the coordination of copper ions

HC—R

|
HIL ’T‘H
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(e]0]
R—?H cu2 |
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HN NH

Figure 2.37 The complexation of cupric ions by
peptide bonds in the biuret method

by the amide hydrogen of peptide bonds. An important
aspect of this assay is that it is based around the
properties of the polypeptide backbone. Reduction of
Cu() to Cu(l) is accompanied by a colour change
and if the absorbance of the unknown protein is
compared with a calibration curve then concentration
is accurately determined. Ideally the standard protein
used to construct a calibration curve will have similar
properties, although frequently bovine serum albumin
(BSA) is used.

Another commonly used method of estimating
protein concentration is the Folin—Lowry method.
The colour reaction is enhanced by the addition
of Folin—Ciocalteau’s reagent to a protein solu-
tion containing copper ions. The active ingredient
of Folin—Ciocalteau’s reagent is a complex mixture
of phosphotungstic and phosphomolybdic acids. The
reduced Cu(I) generated in the biuret reaction forms
a number of reduced acid species in solution each
absorbing at a wavelength maximum between 720 and
750 nm and leading to an obvious blue colour. Estima-
tion of protein concentration arises by comparing the
intensity of this blue colour to a ‘standard’ protein of
known concentration at wavelengths between 650 and
750 nm.

Coomassie Brilliant Blue (Figure 2.38) does not
undergo chemical reactions with proteins but forms

OC,H5

Figure 2.38 Coomassie blue dyes are commonly
used to estimate protein concentration (R250 = H;
G250 = CH3)
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stable complexes via non-covalent interactions.
Coomassie blue (G250) is used to estimate the amount
of protein in solution because complex formation is
accompanied by a shift in absorbance maxima from
465 to 595 nm. The mechanism of complex forma-
tion between dye and protein is unclear but from the
structure of the dye involves non-polar interactions.

Stereoisomerism

Up to this point the o carbon of amino acids has been
described as an asymmetric centre and little attention
has been paid to this characteristic property of tetrahe-
dral carbon centres. One of the most important conse-
quences of the asymmetric o carbon is that it gives rise
to a chiral centre and the presence of two isomers. The
two potential arrangements of atoms about the central
carbon are shown for alanine (Figure 2.39) and whilst
superficially appearing identical a closer inspection of
the arrangement of atoms and the relative positions
of the amino, carboxyl, hydrogen and methyl groups
reveals that the two molecules can never be exactly
superimposed.

The molecules are mirror images of each other or
stereoisomers. Most textbooks state that these isomers
are termed the L and D isomers without resorting to
further explanation. All naturally occurring amino acids

Figure 2.39 Two stereoisomers of alanine. As viewed
the C-H bond of the a-carbon is pointing away from
the viewer (down into the page) and superposition
of the remaining groups attached this chiral centre
is impossible. Each molecule is a mirror image of
the other known variously as enantiomers, optical
isomers or stereoisomers.

Table 2.4 The specific optical rotation of selected
amino acids

L-Amino [a]p(H20) L-Amino [a]lp(H,0)
Acid Acid

Alanine +1.8 Isoleucine +12.4
Arginine +12.5 Leucine —11.0
Cysteine —16.5 Phenylalanine —34.5
Glutamic Acid +12.0 Threonine —28.5
Histidine —38.5 Tryptophan —33.7

found in proteins belong to the L absolute configuration.
However, at the same time the asymmetric or chiral
centre is also described as an optically active centre.
An optically active centre is one that rotates plane-
polarized light. Amino acids derived from the hydrol-
ysis of proteins under mild conditions will, with the
exception of glycine, rotate plane-polarized light in a
single direction. If this direction is to the right the
amino acids are termed dextrorotatory (4) whilst rota-
tion to the left is laevorotatory (—). Values for isolated
amino acids are known, with L-amino acids rotating
plane-polarized light in different directions and to dif-
fering extents (Table 2.4).

The terms dextro- and levorotatary must not be
confused with the L and D isomers, which for historical
reasons are related to the arrangement of atoms in L-
and p-glyceraldehyde. L-Trp is laevorotatory whilst L-
Glu is dextrorotatory. The D and L stereoisomers of
any amino acid have identical properties with two
exceptions: they rotate plane-polarized light in opposite
directions and they exhibit different reactivity with
asymmetric reagents. This latter point is important in
protein synthesis where D amino acids are effective
inhibitors and in enzymes where asymmetric active
sites discriminate effectively between stereoisomers.

The Cahn-Ingold—Prelog scheme has been devised
to avoid confusion and provides an unambiguous
method of assigning absolute configurations particularly
for molecules containing more than one asymmetric
centre. The amino acids isoleucine and threonine each
contain two asymmetric centres, four stereoisomers,
and potential confusion in naming isomers using the
DL system. Using threonine as an example we can see
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that the o carbon and the f carbon are each attached
to four different substituents. For the B carbon these
are the hydroxyl group, the methyl group, the hydrogen
atom and the o carbon. The RS system is based on
ranking the substituents attached to each chiral centre
according to atomic number. The smallest or lowest
ranked group is arranged to point away from the viewer.
This is always the C—H bond for the C, carbon and the
remaining three groups are then viewed in the direction
of decreasing priority. For biomolecules the functional
groups commonly found in proteins are ranked in order
of decreasing priority:

SH > P > OR > OH > NH3 > COO > CHO
>CH20H>C6H5 >CH3 >H

The priority is established initially on the basis of
atomic number so H (atomic no. = 1) has the lowest
priority whilst groups containing sulfur (atomic no. =
16) are amongst the highest. To identify RS isomers
one first identifies the asymmetric or stereogenic centre
and in proteins this involves an sp’ carbon centre
with a tetrahedral arrangement containing four different
groups. With the C-H bond (lowest priority) pointing
away from the viewer the three remaining groups
are ranked according to the scheme shown above. In
the case where two carbon atoms are attached to an
asymmetric centre then one moves out to the next
atom and applies the same selection rule at this point.
This leads to CH3 being of lower priority than C,Hjs
which in turn is lower than COO~. Where two isotopes
are present and this is most commonly deuterium and
hydrogen the atomic number rule is applied leading
to D having a greater priority than H. Having ranked
the groups we now assess if the priority (from high
to low) is in a clockwise or anticlockwise direction.
A clockwise direction leads to the R isomer (Latin:
rectus = right) whilst an anticlockwise direction leads
to the S isomer (Latin: sinister = left).

In L-threonine at the first asymmetric centre
(Cy) when looking down the C,—H bond (pointing
away from the viewer in the arrangement shown
in Figure 2.40) the direction of decreasing order of
priority (NH3, COO~ and CH-OH-CHj3) is counter
clockwise. The C,, the second carbon, is therefore con-
figuration S. A similar line of reasoning for the asym-
metric centre located at the third carbon (Cg) yields

Figure 2.40 The asymmetric C, centre of Thr is in
the S configuration. The C, is shown on green whilst
the other atoms have their normal CPK colours

Figure 2.41 The asymmetric Cg centre of threonine is
in the R configuration. The Cg atom is shown in green
and the C-H bond is pointing away from the viewer

a decreasing order of priority in a clockwise direction
and hence the R configuration. Combining these two
schemes yields for L-threonine the nomenclature [2S-
3R] threonine (Figure 2.41).

Non-standard amino acids

The 20 amino acids are the building blocks of pro-
teins but are also precursors for further reactions that
produce additional amino acids. Amino acids with
unusual stereochemistry about the C, carbon often
called p amino acids are comparatively common in
micro-organisms. Prominent examples are D-alanine
and p-isoglutamate in the cell wall of the Gram-positive
bacterium Staphylococcus aureus. In other bacteria
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Figure 2.42 Canavanine and pB-N-oxalyl (-a, B-
diamino propionic acid (ODAP)

small peptide molecules known as ionophores form
channels in membranes through the use of proteins con-
taining D amino acid residues. A well-known example
is the 15 residue peptide Gramicidin A containing a
series of alternating p and L amino acids. In each case
the use of these unusual or non-standard amino acids
may be viewed as a defensive mechanism. Plants and
microorganism use non-standard amino acids as pro-
tective weapons. Canavanine, a homologue of arginine
containing an oxygen instead of a methylene group at
the § position, accumulates as a storage protein in alfafa
seeds where it acts as a natural defence against insect
predators (Figure 2.42).

A serious occurrence of an unusual amino acid is the
presence of B-N-oxalyl L-a, B-diamino propionic acid
(ODAP) in the legume Lathyrus sativus. Ingestion of
seeds containing this amino acid is harmless to humans
in small quantities but increased consumption leads to

a neurological disorder (lathyrism) resulting in irre-
versible paralysis of leg muscles. ODAP is the culprit
and acts by mimicking glutamate in biological systems.

Amino acids undergo a wide range of metabolic
conversions as part of the cell’s normal synthetic
and degradative pathways. However, in a few cases
amino acids are converted to specific products. Instead
of undergoing further metabolism these modified
amino acids are used to elicit biological response.
The most important examples of the conversion of
amino acids into other modified molecules include
histamine, dopamine, thyroxine and y-amino butyric
acid (GABA) (Figure 2.43). GABA is formed from the
amino acid glutamate as a result of decarboxylation
and is an important neurotransmitter; thyroxine is an
iodine-containing hormone stimulating basal metabolic
rate via increases in carbohydrate metabolism in
vertebrates, whilst in amphibians it plays a role in
metamorphosis; histamine is a mediator of allergic
response reactions and is produced by mast cells as
part of the body’s normal response to allergens.

Summary

Twenty different amino acids act as the building blocks
of proteins. Amino acids are found as dipolar ions
in solutions. The charged properties result from the
presence of amino and carboxyl groups and lead to
solubility in water, an ability to act as electrolytes, a
crystalline appearance and high melting points.
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Figure 2.43 Biologically active amino acid derivatives. Clockwise from top left are GABA, dopamine, histamine

and thyroxine
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Of the 20 amino acids found in proteins 19 have a
common structure based around a central carbon, the
C, carbon, in which the amino, carboxyl, hydrogen
and R group are arranged tetrahedrally. An exception
to this arrangement of atoms is proline. The C, carbon
is asymmetric with the exception of glycine and leads
to at least two stereoisomeric forms.

Amino acids form peptide bonds via a condensation
reaction and the elimination of water in a process
that normally occurs on the ribosomes found in cells.
The formation of one peptide bond covalently links
two amino acids forming a dipeptide. Polypeptides or
proteins are built up by the repetitive formation of
peptide bonds and an average sized protein may contain
1000 peptide bonds.

The peptide bond possesses hybrid characteristics
with properties between that of a C-N single bond
and those of a C=N double bond. These properties
result in decreased peptide bond lengths compared to a
C-N single bond, a lack of rotation about the peptide
bond and a preferred orientation of atoms in a trans
configuration for most peptide bonds. One exception to
this rule is the peptide bond preceding proline residues
where the cis configuration is increased in stability
relative to the trans configuration.

The side chains dictate the chemical and phys-
ical properties of proteins. Side chain properties
include charge, hydrophobicity and polarity and under-
pin many aspects of the structure and function
of proteins.

Problems

1. Why are amino acids white crystalline solids and
how does this account for their physicochemical
properties?

2. Using Figures 2.13 and 2.14 identify methine, me-
thene and methyl groups in the side chains of
leucine, isoleucine and valine. Label each carbon
atom according to the usual nomenclature. Repeat the
exercise of nomenclature for Figure 2.18.

3. Translate the following sequence into a sequence
based on the single letter codes.
Ala-Phe-Phe-Lys-Arg-Ser-Ser-Ser-Ala-Thr-Leu-
Ile-Val-Thr-Lys-Lys-GIn-Gln-Phe-Asn-Gly-Gly-
Pro-Asp-Glu-Val-Leu-Arg-Thr-Ala-Ser-Thr-Lys-
Ala-Thr-Asp.

4. What is the average mass of an amino acid residue?
Why is such information useful yet at the same
time limited?

5. Which of the following peptides might be expected to
be positively charged, which are negatively charged
and which carry no net charge?
Ala-Phe-Phe-Lys-Arg-Ser-Ser-Ser-Ala-Thr-Leu-
Ile-Val-
Ala-Phe-Phe-Lys-Arg-Ser-Glu-Asp-Ala-Thr-Leu-
Ile-Val-
Ala-Phe-Phe-Lys-Asp-Ser-Ser-Asp-Ala-Thr-Leu-
Ile-Val-
Ala-Phe-Phe-Lys-Asp-Ser-Ser-His-Ala-Thr-Leu-
Ile-Val-

Ala-Phe-Phe-Lys-Asp-Ser-Glu-His-Ala-Thr-Leu-
Ile-Val-
Are there any contentious issues?

6. The reagent 1-fluoro 2,4-dinitrobenzene has been
used to identify amino acids. Describe the groups
and residues you would expect this reagent to react
with preferentially. Under what conditions would you
perform the reactions.

7. Histidine has three ionizable functional groups. Draw
the structures of the major ionized forms of histidine
at pH 1.0, 5.0, 8.0 and 13.0. What are the respective
charges at each pH?

8. The pK; and pK, values for alanine are 2.34 and
9.69. In the dipeptide Ala-Ala these values are 3.12
and 8.30 whilst the tripeptide Ala-Ala-Ala has values
of 3.39 and 8.00. Explain the trends for the values of
pK; and pK; in each peptide.

9. A peptide contains the following aromatic residues
3 Trp, 6 Tyr and 1 Phe and gives an absorbance
at 280 nm of 0.8. Having added 1 ml of a solution
of this peptide to a cuvette of path length 1 cm
light calculate from the data provided in Table 2.4
the approximate concentration of the peptide (you
can assume the differences in & between 280 nm
and those reported in Table 2.4 are negligible). The
molecular mass of the peptide is 2670 what was the
concentration in mg ml™!.
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10. Citrulline is an amino acid first isolated from
the watermelon (Citrullus vulgaris). Determine the
absolute (RS) configuration of citrulline for any
asymmetric centre. Isoleucine has two asymmetric
centres. Identify these centres and determine the
configuration at each centre. How many potential
optical isomers exist for isoleucine?



The three-dimensional structure
of proteins

Amino acids linked together in a flat ‘two-dimensional’
representation of the polypeptide chain fail to convey
the beautiful three-dimensional arrangement of pro-
teins. It is the formation of regular secondary structure
into complicated patterns of protein folding that ulti-
mately leads to the characteristic functional properties
of proteins.

Primary structure or sequence

The primary structure is the linear order of amino acid
residues along the polypeptide chain. It arises from
covalent linkage of individual amino acids via peptide
bonds. Thus, asking the question “What is the primary
structure of a protein?’ is simply another way of asking
‘What is the amino acid sequence from the N to C
terminals?” To read the primary sequence we simply
translate the three or single letter codes from left to
right, from amino to carboxyl terminals. Thus in the
sequence below two alternative representations of the
same part of the polypeptide chain are given, starting
with alanine at residue 1, glutamate at position 2 and
extending to threonine as the 12th residue (Figure 3.1).

Every protein is defined by a unique sequence
of residues and all subsequent levels of organization
(secondary, super secondary, tertiary and quaternary)
rely on this primary level of structure. Some proteins

Proteins: Structure and Function by David Whitford
© 2005 John Wiley & Sons, Ltd

are related to one another leading to varying degrees
of similarity in primary sequences. So myoglobin,
an oxygen storage protein found in a wide range of
organisms, shows similarities in human and whales
in the 153 residue sequence (Figure 3.2). Most of
the sequence is identical and it is easier to spot the
differences. When a change occurs in the primary
sequence it frequently involves two closely related
residues. For example, at position 118 the human
variant has a lysine residue whilst whale myoglobin
has an arginine residue. Reference to Table 2.2 will
show that arginine and lysine are amino acids that
contain a positively charged side chain and this change
is called a conservative transition. In contrast in a few
positions there are very different amino acid residues.
Consider position 145 where asparagine (N) is replaced
by lysine (K). This transition is not conservative; the
small, polar, side chain of asparagine is replaced by the
larger, charged, lysine. Regions, or residues, that never
change are called invariant.

Secondary structure

Primary structure leads to secondary structure; the
local conformation of the polypeptide chain or the
spatial relationship of amino acid residues that are close
together in the primary sequence. In globular proteins
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NHz-Ala-Glu-Glu-Ser-Ser-Lys-Ala-Val-Lys-Tyr-Tyr-Thr-.........
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Figure 3.1 Single- and three-letter codes for amino
terminal of a primary sequence

the three basic units of secondary structure are the
o helix, the B strand and turns. All other structures
represent variations on one of these basic themes.
This chapter will focus on the chemical and physical
properties of polypeptides that permit the transition
from randomly oriented polymers of amino acid
residues to regular repeating secondary structure. With
20 different amino acid residues found in proteins there
are 780 possible permutations for a dipeptide. In an
average size polypeptide of ~100 residues the number
of potential sequences is astronomical. In view of
the enormous number of possible conformations many
fundamental studies of protein secondary structure have
been performed on homopolymers of amino acids for
example poly-alanine, poly-glutamate, poly-proline or
poly-lysine.

Homopolymers have the advantage that either all
the residues are identical or in some cases simple
repeating units such as poly Ala-Gly, where Ala-
Gly dipeptides are repeated along the length of the
polymer. In comparison with polypeptides derived
from proteins these polymers have the advantage of

consistent conformations. This is not to imply that the
conformation of homopolymers is regular and ordered.
In some instances these polymers are unstructured,
however, the common theme is that the polymers
are uniform in their conformations and hence are
much more attractive candidates for initial studies
of structure.

Studies of homopolymers have been advanced by
host—guest studies where a polymer of alanine residues
is modified by an introduction of a single different
residue in the middle of the polypeptide. By measuring
changes in stability, solubility, or helical properties
these studies allow the effect of the new or guest
residue to be accurately defined. Indeed, much of
the data reported in tables throughout this book were
obtained by the introduction of a single amino acid
residue into a polymer containing just one type of
residue. The host peptide is usually designed to be
monomeric (i.e. non-aggregating), to be soluble and
not more than 15 residues in length. By systematically
replacing residue 8 with any of the other 19 amino
acids these studies have elucidated many of the
properties of residues within polypeptide chains. One
property that has been extensively studied using this
approach is the relative helical tendency of amino acid
residues in a peptide of poly-alanine. Results suggest,
unsurprisingly, that alanine is the most stable residue
to substitute into a poly-alanine peptide whilst proline
is the most destabilizing. More revealing is the relative

* 20 * 40

Human Mb : D I EV : 40

Whale Mb : E \ DI 40
* 60 * 80

Human Mb : K S 80

Whale Mb : R T 80
* 100 * 120

Human Mb : I v K : 120

Whale Mb : L I R : 120
* 140 *

Human Mb : M F : 153

Whale Mb : I 14 : 153

Figure 3.2 The primary sequences of human and sperm whale myoglobin. Identical residues are shown in blue,
the regions in yellow show conserved substitutions whilst the red regions show non-conservative changes. Astericks
indicate every tenth residue. Single letter codes for residues are used
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Table 3.1 The helical propensity of amino acid
residues substituted into alanine polymers

Residue Helix Residue Helix
propensity, propensity,
AG (k] mol™") AG (kJ mol™!)

Ala 0 Ile 0.41
Arg 0.21 Leu 0.21
Asn 0.65 Lys 0.26
Asp’® 0.43 Met 0.24
Asp™ 0.69 Phe 0.54
Cys 0.68 Pro 3.16
Gln 0.39 Ser 0.50
Glu® 0.16 Thr 0.66
Glu™ 0.40 Tyr 0.53
Gly 1.00 Trp 0.49
His® 0.56 Val 0.61
His™ 0.66

Derived from Pace, C.N. & Scholtz, .M. Biophys. J. 1998, 75, 422-427.
The data includes uncharged Glu, Asp and His residues (superscript ). All
residues form helices with less propensity than poly-Ala hence the positive
values for AG.

helical tendencies or propensities of the other residues
when measured relative to alanine (Table 3.1).

When the first crystal structures of proteins became
available it allowed a comparison between residue
identity and secondary structure. Ala, Leu and Glu
are found more frequently in o helices whilst Pro,
Gly and Asp were found less frequently than average.
Using this analysis of primary sequence a helix
propensity scale was derived, and is still used in
predicting the occurrence of helices and sheets in
folded soluble proteins.

The o helix

The right-handed o helix is probably the best known
and most identifiable unit of secondary structure. The
structure of the o helix was derived from model-
building studies until the publication of the crystallo-
graphic structure of myoglobin. This demonstrated that
a helices occurred in proteins and were largely as pre-
dicted from theoretical studies by Linus Pauling. The

a helix is the most common structural motif found in
proteins; in globular proteins over 30 percent of all
residues are found in helices.

The regular a helix (Figure 3.3) has 3.6 residues per
turn with each residue offset from the preceding residue
by 0.15 nm. This parameter is called the translation per
residue distance. With a translation distance of 0.15 nm
and 3.6 residues per turn the pitch of the a helix is
simply 0.54 nm (i.e. 3.6 x 0.15 nm). The pitch is the
translation distance between any two corresponding
atoms on the helix. One of the major results of model
building studies was the realization that the o helix
arises from regular values adopted for ¢ (phi) and
(psi), the torsion or dihedral angles (Figure 3.4).

The values of ¢ and { formed in the o helix
allow the backbone atoms to pack close together
with few unfavourable contacts. More importantly this
arrangement allows some of the backbone atoms to
form hydrogen bonds. The hydrogen bonds occur
between the backbone carbonyl oxygen (acceptor)
of one residue and the amide hydrogen (donor) of
a residue four ahead in the polypeptide chain. The
hydrogen bonds are 0.286 nm long from oxygen to
nitrogen atoms, linear and lie (in a regular helix)
parallel to the helical axis. It is worth noting that
in ‘real’ proteins the arrangement of hydrogen bonds
shows variation in length and angle with respect to
helix axes (Figure 3.5).

Hydrogen bonds have directionality that reflects
the intrinsic polarization of the hydrogen bond due
to the electronegative oxygen atom. In a similar fash-
ion the peptide bond also has polarity and the combined
effect of these two parameters give a helices pro-
nounced dipole moments. On average the amino end of
the a helix is positive whilst the carboxyl end is neg-
ative. In the a helix, the first four NH groups and last
four CO groups will normally lack backbone hydrogen
bonds. For this reason very short helices often have
distorted conformations and form alternative hydro-
gen bond partners. The distortion of hydrogen bonds
and lengths that occur in real helices are accompanied
by the dihedral angles (¢ and ) that deviate signif-
icantly from the ideal values of —57° and —47° (see
Table 3.2).

Visualization of the a helix frequently neglects the
side chains but an ideal arrangement involves the
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C terminal direction

Pitch ~ 0.54 nm

Pitch ~ 0.54 nm

N terminal direction

Figure 3.3 A reqular a helix. Only heavy atoms (C, N and 0, but not hydrogen) are shown and the side chains are
omitted for clarity

C terminal

' ! s Hydroygen
e Bond

M terminal ‘b w

Figure 3.5 Arrangement of backbone hydrogen
bonds in a real a helix from myoglobin, shows
deviations from ideal geometry

Figure 3.4 ¢ is defined by the angle between the
('-N-Ca -C" atoms whilst { is defined by the atoms
N-Ca -C'-N
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Table 3.2 Dihedral angles, translation distances and number of residues per turn for regular secondary
structure conformations. In poly(Pro) I w is 0° whilst in poly(Pro) II w is 180°

Dihedral angle (°)

Translation distance

per residue (nm)

Secondary structure element [0} Residues/turn

o helix —57 —47 3.6 0.150
310 helix —49 —26 3.0 0.200
7 helix —57 —70 4.4 0.115
Parallel B strand —139 +135 2.0 0.320
Antiparallel p strand —119 +113 2.0 0.340
Poly(Pro) I —83 +158 33 0.190
Poly(Pro) II —78 4149 3.0 0.312

atoms projecting outwards into solution. Although the
side chains radiate outwards there are conformational
restrictions because of potential overlap with atoms
in neighbouring residues. This frequently applies to
branched side chains such as valine, isoleucine and
threonine where the branch occurs at the CB atom
and is closest to the helix. Steric restriction about the
CA-CB bond leads to discrete populations or rotamers
(Figure 3.6). The symbol x; (pronounced “KI one”)
is used to define this angle and is best appreciated by
viewing projections along the CA—CB bond.

Alanine, glycine and proline do not have yx; angles
whilst the y, angle for serine, threonine and cysteine
is difficult to measure because it involves determining
the position of a single H atom accurately. However,
in databases of protein structures the ¥ ; angles adopted
for all residues (except Ala, Gly and Pro) have been
documented, whilst the x, distribution of Arg, Glu,
Gln, Ile, Leu, Lys and Met are also well known. This
has lead to the idea of rotamer libraries that reflect the
most probable side chain conformations in elements of
secondary structure (see Table 3.3).

Proline does not form helical structure for the
obvious reason that the absence of an amide proton
(NH) precludes hydrogen bonding whilst the side chain
covalently bonded to the N atom restricts backbone
rotation. The result is that proline often locates at the
beginning of helices or in turns between two a helical
units. Occasionally proline is found in a long helical

Table 3.3 The range or distribution of x4
bond angles in different rotamer populations

Rotamer X1 angle

g¢" (gauche T) —120° — 0°

trans 120° —240°

g~ (gauche 7) 0° —120°

CHg/ H H

H NH H NH H NH
e H H CH

H H Hs e

co co co

Figure 3.6 The CA-CB bond and different rotamer
populations. Instead of looking directly along the
CA-CB bond the bond is offset slightly to aid viewing.
The front face represents the ‘backbone’ portion of the
molecule. A clockwise rotation is defined as positive
(+) whilst a counter clockwise rotation is negative (—)
and leads to angles between methylene and CO group
of ~180°, —60° and +60°

region but invariably a major effect is to distort the
helix causing a kink or change of direction of the
polypeptide backbone.



Figure 3.7 Wireframe and space-filling representa-
tions of one end of a regular a helix

The a helix is frequently portrayed in textbooks
including this one with a ‘ball and stick’ or ‘wireframe’
representation (Figure 3.7). A better picture is provided
by ‘space-filling’ representations (Figure 3.7) where
atoms are shown with their van der Waals radii.
In the ‘end-on’ view of the o helix the wireframe
representation suggests a hollow a helix. In contrast,
the space filling representation emphasizes that little
space exists anywhere along the helix backbone.
Other representations of helices include cylinders
showing the length and orientation of each helix
or a ribbon representation that threads through the
polypeptide chain. The preceding section views the
helix as a stable structure but experiments with
synthetic poly-amino acids suggest that very few
polymers fold into regular helical conformation.

Other helical conformations

The 3;y helix is a structural variation of the a helix
found in proteins (Figure 3.8). The 3iy helices are
often found in proteins when a regular o helix is
distorted by the presence of unfavourable residues,
near a turn region or when short sequences fold into
helical conformation. In the 3;y helix the dominant
hydrogen bonds are formed between residues i, i + 3 in
contrast to (i, i +4) bonds seen in the regular o helix.
The designation 3y refers to the number of backbone
atoms located between the donor and acceptor atoms
(10) and the fact that there are three residues per

THE THREE-DIMENSIONAL STRUCTURE OF PROTEINS

Figure 3.8 A 31y helix shows many similarities to
a regular a helix. Closer inspection of the hydrogen
bond donor and acceptor reveals 7, 7 + 3 connectivity,
three residues per turn and dihedral angle values of
~—50 and —25 reflect a more tightly coiled helix (see
Table 3.2)

turn. With three residues per turn the 3y helix is a
tighter, narrower structure in which the potential for
unfavourable contacts between backbone or side chain
atoms is increased.

Whilst the 319 helix is a narrower structure than
the o helix a third possibility is a more loosely coiled
helix with hydrogen bonds formed between the CO and
NH groups separated by five residues (i, i 4+ 5). This
structure is the 7 helix and at one stage it was thought
not to occur naturally. However, examples of this helix
structure have been described in proteins. Soyabean
lipoxygenase has a 43-residue helix containing regions
essential to enzyme function and stability running
through the centre of the molecule. Three turns of an
expanded helix with eight (i, i + 5) hydrogen bonds
and 4.4 residues per turn make it an example of a
helix containing more than one turn found in a protein
(Figure 3.9).

The rarity of this form of secondary structure arises
for a number of reasons. One major limitation is that
the ¢/¢ angles of a 7 helix lie at the edge of the
allowed, minimum energy, region of the Ramachandran
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Figure 3.9 The w helix showing 7, i+ 5 hydrogen
bonds and the end on view of the helix

plot. The large radius of the m helix means that
backbone atoms do not make van der Waals contact
across the helix axis leading to the formation of a
hole down the middle of the helix that is too small
for solvent occupation.

The B strand

The P strand, so called because it was the second
unit of secondary structure predicted from the model-
building studies of Pauling and Corey, is an extended
conformation when compared with the a helix. Despite
its name the P strand is a helical arrangement although
an extremely elongated form with two residues per turn
and a translation distance of 0.34 nm between similar
atoms in neighbouring residues. Although less easy
to recognize, this leads to a pitch or repeat distance
of nearly 0.7 nm in a regular § strand (Figure 3.10).
A single B strand is not stable largely because of
the limited number of local stabilizing interactions.
However, when two or more f strands form additional
hydrogen bonding interactions a stable sheet-like
arrangement is created (Figure 3.11). These f sheets
result in significant increases in overall stability and

\s
~ 0.68 nm
: o g L. U =
-l ——
0.34 nm
Translation distance
¢

Figure 3.10 The polypeptide backbone of a single
strand showing only the heavy atoms

. Inter-strand
‘4= hydrogen bond

Figure 3.11 Two adjacent B strands are hydrogen bonded to form a small element of B sheet. The hydrogen bonds
are inter-strand between neighbouring CO and NH groups. Only the heavy atoms are shown in this diagram for clarity
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are stabilized by the formation of backbone hydrogen
bonds between adjacent strands that may involve
residues widely separated in the primary sequence.

Adjacent strands can align in parallel or antiparallel
arrangements with the orientation established by deter-
mining the direction of the polypeptide chain from the
N- to the C-terminal. ‘Cartoon’ representations of
strands make establishing directions in molecular struc-
tures easy since B strands are often shown as arrows;
the arrowheads indicate the direction towards the C
terminal. These cartoons take different forms but all
‘trace’ the arrangement of the polypeptide backbone
and summarize secondary structural elements found
in proteins without the need to show large numbers
of atoms.

Polyamino acid chains do not form f sheets when
dispersed in solution and this has hindered study of
the formation of such structures. However, despite this
observation many proteins are based predominantly
on B strands, with chymotrypsin a proteolytic enzyme
being one example (see Figure 3.12).

Unlike ideal representations strands found in pro-
teins are often distorted by twisting that arises from

a systematic variation of dihedral angles (¢ and )
towards more positive values. The result is a slight, but
discernable, right hand twists in the polypeptide chain.
In addition when strands hydrogen bond together to
form sheets further distortions occur especially with
mixtures of anti-parallel and parallel § strands. On
average P sheets containing antiparallel strands are
more common than sheets made up entirely of par-
allel strands. Anti-parallel sheets often form from just
two B strands running in opposite directions whilst it
is observed that at least four B strands are required to
form parallel sheets. f strands associate spectacularly
into extensive curved sheets known as f barrels. The
B barrel is found in many proteins (Figure 3.13) and
consists of eight parallel B strands linked together by
helical segments.

Turns as elements of secondary structure

As more high-resolution structures are deposited in
protein databases it has allowed turns from different
proteins to be defined and compared in terms of

Figure 3.12 Representation of the elements of B strands and a helices found in the serine protease chymotrypsin.
(PDB:2CGA). The strands shown in cyan have arrows indicating a direction leading from the N > C terminus, the
helices are shown in red and yellow with turns in grey. There is no convention describing the use of colours to a

particular element of secondary structure
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Figure 3.13 The B barrel of triose phosphate isomerase seen in three different views. The eight B strands
encompassed by helices are shown in the centre with two different views of the eight parallel  strands shown in the
absence of helical elements. Eight strands are arranged at an angle of approximately 36° to the barrel axis (running
from top to bottom in the right most picture) with each strand offset from the previous one by a constant amount

residue composition, angles and bond distances. In
some proteins the proportion of residues found in turns
can exceed 30 percent and in view of this high value it
is unlikely that turns represent random structures. Turns
have the universal role of enabling the polypeptide to
change direction and in some cases to reverse back
on itself. The reverse turns or bends arise from the
geometric properties associated with these elements of
protein structure.

Analysis of the amino acid composition of turns
reveals that bulky or branched side chains occur at
very low frequencies. Instead, residues with small side
chains such as glycine, aspartate, asparagine, serine,
cysteine and proline are found preferentially. An anal-
ysis of the different types of turns has established that
perhaps as many as 10 different conformations exist
on the basis of the number of residues making up the
turn and the angles ¢ and {r associated with the central
residues. Turns can generally be classified according
to the number of residues they contain with the most
common number being three or four residues.

A vy turn contains three residues and frequently links
adjacent strands of antiparallel  sheet (Figure 3.14).
The vy turn is characterized by the residue in the
middle of the turn (i 4+ 1) not participating in hydrogen
bonding whilst the first and third residues can form
the final and initial hydrogen bonds of the antiparallel
B strands. The change in direction of the polypeptide
chain caused by a y turn is reflected in the values of ¢
and r for the central residue. As a result of its size and

v turn-three residues

B turn-four residues

Figure 3.14 Arrangement of atoms in y and B turns
connected to strands of an antiparallel B sheet. y
turns contain three residues whilst g turns have four
residues. A large number of variations on this basic
theme exist in proteins. Hydrogen bonds are shown by a
dotted line whilst only heavy atoms of the polypeptide
backbone together with the CB atom are shown

conformational flexibility glycine is a favoured residue
in this position although others are found.

More commonly found in protein structures are four
residue turns (B turns). Here the middle two residues
(i 4+ 1,i 4+ 2) are never involved in hydrogen bonding
whilst residues i and i 4 3 will participate in hydrogen
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bonding if a favourable arrangement forms between
donor and acceptor. Analysis of structures deposited
in protein databases reveals strong residue preferences.
In the relatively common type 1 turn any residue can
occur at position i, i 4+ 3 with the exception that Pro is
never found. More significantly glycine is often found
at position i + 3 whilst proline predominates at i + 1.
Asn, Asp, Cys and Ser are also found frequently in
B-turns as the first residue.

Additional secondary structure

Both glycine and proline are associated with unusual
conformational flexibility when compared with the
remaining 18 residues. In the case of glycine there
is very little restriction to either ¢/{ as a result of
the small side chain (H). In the case of proline the
opposite situation applies with ¢, the angle defined by
the N—Ca bond, restricted by the five-membered cyclic
(pyrrolidine) ring. Proline residues are not suited to
either helical or strand arrangements but are found at
high frequency in turns or bends.

Additionally polyproline chains adopt unique and
regular conformations distinct from helices, turns or
strands. Two recognized conformations are called
poly(Pro) I and poly(Pro) II. Proline is unique amongst
the twenty residues in showing a much higher propor-
tion of cis peptide bonds. The two forms of poly(Pro)
therefore contain all cis (I) or all trans (II) peptide
bonds. The value of ¢ is restricted by bond geometry
to —83° (I) and —78° (II) and the torsion angle restric-
tions create poly(Pro) I as a right-handed helix with 3.3
residues per turn, whilst poly(Pro) II is a left-handed
helix with three residues per turn. Poly(Gly) chains also
adopt regular conformation and presents the opposite
situation to poly(Pro) chains. Glycine has extreme con-
formational flexibility. In the solid state poly(Gly) has
been shown to adopt two regular conformations des-
ignated I and II. State I has an extended conformation
like a p strand whilst state II has three residues per turn
and is similar to poly(Pro).

The Ramachandran plot

The peptide bond is planar as a result of resonance
and its bond angle, w, has a value of 0 or 180°. A

o) CHa o

HsC HsC
W/ﬂ\ N 0 3 H
| N
- N H _ N
. | CHs
trans cis

(0]

Figure 3.15 (is and trans peptide bonds

peptide bond in the trans (Figure 3.15) conformation
(w =180°) is favoured over the cis (Figure 3.15)
arrangement (o = 0°) by a factor of ~1000 because
the preferential arrangement of non-bonded atoms leads
to fewer repulsive interactions that otherwise decrease
stability. In the cis peptide bond these non-bonded
interactions increase due to the close proximity of
side chains and C, atoms with the preceding residue
and hence results in decreased stability relative to
the trans state. Peptide bonds preceding proline are
an exception to this trend with a frans/cis ratio of
approximately 4.

The peptide bond is relatively rigid, but far greater
motion is possible about the remaining backbone
torsion angles. In the polypeptide backbone C—-N-C,—C
defines the torsion angle ¢ whilst N—C,—C-N defines
. In practice these angles are limited by unfavourable
close contacts with neighbouring atoms and these
steric constraints limit the conformational space that is
sampled by polypeptide chains. The allowed values for
¢ and  were first determined by G.N. Ramachandran
using a ‘hard sphere model’ for the atoms and these
values are indicated on a two-dimensional plot of ¢
against {r that is now called a Ramachandran plot
(Figure 3.16).

In the Ramachandran plot shown in Figure 3.16
the freely available conformational space is shaded in
green. This represents ideal geometry and is exhibited
by regular strands or helices. Analysis of crystal struc-
tures determined to a resolution of <2.5 A showed
that over 80 percent of all residues are found in this
region of the Ramachandran plot. The yellow region
indicates areas that although less favourable can be
formed with small deviations from the ideal angular
values for ¢ or . The yellow and green regions include
95 percent of all residues within a protein. Finally, the
purple coloured region, although much less favourable,



49

SECONDARY STRUCTURE
180 ! 1 1 180 - | \
4 ;';\ xx}“ 3 )
strand EE
120 - 120+ . W = = L
60 60 - : -
1 left handed 1 i
helix 1 « =
v 0 0- = T 3
helical { = F
| region 1 L
-60 —60 - -
-120 -120 - =
-180 " —— -180 | —a
-180 -120 -60 0 60 120 180 -180 -120 -60 60 120 180

Figure 3.16 Ramachandran plots showing favourable conformational parameters for different ¢/¥ values. Left:
Ramachandran plot showing the ¢/ angles exhibited by regular o helix and B strands. In addition the left-handed
helix has a region of limited stability and although not widely shown in protein structures isolated residues do adopt
this conformation. Right: Ramachandran plot derived from the crystal structure of bovine pancreatic trypsin inhibitor
PDB: 1BPI. The residue numbers for glycine are shown. In BPTI some of these residues do not exhibit typical ¢/

angles

will account for 98 percent of all residues in proteins.
All other regions are effectively disallowed with the
minor exception of a small region representing left-
handed helical structure. In total only 30 percent of the
total conformational space is available suggesting that
the polypeptide chain itself imposes severe restrictions.

One exception to this rule is glycine. Glycine lacks a
Cg atom and with just two hydrogen atoms attached to
the C, centre this residue is able to sample a far greater
proportion of the space represented in the Ramachan-
dran plot (Figure 3.17). For glycine this leads to a
symmetric appearance for the allowed regions. As
expected residues with large side chains are more likely
to exhibit unfavourable, non-bonded, interactions that
limit the possible values of ¢ and {r. In the Ramachan-
dran plot the allowed regions are smaller for residues
with large side chains such as phenylalanine, trypto-
phan, isoleucine and leucine when compared with, for
example, the allowed regions for alanine.

Similar plots of x; versus ¥, describe their distri-
bution in proteins and it was found that the distribution

180

120

60

—60 -

-120

-180

-180

-120 -60

0 60
¢

120 180

Figure 3.17 Ramachandran plot showing conforma-
tional space ‘sampled’ by glycine residues
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of 1 and Y, side-chain torsion angles followed simple
energy-based calculations with preferences for values
of approximately +60°, 180° and —60° for x; and %>
in aliphatic side chains, and +90° and —90° for the
X2 torsion angle of aromatic residues. Inspection of
X1/ distribution reveals that several residues display
preferences for certain combinations of torsion angles.
Leucine residues prefer the combinations —60°/180°
and 180°/+60°. This approach has led to the derivation
of a library of preferred, but not obligatory, side-chain
rotamers. These libraries are useful in the refinement
of protein structures and include residue-specific pref-
erences for combinations of side-chain torsion angles.
Valine, for example, shows the greatest preference for
one rotamer (¥ is predominantly t) and is unique in
this respect amongst the side chains.

Tertiary structure

At the beginning of 2004 ~22000 sets of atomic
coordinates were deposited in databases such as the
Protein Data Bank (PDB) and this value increases daily
with the deposition of new structures from increasingly
diverse organisms (see Figure 3.18). This database is

35000

THE THREE-DIMENSIONAL STRUCTURE OF PROTEINS

currently maintained at Rutgers University with several
mirrors (identical sites) found at other sites across
the world (http://www.rcsb.org/pdb). Whilst some of
these proteins are duplicated or related (there are over
50 structures of T4 lysozyme and over 200 globin
structures) the majority represent the determination of
novel structures using mainly X-ray diffraction and
nuclear magnetic resonance (NMR) spectroscopy. Over
1000 different protein folds have been discovered to
date with undoubtedly more to follow.

PDB files contain information of the positions in
space of the vast majority of atoms making up a
protein. By identifying the x, y and z coordinate of
each atom we define the whole molecule. However,
besides the x, y and z coordinates of atoms PDB files
also contain header information describing the primary
sequence, the method used to determine the structure,
the organism from which this protein was derived, the
elements of secondary structure, any post-translational
modifications as well as the authors. As a consequence
of the great development in bioinformatics PDB files
are undergoing homologization to enable easy compar-
ison between structures and to permit widespread use
with different computer software packages. Figure 3.19
shows a representative PDB file.
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Figure 3.18 Data produced by the Protein Data Bank on the deposition of structures. From Berman, H.M. et al. The
Protein Data Bank. Nucl. Acids Res. 2000 28, 235-242. See http://www.rcsb.org/pdb for latest details. Red blocks
indicate total structures, purple blocks the number of submissions per year
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HEADER HYDROLASE (ZYMOGEN) 16-JAN-87 2CGA 2CGA 3
COMPND CHYMOTRYPSINOGEN *A 2CGA 4
SOURCE BOVINE (BOS S$TAURUS) PANCREAS 2CGA 5
AUTHOR D.WANG, W.BODE, R.HUBER 2CGA 6
>>>>>>

>>>>>>

JRNL AUTH D.WANG, W.BODE, R.HUBER 2CGA 8
JRNL TITL BOVINE CHYMOTRYPSINOGEN *A. X-RAY CRYSTAL STRUCTURE 2CGA 9
>>>>>>

REMARK 1 2CGA 14
REMARK 1 REFERENCE 1 2CGA 15
>>>>>>

SEQRES 1 A 245 CYS GLY VAL PRO ALA ILE GLN PRO VAL LEU SER GLY LEU 2CGA 71
SEQRES 2 A 245 SER ARG ILE VAL ASN GLY GLU GLU ALA VAL PRO GLY SER 2CGA 72
SEQRES 3 A 245 TRP PRO TRP GLN VAL SER LEU GLN ASP LYS THR GLY PHE 2CGA 73

>>>>>>
>>>>>>
SEQRES 17 B 245 LEU VAL GLY ILE VAL SER TRP GLY SER SER THR CYS SER 2CGA 106

SEQRES 18 B 245 THR SER THR PRO GLY VAL TYR ALA ARG VAL THR ALA LEU 2CGA 107
SEQRES 19 B 245 VAL ASN TRP VAL GLN GLN THR LEU ALA ALA ASN 2CGA 108
>>>>>>

CRYST1  59.300 77.100 110.100 90.00 90.00 90.00 P 21 21 21 8 2CCGA 113
ORIGX1 1.000000 0.000000 0.000000 0.00000 2CGA 114
ORIGX2 0.000000 1.000000 0.000000 0.00000 2CGA 115
ORIGX3 0.000000 0.000000 1.000000 0.00000 2CCA 116
SCALE1 .016863 0.000000 0.000000 0.00000 2CGA 117
SCALE2 0.000000  .012970 0.000000 0.00000 2CCA 118
SCALE3 0.000000 0.000000  .009083 0.00000 2CCGA 119
MTRIX1 1  .987700  .155000  .017700 6.21700 1 2CGA 120
MTRIX2 1  .022800 -.031400 -.999200 115.61600 1 2CCA 121
MTRIX3 1 ~-.154300  .987400 -.034600 -3.74800 1 2CGA 122
ATOM 1 N Ccysa 1 -10.656 55.938 41.808 1.00 11.66 2CGA 123
ATOM 2 CA Ccysa 1 -10.044 57.246 41.343 1.00 11.66 2CGA 124
ATOM 3 ¢ CcysaAa 1 -10.076 58.323 42.431 1.00 11.66 2CGA 125
ATOM 4 0 cCcysaAa 1 -10.772 58.097 43.448 1.00 11.66 2CGA 126
ATOM 5 CB CYSA 1 -10.807 57.718 40.066 1.00 11.66 2CGA 127
>>>>>>

>>5>>>>

>>5>>>>

ATOM 744 N ASN A 100 -13.152 77.724 22.378 1.00 8.65 2CGA 866
ATOM 745 CA ASN A 100 -14.213 76.940 23.011 1.00 8.65 2CGA 867
ATOM 746 C ASN A 100 -14.134 75.441 22.693 1.00 8.65 2CGA 868
ATOM 747 O ASN A 100 -13.706 75.062 21.563 1.00 8.65 2CGA 869
>>>>>>

>>>>>>

ATOM 1461 N VAL A 200 -9.212 70.793 39.923 1.00 9.30 2CGA1583
ATOM 1462 CA VAL A 200 -9.875 69.689 40.639 1.00 9.30 2CGA1584
ATOM 1463 C VAL A 200 -10.634 70.148 41.868 1.00 9.30 2CGA1585
ATOM 1464 O VAL A 200 -10.151 70.985 42.657 1.00 9.30 2CGA1586
>>>>>>

HETATM 3601 O HOH 601 -20.008 66.224 26.138 1.00 26.69 2CGA3723
HETATM 3602 O HOH 602 -21.333 66.182 28.756 1.00 18.10 2CCGA3724
HETATM 3603 O HOH 603 -18.000 68.022 22.774 1.00 34.03 2CGA3725
MASTER 60 3 0 0 0 0 0 9 3927 2 0 38 2CGAA 6
END 2CGA4053

Figure 3.19 An abbreviated version of a representative PDB file. The file 2CGA refers to the chymotrypsin. In the
above example the structure was determined by X-ray crystallography and the initial lines (header and remarks) of a
PDB file give the authors, important citations, source of the protein and other useful information. Later the primary
sequence is described and this is followed by crystallographic data on the unit cell dimensions and space group.
The important lines are those beginning with ATOM since collectively these lines list all heavy atoms of the protein
together with their respective x, y and z coordinates. A line beginning HETATM lists the position of hetero atoms
which might include co-factors but more frequently lists water molecules found in the crystal structure. The symbol
>33 is used here to denote the omission of many lines of text. Where more than one chain exists the
coordinates will be listed as chain A, chain B, etc.
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Ten years ago the representation of tertiary structures
on flat pages of a book represented a major prob-
lem as well as creating conceptual difficulty for stu-
dents. Although tertiary structures remain complex
to visualize the widespread development of desktop
computers capable of handling these relatively large
files coupled with graphical software to represent the
structures of proteins in different fashions has revo-
lutionized this area. Many of the images of proteins
shown in this book can be viewed as true °‘three-
dimensional’ structures by consulting the on-line ver-
sion of this book or by downloading the PDB file
from one of the many available databases and using
this file in a suitable molecular graphics package. An
alternative sometimes used is to represent molecules
as stereo images that can be viewed with either spe-
cial glasses or more easily on computers equipped to
display such structures again using special glasses. In
this book stereo images have not been widely used
purely for simplicity but students should endeavour
to view such presentations because of their ability to

Ala-Glu-Glu-Ser-Ser-Lys-Ala-Val-....

convey space, folding and depth in highly complex
structures.

Numerous software packages have been developed
for viewing PDB files and each has its own advantages
and disadvantages as well as its own supporters and
detractors within the scientific community. Many of
these packages are public domain software whilst
others have been developed as commercial entities.
However, there is little doubt that as a result of this
important, yet often under-rated, development it has
become easier to portray tertiary structures conveying
their complexity and beauty.

Detailed tertiary structure

The tertiary structure represents the folded polypeptide
chain. It is defined as the spatial arrangement of amino
acid residues that are widely separated in the primary
sequence or more succinctly as the overall topology
formed by the polypeptide (see Figure 3.20). For small
globular proteins of 150 residues or less the folded

Domain

Figure 3.20 Four levels of organization within proteins; primary, secondary, tertiary and quaternary
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structure involves a spherical compact molecule com-
posed of secondary structural motifs with little irregular
structure. Disordered or irregular structure in proteins
is normally confined to the N and C terminals or more
rarely to loop regions within a protein or linker regions
connecting one or more domains. Asking the ques-
tion ‘what is the tertiary structure of a protein?’ is
synonymous with asking ‘what is the protein fold?.’
The fold arises from linking together secondary struc-
tures forming a compact globular molecule. Elements
of secondary structure interact via hydrogen bonds,
as in B sheets, but also depend on disulfide bridges,
electrostatic interactions, van der Waals interactions,
hydrophobic contacts and hydrogen bonds between
non-backbone groups.

Interactions stabilizing tertiary structure

To form stable tertiary structure proteins must clearly
form more attractive interactions than unfavourable
or repulsive ones. The formation of stable tertiary
folds relies on interactions that differ in their relative
strengths and frequency in proteins.

Disulfide bridges

Disulfide bridges dictate a protein fold by forming
strong covalent links between cysteine side chains that
are often widely separated in the primary sequence.
A disulfide bridge cannot form between consecutive
cysteine residues and it is normal for each cysteine
to be separated by at least five other residues.
The formation of a disulfide bridge restrains the
overall conformation of the polypeptide and in bovine
pancreatic trypsin inhibitor (BPTI; Figure 3.21), a
small protein of 58 residues, there are three disulfide
bridges formed between residues 5-55, 14-38 and
30-51. The effect is to bring the secondary structural
elements closer together. Disulfide bonds are only
broken at high temperatures, acidic pH or in the
presence of reductants. In BPTI reduction of the
disulfide bonds leads to decreased protein stability that
is mirrored by other disulfide-rich proteins.

The hydrophobic effect

The importance of the hydrophobic effect was for a
long time underestimated. Charged interactions and

Figure 3.21 Structure of BPTI (PDB: 5PTI) showing
the protein fold held by three disulfide bridges (5-55,
14-38 and 30-51)

hydrogen bonds are not strong intramolecular forces
because water molecules compete significantly with
these effects. However, water is a very poor solvent
for many non-polar molecules and this is exemplified
by dissolving an organic solute such as cyclohexane
in water. Non-polar molecules cannot form hydrogen
bonds with water and this prevents molecules such
as cyclohexane dissolving extensively in aqueous
solutions. As a consequence interactions between water
and non-polar molecules are weakened and may be
virtually non-existent. The result is an enhancement
of interactions between non-polar molecules and the
formation of hydrophobic clusters within water. The
enhanced interactions between non-polar molecules
in the presence of water are the basis for the
hydrophobic effect. Since the side chains of many
amino acid residues are hydrophobic it is clear that
the hydrophobic effect may contribute significantly to
intramolecular interactions. The hydrophobic effect can
be restated as the preference of non-polar atoms for
non-aqueous environments.



54 THE THREE-DIMENSIONAL STRUCTURE OF PROTEINS

The magnitude of the hydrophobic effect has proved
difficult to estimate but has been accomplished by
measuring the free energy associated with transfer
of a non-polar solvent into water from the gaseous,
liquid or solid states. The thermodynamics governing
the transfer of non-polar molecules between phases
are complicated but it is worth remembering that
the enthalpy change, AH, represents changes in non-
covalent interactions in going between the two phases
whilst the entropy change (AS) reflects differences
in the order of each system. A summation of these
two terms gives AGy, the free energy of transfer of
a non-polar or hydrophobic molecule from one phase
to another, via the relationship AG = AH —TAS,
where T is temperature. The overall process involves
the transfer of a solute molecule into the aqueous
phase by (i) creating a cavity in the water, (ii) adding
solute to the cavity, and (iii) maximizing favourable
interactions between solute molecules and between
solvent molecules.

In ice water molecules are arranged in a regular
crystal lattice that maximizes hydrogen bonding with
other water molecules, forming on average four
hydrogen bonds. In the liquid phase these hydrogen
bonds break and form rapidly with an estimated half-
life of less than 1 ns. This leads to each water
molecule forming an average of 3.4 hydrogen bonds.
The capacity for hydrogen bonding and intermolecular
attraction accounts for the high boiling point of water
and the relatively large amounts of energy required
to break these interactions, especially when compared
with the interactions between non-polar liquids such as
cyclohexane (Figure 3.22). Here the C—H bonds show
little tendency to hydrogen bond and this is true for
most of the non-polar side chains of amino acids in
proteins. The hydrophobic interaction does not derive
from the interaction between non-polar molecules or
from the interaction between water and non-polar
solutes because hydrogen bonds do not form. The
driving force for the formation of hydrophobic clusters
is the tendency for water molecules to hydrogen
bond with each other. Water forms hydrogen bonded
networks around non-polar solutes to become more
ordered and one extreme example of this effect is the
observation of clathrates where water forms an ordered
cage around non-polar solutes. Around the cage water

AH =-8
TAS =-12
AG =+4
AC,=+120

Aqueous
solution

/AYH =42

TAS =-3
AG =+5

Figure 3.22 Transfer of a non-polar solute (cyclo-
hexane) from gas, liquid and solid phases to aqueous
solution around room temperature. The hydrophobic
interaction is temperature dependent and the respec-
tive enthalpy (AH), entropy (TAS) and free energy
(AG) of transfer are given in kcal mol=!. (Repro-
duced courtesy of Creighton, T.E. Proteins Structure &
Molecular Properties, 2nd edn. W.H. Freeman, 1993)

forms with maximum hydrogen bonding but each bond
has less than optimal geometry.

The energetics of the hydrophobic interaction can
now be explored in more detail to provide a physical
basis for the phenomena in protein structure. The
most interesting transitions are those occurring from
liquid phases involving the transfer of a non-polar
solute from a non-polar liquid to water. The adverse
ordering of water around the solute leads to an
unfavourable decrease in entropy, whilst the AH
term is approximately zero. It is the entropic factor
that dominates in the transfer of a non-polar solute
into aqueous solutions with enthalpy terms reflecting
increased hydrogen bonding.

The temperature dependence of the hydrophobic
interaction provides still more clues concerning the
process. As the temperature is increased water around
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non-polar solutes is disrupted by breaking hydrogen
bonds and becomes more like bulk water. This
process is reflected by a large heat capacity (ACp)
that accompanies the hydrophobic interaction and is
characteristic of this type of interaction. The large
change in heat capacity underpins the temperature
dependency of the hydrophobic interaction through
its effect on both enthalpic and entropic terms. The
magnitude of Cp is related to the non-polar surface
area of the solute exposed to water along with many
other thermodynamic parameters. As a result a large
number of correlations have been made between
accessible surface area, solubility of non-polar solutes
in aqueous solutions and the energetics associated with
the hydrophobic interaction. The hydropathy index
established for amino acids is just one manifestation
of the hydrophobic interaction described here.

Charge—charge interactions

These interactions occur between the side chains of
oppositely charged residues as well as between the
NH;* and COO~ groups at the ends of polypeptide

GLU 21

ARG 154

Figure 3.23 An example of electrostatic or charge-
charge interactions occurring in proteins. The example
shown is from the protease chymotrypsin (PDB: 2CGA).
Here the interaction is between arginine and glutamate
side chains. The donor atom is the hydrogen of the NE
nitrogen whilst the acceptor groups are both oxygen
atoms, OE1 and OE2. Reproduced courtesy Creighton,
T.E. Proteins Structure & Molecular Properties, 2nd
edn. W.H. Freeman, 1993

chains (Figure 3.23). Of importance to charge—charge
interactions' are the side chains of lysine, arginine and
histidine together with the side chains of aspartate,
glutamate and to a lesser extent tyrosine and cysteine.

As a result of their charge the side chains of
these residues are found on the protein surface
where interactions with water or solvent molecules
dramatically weaken these forces. In view of their low
frequency and solvated status these interactions do not
usually contribute significantly to the overall stability
of a protein fold. Coulomb’s law describes the potential
energy (V) between two separated charges (in a perfect
vacuum) according to the relationship

V =g, q»/¢ 47 r? 3.1

where ¢; and g, are the magnitude of the charges (nor-
mally +1 and —1), r is the separation distance between
these charges and ¢ is the permittivity of free space. In
other media, such as water this equation is modified to

V=q q2/e0 4w r? (3.2)

where g, is the permittivity of the medium and is related
to the dielectric constant (g;) by

& = ¢/g, (3.3)

When the medium is water this has a value of
approximately ~80 whilst methanol has a value of ~34
and a hydrophobic solvent such as benzene has a value
of ~2 (a perfect vacuum has a value of 1 by definition).
It has been estimated that each charge—pair interaction
located on the surface of a protein may contribute less
than 5 kJmol~! to the overall stability of a protein
and this must be compared with the much stronger
disulfide bridge (~100—200 kJmol~!). Occasionally
charge interactions exist within non-polar regions in
proteins and under these conditions with a low dielectric
medium and the absence of water the magnitude of the
charge—charge interaction can be significantly greater.
A variation occurring in normal charge—charge
interactions are the partial charges arising from hydro-
gen bonding along helices. Hydrogen bonding between
amide and carbonyl groups gives rise to a net dipole
moment for helices. In addition the peptide bonds
pointing in the same direction contribute to the accumu-
lative polarization of helices. As a result longer helices

'Sometimes called electrostatic, ionic or salt-bridge interactions.
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have a greater macrodipole. The net result is that a
small positive charge is located at the N-terminal end
of a helix whilst a negative charge is associated with
the C-terminal end. For a helix of average length this is
equivalent to 40.5—0.7 unit charge at the N-terminus
and —0.5-0.7 units at the C terminus. Consequently,
to neutralize the overall effect of the helix macrodipole
acidic side chains are more frequently located at the
positive end of the helix whilst basic side chains can
occur more frequently at the negative pole.

Hydrogen bonding

Hydrogen bonds contribute significantly to the stability
of a helices and to the interaction of P strands to
form parallel or antiparallel B sheets. As a result such
hydrogen bonds contribute significantly to the overall
stability of the tertiary structure or folded state. These
hydrogen bonds are between main chain NH and CO
groups but the potential exists with protein folding to
form hydrogen bonds between side chain groups and
between main chain and side chain. In all cases the
hydrogen bond involves a donor and acceptor atom and
will vary in length from 0.26 to 0.34 nm (this is the
distance between heavy atoms, i.e. between N and O in
a hydrogen bond of the type N-H- - - O=C) and may
deviate in linearity by +40°. In proteins other types
of hydrogen bonds can occur due to the presence of
donor and acceptor atoms within the side chains. This
leads to hydrogen bonds between side chains as well
as side chain—main chain hydrogen bonds. Particularly
important in hydrogen bond formation are the side
chains of tyrosine, threonine and serine containing
the hydroxyl group and the side chains of glutamine
and asparagine with the amide group. Frequently, side
chain atoms hydrogen bond to water molecules trapped
within the interior of proteins whilst at other times
hydrogen bonds appear shared between two donor or
acceptor groups. These last hydrogen bonds are termed
bifurcated. Table 3.4 shows examples of the different
types of hydrogen bond.

Van der Waals interactions

There are attractive and repulsive van der Waals forces
that control interactions between atoms and are very

Table 3.4 Examples of hydrogen bonds between
functional groups found in proteins

Residues involved in Nature of interaction

hydrogen bonding and typical distance
between donor and

acceptor atoms (nm)

Amide—carbonyl y
N—H——0=C¢C

Gln/Asn -backbone ~0.29 nm

Amide-hydroxyl.

Backbone-Ser
Asn/Gln -Ser

Amide-imidazole.

Asn/Gln -His

Backbone -His

N—H——N NH
~0.31 nm

Hydroxyl-carbonyl "

\ /
O0—o0=cC
Ser/Thr/Tyr—backbone /

~0.28 nm

Ser-Asn/Gln
Thr- Asn/Gln
Tyr- Asn/Gln

Hydroxyl-hydroxyl
0——H-0

Thr,Ser and Tyr
~0.28 nm

Tyr-Ser

important in protein folding. These interactions occur
between adjacent, uncharged and non-bonded atoms
and arise from the induction of dipoles due to fluctuat-
ing charge densities within atoms. Since atoms are con-
tinually oscillating the induction of dipoles is a constant
phenomena. It is unwise to view van der Waals forces
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as simply the interaction between temporary dipoles;
the interaction occurs between uncharged atoms and
involves several different types. Unlike the electrostatic
interactions described above they do not obey inverse
square laws and they vary in their contributions to the
overall intermolecular attraction. Three attractive con-
tributions are recognized and include in order of dimin-
ishing strength: (i) the orientation effect or interaction
between permanent dipoles; (ii) the induction effect or
interaction between permanent and temporary dipoles;
(iii) the dispersion effect or London force, which is the
interaction between temporary, induced, dipoles.

The orientation effect is the interaction energy
between two permanent dipoles and depends on their
relative orientation. For a freely rotating molecule it
might be expected that this effect would average out
to zero. However, very few molecules are absolutely
free to rotate with the result that preferred orienta-
tions exist. The energy of interaction varies as the
inverse sixth power of the interatomic separation dis-
tance (i.e. oc %) and is inversely dependent upon
the temperature. The induction effect also varies as
r~® but is independent of temperature. The magni-
tude of this effect depends on the polarizability of
molecules. The dispersion effect, sometimes called the
London force, involves the interactions between tem-
porary and induced dipoles. It arises from a temporary
dipole inducing a complementary dipole in an adja-
cent molecule. These dipoles are continually shifting,
depend on the polarization of the molecule and result
in a net attraction that varies as r~°.!

When atoms approach very closely repulsion be-
comes the dominant and unfavourable interaction. The
repulsive term is always positive but drops away
dramatically as the distance between the two atoms
increases. In contrast it becomes very large at short
atomic distances and is usually modelled by r~!? dis-
tance dependency, although there are no experimental
grounds for this relationship. The combined repulsive
and attractive van der Waals terms are described by
plots of the potential energy as a function of inter-
atomic separation distance (Figure 3.24). The energy
of the van der Waals reactions is therefore described

I'The dispersion effect is so called because the movement of electrons
underlying the phenomena cause a dispersion of light.

Repulsive interaction

Repulsive

region

Net interaction
r

Attractive

region

Attractive interaction

Figure 3.24 The van der Waals interaction as a
function of interatomic distance r. The repulsive term
increases rapidly as atoms get very close together

by the difference between the attractive (+ —°) and repul-
sive terms (r~'2)

Evaw & —A/r® + B/r!?
Eviw =2 E [(rm/1)"? = 2(rm/7)°]

34
(3.5)

where the van der Waals potential (Eyqy) is the sum
of all interactions over all atoms, E is the depth of the
potential well and ry, is the minimum energy interaction
distance. This type of interaction is often called a
6—12 interaction, or the Leonard Jones potential.
Although van der Waals forces are extremely weak,
especially when compared with other forces influencing
protein conformation, their large number arranged close
together in proteins make these interactions significant
to the maintenance of tertiary structure.

A protein’s folded state therefore reflects the sum-
mation of attractive and repulsive forces embodied by
the summation of the electrostatic, hydrogen bond-
ing, disulfide bonding, van der Waals and hydrophobic
interactions (see Table 3.5). It is often of consider-
able surprise to note that proteins show only marginal
stability with the folded state being between 20 and
80 kI mol~! more stable than the unfolded state. The
relatively small value of AG reflects the differences
in non-covalent interactions between the folded and
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Table 3.5 Distance dependence and bond energy for
interactions between atoms in proteins

Bond Distance Approximate
dependence bond energy
(kJ mol~")

Covalent No simple ~200
dependence

Tonic o 1/r? <20

Hydrogen bond No simple <10
expression

van der Waals o 1/r® <5

Hydrophobic No simple <10
expression

unfolded states. This arises because an unfolded pro-
tein normally has an identical covalent structure to
the folded state and any differences in protein stability
arise from the favourable non-covalent interactions that
occur during folding.

The organization of proteins into domains

For proteins larger than 150 residues the tertiary
structure may be organized around more than one
structural unit. Each structural unit is called a domain,
although exactly the same interactions govern its
stability and folding. The domains of proteins interact
together although with fewer interactions than the
secondary structural elements within each domain.
These domains can have very different folds or
tertiary structures and are frequently linked by extended
relatively unstructured regions of polypeptide.

Three major classes of domains can be recognized.
These are domains consisting of mainly o helices,
domains containing mainly p strands and domains that
are mixed by containing o and P elements. In this
last class are structures containing both alternating o/
secondary structures as well as proteins made up of
collections of helices and strands (o 4+ B). Within each
of these three groups there are many variations of the
basic themes that lead to further classification of protein
architectures (see Figure 3.25).

Protein domains arise by gene duplication and
fusion. The result is that a domain is added onto
another protein to create new or additional properties.
An example of this type of organization is seen in the
cytochrome bs superfamily. Cytochrome bs is a small
globular protein containing both o helices and p strands
functioning as a soluble reductant to methaemoglobin
in the erythrocyte or red blood cell. The cytochrome
contains a non-covalently bound heme group in
which the iron shuttles between the ferric (Fe’t)
and ferrous (Fe?*) states (Figure 3.26). The reversible
redox chemistry of the iron is central to the role of
this protein as an electron carrier within erythrocytes.
When united with a short hydrophobic chain this
protein assumes additional roles and participates in
the fatty acyl desaturase pathway. In mitochondria the
enzyme sulfite oxidase converts sulfite to sulfate as
part of the dissimilatory pathway for sulfur within
cells. Sulfite oxidase contains cytochrome bs linked
to a molybdenum-containing domain. Further use of
the bs-like fold occurs in nitrate reductase where a
flavin binding domain is linked to the cytochrome. The
result is a plethora of new proteins containing different
domains that allow the basic redox role of cytochrome
bs to be exploited and enhanced to facilitate the
catalysis of new reactions.

A rigorous definition of a domain does not exist.
One acceptable definition is the presence of an
autonomously folding unit within a protein. Alterna-
tively a domain may be defined as a region of a pro-
tein showing structurally homology to other proteins.
However, in all cases domains arise from the folding
of a single polypeptide chain and are distinguished from
quaternary structure (see below) on this basis.

Super-secondary structure

The distinctions between secondary structure and
super-secondary structure or between tertiary structure
and super-secondary structure are not well defined.
However, in some proteins there appears to be
an intermediate level of organization that reflects
groups of secondary structural elements but does not
encompass all of the structural domain or tertiary
fold. The B barrel found in enzymes such as triose
phosphate isomerase could form an element of super
secondary structure since it does not represent all of the
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Cytochrome bsg,

Plastocyanin

cis-trans proline isomerase

y-crystallin

Figure 3.25 The secondary structure elements found in monomeric proteins. The A repressor protein (PDB: 1LMB)
contains the helix turn helix (HTH) motif; cytochrome b-562: (PDB: 256b) is a four-helix bundle heme binding
domain; human thioredoxin: (PDB: 1ERU), a mixed a/B protein containing a five-stranded twisted B sheet. spinach
plastocyanin: (PDB: 1AG6) a single Greek key motif binds Cu (shown in green); human cis-trans proline isomerase
(PDB: 1VBS), a small extensive § domain containing a collection of strands that fold to form a ‘sandwich’; human
y-crystallin: (PDB: 2GCR), two domains each of which is an eight-stranded B barrel type structure composed of two

Greek key motifs

folded domain yet represents a far greater proportion
of the structure than a simple B strand. Amongst other
elements of super-secondary structure recognized in
proteins are the B-a-p motif, Rossmann fold, four-helix
bundles, the Greek-key motif and its variants, and the
B meander. The cartoon representations in Figure 3.27
demonstrate the arrangement of f strands in some of
these motifs and the careful viewer may identify these
motifs in some figures in this chapter.

The B meander motif is a series of antiparallel
B strands linked by a series of loops or turns. In
the B meander the order of strands across the sheet
reflects their order of appearance along the polypeptide

sequence. A variation of this design is the so-called
Greek key motif, and it takes its name from the
design found on many ancient forms of pottery or
architecture. The Greek key motif shown here links
four antiparallel f strands with the third and fourth
strands forming the outside of the sheet whilst strands
1 and 2 form on the inside or middle of the sheet.
The Greek key motif can contain many more strands
ranging from 4 to 13. The Cu binding metalloprotein
plastocyanin contains eight B strands arranged in a
Greek key motif.

A B sandwich forms normally via the interaction
of strands at an angle and connected to each other
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@D Fap|  fevocytoctrome by
_ {yeasi)

cyfochrome bg (ER form)

cyfochrome bsferytfirocytal

sulfite oxidase

Eytochroms b
(outer miitochondrial membrans)

Figure 3.26 The heme binding domain of cytochrome bs (PDB:3B5C), a schematic representation of the duplication
of this domain (red) to form part of multi-domain proteins by linking it to FAD domains, Mo-containing domains or
hydrophobic tails. The arrangement of domains in proteins such as nitrate reductase, yeast flavocytochrome b, and
sulfite oxidase is shown (left). The structure of sulfite oxidase (bottom) (PDB: 1SOX) shows the cytochrome domain
in the foreground linked to a larger molybdenum-pterin binding domain

via short loops. In some cases these strands can
originate from a different polypeptide chain but the
emphasis is on two layers of P strands interacting
together within a globular protein. The layers of the
sandwich can be aligned with respect to each other
or arranged orthogonally. An example of the second
arrangement is shown in human cis-trans proline
peptidyl isomerase.

The Rossmann fold, named after its discoverer
Michael Rossmann, is an important super-secondary
structure element and is an extension of the PB-a-p
domain. The Rossmann fold consists of three parallel
B strands with two intervening o helices i.e. B-o-f-
a-p. These units are found together as a dimer — so
the Rossmann fold contains six P strands and four
helices — and this collection of secondary structure
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TIE

Figure 3.27 Cartoon representations of (a) the § meander, (b) Greek key and (c) Swiss or Jelly roll motifs

neuraminidase

Lactate dehydrogenase

P22 tail spike protein

Figure 3.28 The structure of complex motifs involving P strands. Native influenza neuraminidase showing
characteristic f propellor (PDB:1F8D). A B helix found in the tailspike protein of bacteriophage P22 (PDB:1TSP). The
B-a-B-a-p motif is shown in the Rossmann fold of Lactate dehydrogenase with each set of three strands shown in

different colours (PDB:1LDH)
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frequently forms a nucleotide-binding site. Nucleotide
binding domains are found in many enzymes and in
particular, dehydrogenases, where the co-factor nicoti-
namide adenine dinucleotide is bound at an active site.
Examples of proteins or enzymes containing the Ross-
mann fold are lactate dehydrogenase, glyceraldehyde-
3-phosphate dehydrogenase, alcohol dehydrogenase,
and malate dehydrogenase. However, it is clear that
this fold is found in other nucleotide proteins beside
dehydrogenases, including glycogen phosphorylase and
glyceroltriphosphate binding proteins.

Elements of super secondary structure are frequently
used to allow protein domains to be classified by
their structures. Most frequently these domains are
identified by the presence of characteristic folds. A fold
represents the ‘core’ of a protein domain formed from a
collection of secondary structures. In many cases these
folds occur in more than one protein allowing structural
relationships to be established. These characteristic
folds include four-helix bundles (cytochrome bsg, in
Figure 3.25), helix turn helix motifs (the A repressor
in Figure 3.25), f§ barrels, and the P sandwich as
well as more complicated structures such as the
propellor and P helix (see Figure 3.28). The P helix
is an unusual arrangement of secondary structure — 8
strands align in a parallel manner one above another
forming inter-strand hydrogen bonds but collectively
twisting as a result of the displacement of successive
strands. The strands all run in the same direction and
the displacement result in the formation of a helix. Both
left-handed and right-handed f helix proteins have been
discovered, and a prominent example of a right handed
B helix occurs in the tailspike protein of bacteriophage
P22. In this protein the tailspike protein is actually
a trimer containing three interacting f helices. The
arrangement of strands within a B helix gives any
subunit with this structural motif a very elongated
appearance and leads to the hydrophobic cores being
spread out along the long axis as opposed to a typical
globular packing arrangement.

Quaternary structure

Many proteins contain more than one polypeptide
chain. The interaction between these chains under-
scores quaternary structure. The interactions are exactly

the same as those responsible for tertiary structure,
namely disulfide bonds, hydrophobic interactions,
charge—pair interactions and hydrogen bonds, with
the exception that they occur between one or more
polypeptide chains. The term subunit is often used
instead of polypeptide chain.

Quaternary structure can be based on proteins
with identical subunits or on non-identical subunits
(Figure 3.29). Triose phosphate isomerase, HIV pro-
tease and many transcription factors function as
homodimers. Haemoglobin is a tetramer containing two
different subunits denoted by the use of Greek letters,
a and B. The protein contains two o and two B subunits
in its tetrameric state and for haemoglobin this is nor-
mally written as a;f,. Although it might be thought
that aggregates of subunits are an artefact resulting
from crystal packing it is abundantly clear that correct
functional activity requires the formation of quater-
nary structure and the specific association of subunits.
Subunits are held together predominantly by weak non-
covalent interactions. Although individually weak these
forces are large in number and lead to subunit assembly
as well as gains in stability.

Quaternary structure is shown by many proteins
and allows the formation of catalytic or binding sites
at the interface between subunits. Such sites are
impossible for monomeric proteins. Further advantages
of oligomeric proteins are that ligand or substrate-
binding causes conformational changes within the
whole assembly and offer the possibility of regulating
biological activity. This is the basis for allosteric
regulation in enzymes.

In the following sections the quaternary organization
of transcription factors, immunoglobulins and oxygen-
carrying proteins of the globin family are described
as examples of the evolution of biological function in
response to multiple subunits. The presence of higher
order or quaternary structure allows greater versatility
of function, and by examining the structures of some of
these proteins insight is gained into the interdependence
of structure and function. A common theme linking
these proteins is that they all bind other molecules such
as nucleic acid in the case of transcription factors, small
inorganic molecules such as oxygen and bicarbonate by
the globins and larger proteins or peptides in the case
of immunoglobulins.
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MS?2 viral capsid protein Haemoglobin

Proteasome Bacterial photosynthetic reaction centre

Figure 3.29 The structures of large oligomeric proteins. Dimers are shown with triose phosphate isomerase and
HIV protease. Trimers are represented by the MS2 viral capsid protein. Haemoglobin is a tetramer composed of two
pairs of identical subunits. The proteasome consists of four concentric rings each made up of seven subunits. Only
one ring is shown in the current view. The bacterial photosynthetic reaction centre contains four different subunits,

the H,M,L and C subunits
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Dimeric DNA-binding proteins

Many dimeric proteins exist in the proteomes of cells
and one of the most common occurrences is the use
of two subunits and a two-fold axis of symmetry to
bind DNA. DNA binding proteins are a very large
group of proteins typified by transcription factors.
Transcription factors bind to promoter regions of
DNA sequences called, in eukaryotic systems, the
TATA box, and in prokaryotes a Pribnow box. The
TATA box is approximately 25 nucleotides upstream
of the transcription start site and as their name
suggests these factors mediate the transcription of DNA
into RNA by promoting RNA polymerase binding
to this region of DNA in a pre-initiation complex
(Figure 3.30).

In prokaryotes the mode of operation is simpler
with fewer modulating elements. Prokaryotic promoter
contains two important zones called the —35 region
and —10 region (Pribnow box). The —35 bp region
functions in the initial recognition of RNA polymerase
and possesses a consensus sequence of TTGACAT. The
—10 region has a consensus sequence (TATAAT) and
occurs about 10bp before the start of a bacterial gene.

The cI and cro proteins from phage X\ were
amongst the first studied DNA binding proteins and
act as regulators of transcription in bacteriophages
such as 434 or \. The life cycle of N bacteriophage
is controlled by the dual action of the cI and cro
proteins in a complicated series of reactions where
DNA binding close to initiation sites physically
interferes with gene transcription by RNA polymerase

=25 1
,—-
I — ——
Upstream TATAbox  Transcription Downstream
Element Start Element

Figure 3.30 Transcription starts at the initiation site
(+1) but is promoted by binding to the consensus
TATA box sequence (—25) of the RNA polymerase
complex that includes transcription factors. Upstream
DNA sequences that facilitate transcription have been
recognized (CAT and GC boxes ~—80 and ~—90
bases upstream of start site) whilst downstream
elements lack consensus sequences but exist for some
transcription systems
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Figure 3.31 The control of transcription in bacterio-
phage ) by cro and cI repressor proteins. The cI dimer
may bind to any of three operators, although the order
of affinity is 01 ~ 02 > 03. In the absence of cI pro-
teins, the cro gene is transcribed. In the presence of
cI proteins only the cI gene may be transcribed. High
cI concentrations prevents transcription of both genes

(Figure 3.31). For this reason these proteins are
also called repressors. When phage DNA enters a
bacterial host cell two outcomes are possible: lytic
infection results in the production of new viral
particles or alternatively the virus integrates into
the bacterial genome lying dormant for a period
known as the lysogenic phase. Lytic and lysogenic
phases are initiated by phage gene expression but
competition between the cro and cl repressor proteins
determines which pathway is followed. Cro and
cl repressor compete for control by binding to an
operator region of DNA that contains at least three
sites that influence the lytic/lysogenic switch. The
bacteriophage remains in the lysogenic state if cl
proteins predominate. Conversely the lytic cycle is
followed if cro proteins dominate.

Determining the structure of the clI repressor in the
presence of a DNA containing a consensus binding
sequence uncovered detailed aspects of the mechanism
of nucleic acid binding. The mechanism of DNA
binding is of considerable interest in view of the
widespread occurrence of transcription factors in all
cells and the growing evidence of their involvement
in many disease states. In the absence of DNA a
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Figure 3.32 The monomer form of the cI repressor
(PDB: 1LMB)

structure for the cl repressor revealed a polypeptide
chain containing five short helices within a domain of
~70 residues (Figure 3.32). Far more revealing was
the structure in the presence of DNA and the use of
helices 2 and 3 as a helix-turn-helix or HTH motif to
fit precisely into the major groove (Figure 3.33).

The N- and C-terminal domains of one subunit are
separated by mild proteolysis. Under these conditions
two isolated N-terminal domains form a less stable
dimer that has lowered affinity for DNA when
compared with the complete repressor. The HTH motif
is 20 residues in length and is formed by helices
2 and 3 found in the N terminal domain. Although
the HTH motif is often described as a ‘domain’ it
should be remembered it is part of a larger protein
and does not fold into a separate, stable element of
structure. Helix 3 of the HTH motif makes a significant
number of interactions with the DNA. It is called
the recognition helix with contact points involving
GIn33, GIn44, Serd5, Gly46, Gly48, and Asn52. These
residues contain a significant proportion of polar side
chains and bind directly into the major groove found
in DNA. In comparison helix 2 makes fewer contacts
and has a role of positioning helix 3 for optimal
recognition. Of the remaining structure helices 4 and 5

Figure 3.33 The structure of the N terminal domain
of the N repressor in the presence of DNA. The fifth
helix forms part of the dimerization domain that allows
two monomer proteins to function as a homodimer. In
each case helices 2 and 3 bind in the major groove of
DNA since the spatial separation of each HTH motif is
comparable with the dimensions of the major groove

form part of a dimer interface whilst the C terminal
domain is involved directly in protein dimerization.
Dimerization is important since it allows HTH motifs
to bind to successive major grooves along a sequence
of DNA. Determination of the structure of the cro
repressor protein showed a very similar two-domain
structure to the cl repressor with comparable modes
of DNA binding (see Figure 3.34). The overwhelming
similarity in structure between these proteins suggested
a common mechanism of DNA binding and one that
might extend to the large number of transcription
factors found in eukaryotes.

Comparison of the sequences of HTH motifs from
A and cro repressors showed sequence conservation
(Figure 3.35). The first seven residues of the 20 residue
HTH motif form helix 2, a short 4 residue turn extends
from positions 8 to 11 and the next (recognition) helix
is formed from residues 12 to 20. The sequences of
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Figure 3.34 The cro repressor protein from bacterio-
phage 434 bound to a 20-mer DNA helix (PDB:4CRO)

Cro : QTKTAKDLG YQSA NKAIH
434Cro : QTELATKAG KQOQS QLIEA
cI : QESVADKMG GQOSG GALFN

Figure 3.35 The sequence homology in the cro and
cI repressors. Residues highlighted in red are invariant
whilst those shown in yellow illustrate conservative
changes in sequence

the HTH motif in the cro and N\ repressors helped
define structural constraints within this region. Residue
9 is invariant and is always a glycine residue. It is
located in the ‘turn’ region and larger side chains are
not easily accommodated and would disrupt the turn
and by implication the positioning of the DNA binding
helix. Residues 4 and 15 are completely buried from
the solvent whilst residues 8 and 10 are partially buried,
non-polar side chains charged side chains unfavourable
at these locations. Proline residues are never found
in HTH motifs. Further structural constraints were
apparent at residue 5 located or wedged between the
two helices. Large or branched side chains would cause
a different alignment of the helices and destroy the

primary function of HTH motif. DNA binding was
critically dependent on the identity of side chains
for residues 11-13, 16—17 and 20. Residues with
polar side chains were common and were important
in forming hydrogen bonds to the major groove.

The globin family and the role of
quaternary structure in modulating
activity

Myoglobin occupies a pivotal position in the history
of protein science. It was the first protein structure to
be determined in 1958. Myoglobin and haemoglobin,
whose structure was determined shortly afterwards,
have been extensively studied particularly in relation to
the inter-dependence of structure and function. Many
of the structure—function relationships discovered for
myoglobin have proved to be of considerable impor-
tance to the activity of other proteins.

The evolutionary development of oxygen carrying
proteins was vital to multicellular organisms where
large numbers of cells require circulatory systems to
deliver oxygen to tissues as well as specialized proteins
to carry oxygen around the body. In vertebrates
the oxygen-carrying proteins are haemoglobin and
myoglobin. Haemoglobin is located within red blood
cells and its primary function is to convey oxygen from
the lungs to regions deficient in oxygen. This includes
particularly the skeletal muscles of the body where
oxygen consumption as a result of mechanical work
requires continuous supplies of oxygen for optimal
activity. In skeletal muscle myoglobin functions as an
oxygen storage protein.

For both haemoglobin and myoglobin the oxygen-
carrying capacity arises through the presence of a
heme group. The heme group is an organic carbon
skeleton called protoporphyrin IX made up of four
pyrrole groups that chelate iron at the centre of the
ring (Figure 3.36). The heme group gives myoglobin
and haemoglobin a characteristic colour (red) that
is reflected by distinctive absorbance spectra that
show intense peaks around 410 nm due to the Fe-
protoporphyrin IX group. The iron group is found
predominantly in the ferrous state (Fe?*) and only
this form binds oxygen. Less frequently the iron
group is found in an oxidized state as the ferric iron
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Figure 3.36 The structure of protoporphyrin IX and
heme (Fe-protoporphyrin-IX)

500 550 600

Figure 3.37 The absorbance spectra of oxy, met and
deoxyhaemoglobin. The dotted line is the spectrum of
deoxyHB, the solid line is metHb whilst the dashed
line is oxyHb. DeoxyHb shows a single maximum at
550 nm that shifts upon oxygen binding to give two
peaks at 528 and 563 nm. The extinction coefficients
associated with these peaks are ess5 = 12.5 mmcm™?,
541 = 13.5 mmcm™?, and e576 = 14.6 mmcm™?

(Fe’T), a state not associated with oxygen binding.
The binding of oxygen (and other ligands) to the
sixth coordination site of iron in the heme ring is
accompanied by distinctive changes to absorbance
spectra (Figure 3.37).

The structure of myoglobin

Detailed crystallographic studies of myoglobin pro-
vided the first three-dimensional picture of a protein
and established many of the ground rules governing
secondary and tertiary structure described earlier in
this chapter. Myoglobin was folded into an extremely
compact single polypeptide chain with dimensions of
~4.5 x 3.5 x 2.5 nm. There was no free space on the
inside of the molecule with the polypeptide chain
folded efficiently by changing directions regularly to
create a compact structure. Approximately 80 percent
of all residues were found in o helical conformations.
The structure of myoglobin (Figure 3.38) provided the
first experimental verification of the o helix in pro-
teins and confirmed that the peptide group was planar,
found in a trans configuration and with the dimensions
predicted by Pauling.

Eight helices occur in myoglobin and these helices
are labelled as A, B, C etc up to the eighth helix,

Figure 3.38 The structure of myoglobin showing
a helices and the heme group. Helix A is in the
foreground along with the N terminal of the protein.
The terminology used for myoglobin labels the helices
A-H and residues within helices as F8, A2 etc.



68 THE THREE-DIMENSIONAL STRUCTURE OF PROTEINS

helix H. Frequently, although not in every instance, the
helices are disrupted by the presence of proline residues
as for example occurs between the B and C helices, the
E and F helices and the G and H helices. Even in low-
resolution structures of myoglobin (the first structure
produced had a resolution of ~6 A) the position of the
heme group is easily discerned from the location of the
electron-dense iron atom.

The heme group was located in a crevice surrounded
almost entirely by non-polar residues with the excep-
tion of two heme propionates that extended to the
surface of the molecule making contact with solvent
and two histidine residues, one of which was in con-
tact with the iron and was termed the proximal (F8)
histidine (Figure 3.39). The imidazole side chain of F8
provided the fifth ligand to the heme iron. A second his-
tidine, the distal histidine (E7), was more distant from
the Fe centre and did not provide the sixth ligand. An
obvious result of this arrangement was an asymmetric
conformation for the iron where it was drawn out of
the heme plane towards the proximal histidine.

The structure of myoglobin confirmed the parti-
tioning of hydrophobic and hydrophilic side chains.
The interior of the protein and the region surrounding
the heme group consisted almost entirely of non-polar
residues. Here leucine, phenylalanine and valine were
common whilst hydrophilic side chains were located
on the exterior or solvent accessible surface.

Heme plane
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Figure 3.39 Diagram of the proximal and distal
histidine side chains forming part of the oxygen
binding site of myoglobin with the ferrous iron pulled
out of the plane of the heme ring. The vacant sixth
coordination position is the site of oxygen binding

There are approximately 200 structures, including
mutants, of myoglobin deposited in the PDB but
the three most important structures of relevance to
myoglobin are those of the oxy and deoxy forms
together with ferrimyoglobin (metmyoglobin) where
the iron is present as the ferric state. The structures
of all three forms turned out to be remarkably similar
with one exception located in the vicinity of the sixth
coordination site. In oxymyoglobin a single oxygen
molecule was found at the sixth coordination site. In
the deoxy form this site remained vacant whilst in
metmyoglobin water was found in this location. The
unique geometry of the iron favours its maintenance
in the reduced state but oxygen binding resulted in
movement of the iron approximately 0.2 A towards
the plane of the ring (Figure 3.40). An analysis of
the heme binding site emphasizes how the properties
of the heme group are modulated by the polypeptide.
The identical ferrous heme group in cytochromes
undergoes oxidation in the presence of oxygen to
yield the ferric (Fe’*) state, other enzymes such as
catalase or cytochrome oxidase convert the oxygen
into hydrogen peroxide and water respectively but in
globins the oxygen is bound with the iron remaining in
the ferrous state.

Myoglobin has a very high affinity for oxygen and
this is revealed by binding curves or profiles that record
the fractional saturation versus the concentration of
oxygen (expressed as the partial pressure of oxygen,
p0O,). The oxygen-binding curve of myoglobin is

Heme plane

4(\N— Fe

Figure 3.40 Binding of oxygen in oxymyoglobin and
the movement of the iron into the approximate heme
plane
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hyperbolic and rapidly reaches a saturating level seen
by the asymptotic line above pO, levels of 30 torr. The
affinity for oxygen is expressed as an equilibrium

MbO,; = Mb + O, (3.6)
where the equilibrium constant, K, is
K = [Mb][0,]/[MbO;] (3.7

The fractional saturation of myoglobin (Y) is sim-
ply expressed as the number of oxygenated myoglobin
(MbO;) molecules divided by the total number of myo-
globin molecules (MbO; + Mb). Thus the fractional
saturation (Y)

Y = [MbO,]/([MbO,] + [Mb]) (3.8)
and substitution of Equation 3.7 into 3.8 yields
Y = pOy/(pOs + K) 3.9

where pO, reflects the concentration, strictly partial
pressure, of oxygen in the atmosphere surrounding the
solution. Equation 3.9 may be written by equating the
equilibrium constant in terms of the partial pressure
of oxygen necessary to achieve 50 percent saturation
leading to

Y = pOy/(pO2z + Psp) (3.10)

The oxygen-binding curve of haemoglobin revealed
a very different profile. The curve is no longer hyper-
bolic but defines a sigmoidal or S-shaped profile. In
comparison with myoglobin the haemoglobin molecule
becomes saturated at much higher oxygen concentra-
tions (Figure 3.41). The profile defines a binding curve
where initial affinity for oxygen is very low but then
increases dramatically before becoming resistant to fur-
ther oxygenation. This is called cooperativity and these
differences are fundamentally dependent on the struc-
tures of myoglobin and haemoglobin. In order to under-
stand the basis for these differences it is necessary to
compare and contrast the structure of haemoglobin with
myoglobin.

The structure of haemoglobin

The most obvious difference between haemoglobin and
myoglobin is the presence of quaternary structure in the

1.0 4 Myoglobin

Haemoglobin
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Figure 3.41 The oxygen-binding curves of myoglobin
and haemoglobin show different profiles. Whilst the
affinity of myoglobin for oxygen is reflected by a
hyperbolic curve the affinity curve of haemoglobin
is sigmoidal. The Pso of myoglobin is 2.8 torr
whilst the Pso of haemoglobin in red blood cells
is 26 torr (760 torr = 1 atm). In the tissues oxygen
concentrations of between 20 and 40 torr are typical
whilst in the lungs much higher partial pressures of
oxygen exist above 100

former (Figure 3.42). In mammals adult haemoglobin
is composed of four polypeptide chains containing two
different primary sequences in the form of 2a chains
and 2P chains. The determination of the structure
of haemoglobin revealed that each o and f subunit
possessed a conformation similar to myoglobin and
showed a low level of sequence homology that reflected
evolution from a common ancestral protein. The
structure of haemoglobin revealed that each globin
chain contained a heme prosthetic group buried within
a crevice whilst the four subunits packed together
forming a compact structure with little free space
yet this time with the crucial difference of additional
interactions between subunits.

Although not immediately apparent the tertiary
structures of myoglobin, o globin and f globin chains
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Figure 3.42 The quaternary structure of haemoglobin
showing the four subunits each with a heme group
packing together. The heme groups are shown in red
with the a globin chain in purple and the B globin
chain in green

are remarkably similar despite differences in primary
sequence (Figure 3.43). With similar tertiary structures
for myoglobin and the o and § chains of haemoglobin
it is clear that the different patterns of oxygen
binding must reflect additional subunit interactions in
haemoglobin. In other words cooperativity arises as a
result of quaternary structure.

The pattern of oxygenation in haemoglobin is per-
fectly tailored to its biological function. At high
concentrations of oxygen as would occur in the
lungs (pO, > 100 torr or ~0.13 x atmospheric pres-
sure) both myoglobin and haemoglobin become satu-
rated with oxygen. Myoglobin would be completely
oxygenated carrying 1 molecule of oxygen per pro-
tein molecule. Complete oxygenation of haemoglobin
would result in the binding of 4 oxygen molecules.
However, as the concentration of oxygen decreases
below 50 torr myoglobin and haemoglobin react differ-
ently. Myoglobin remains fully saturated with oxygen
whilst haemoglobin is no longer optimally oxygenated;
sites on haemoglobin are only 50 percent occupied at
~26 torr whereas myoglobin exhibits a much lower Ps
of ~3 torr.

Figure 3.43 Superposition of the polypeptide chains
of myoglobin, o globin and B globin. Structural
similarity occurs despite only 24 out of 141 residues
showing identity. The proximal and distal histidines
are conserved along with several residues involved in
the heme pocket structure such as leucine (F4) and a
phenylalanine between C and D helices

The physiological implications of these binding
properties are profound. In the lungs haemoglobin
is saturated with oxygen ready for transfer around
the body. However, when red blood cells (contain-
ing high concentrations of haemoglobin) reach the
peripheral tissues, where the concentration of oxygen
is low, unloading of oxygen from haemoglobin occurs.
The oxygen released from haemoglobin is immediately
bound by myoglobin. The binding properties of myo-
globin allow it to bind oxygen at low concentrations
and more importantly facilitate the transport of oxy-
gen from lungs to muscles or from regions of high
concentrations to tissues with much lower levels.

The cooperative binding curve of haemoglobin
arises as a result of structural changes in conformation
that occur upon oxygenation. In the deoxy form the
sixth coordination site is vacant and the iron is drawn
out of the heme plane towards the proximal histidine.
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Figure 3.44 The spin state changes that occur in the
deoxy and oxy ferrous forms of haemoglobin showing
the population of the d orbitals (xy, xz, yz, 22, x2-
y?) by electrons. The deoxy form is high spin (S = 2)
ferrous state with an ionic radius too large to fit
between the four tetra pyrrole ring nitrogens. The low
spin (S = 1/2) state of ferrous iron with a different
distribution of orbitals has a smaller radius and moves
into the plane of the heme

Oxygenation results in conformational change medi-
ated by oxygen binding to the iron. The events are
triggered by changes in the electronic structure of the
iron as it shifts from a high spin ferrous centre in
the deoxy form to a low spin state when oxygenated.
Changes in spin state are accompanied by reorgani-
zation of the orbital structure and decreases in ionic
radius that allows the iron to move closer to the plane
of the heme macrocycle (Figure 3.44).

Changes at the heme site are accompanied by reori-
entation of helix F, the helix containing the proximal
histidine, and results in a shift of approximately 1 A
to avoid unfavourable contact with the heme group.
The effect of this conformational change is transmitted
throughout the protein but particularly to interactions
between subunits. Oxygen binding causes the disrup-
tion of ionic interactions between subunits and triggers
a shift in the conformation of the tetramer from the
deoxy to oxy state. By examining the structure of
haemoglobin in both the oxy and deoxy states many
of these interactions have been highlighted and another
significant milestone was a structural understanding for

the cooperative oxygenation of haemoglobin proposed
by Perutz in 1970.

The mechanism of oxygenation

Perutz’s model emphasized the link between coopera-
tivity and the structure of the tetramer. The cooperative
curve derives from conformational changes exhibited
by the protein upon oxygenation and reflects the effect
of two ‘competing’ conformations. These conforma-
tions are called the R and T states and the terms
derive originally from theories of allosteric transitions
developed by Monod, Wyman and Changeaux (MWC).
According to this model haemoglobin exists in an equi-
librium between the R and T states where the R state
signifies a ‘relaxed’ or active state whilst the T signifies
a ‘tense’ or inactive form.

The deoxy state of haemoglobin is resistant to
oxygenation and is equated with the inactive, T state.
In contrast the oxy conformation is described as the
active, R state. In this model haemoglobin is an
equilibrium between R and T states with the observed
oxygen-binding curve reflecting a combination of
the binding properties of each state. The shift in
equilibrium between the R and T states is envisaged
as a two state or concerted switch with only weak
and strong binding states existing and intermediate
states containing a mixture of strong and weak binding
subunits specifically forbidden. This form of the MWC
model could be described as an ‘all or nothing’ scheme
but is more frequently termed the ‘concerted’ model. In
general detailed structural analysis has retained many
of the originally features of the MWC model.

At a molecular level the relative orientation between
the a;B; and a,P, dimers differed in the oxy and deoxy
states. Oxygenation leads to a shift in orientation of
~15° and a translation of ~0.8 A for one pair of
o/p subunits relative to the other. It arises as a result
of changes in conformation at the interfaces between
these pairs of subunits. One of the most important
regions involved in this conformational switch centres
around His97 at the boundary between the F and G
helices of the P, subunit. This region of the § subunit
makes contact with the C helix of the o; subunit
and lies close to residue 41. In addition the folding
of the P, subunit leads to the C terminal residue,
His146, being situated above the same helix (helix C)
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Figure 3.45 Interactions at the o4, interface in deoxyhaemoglobin and the changes that occur after oxygenation.
In the T state His97 of the B2 subunit fits next to Thr41 of the al chain. In the R state conformation changes
result in this residue lying alongside Thr38. Although a salt bridge between Asp99 and Tyr42 is broken in the T > R
transition a new interaction between Asn102 and Asp94 results. There is no detectable intermediate between the
T and R states and the precisely interacting surfaces allow the two subunits to move relative to each other easily.
(Reproduced with permission from Voet, D., Voet, J.G & Pratt, C.W., Fundamentals of Biochemistry. Chichester, John

Wiley & Sons, 1999.)

and it forms a series of hydrogen bonds and salt
bridges with residues in this region (38—44). In the
deoxy state His 146 is restrained by an interaction
with Asp94. As a result of symmetry an entirely
analogous set of interactions occur at the a,f; interface
(Figure 3.45).

In the T state the iron is situated approximately
0.6 A out of the plane of the heme ring as part of
a dome directed towards HisF8. Oxygenation causes
a shortening of the iron—porphyrin bonds by 0.1 A
due to electron reorganization and causes the iron
to move into the plane dragging the proximal His
residue with it. Movement of the His residue by 0.6 A
is unfavourable on steric grounds and as a result
the helix moves to compensate for changes at the
heme centre. Helix movement triggers conformational
changes throughout the subunits and more importantly
between the subunits. Other important conformational
switches include disruption of a network of ion
pairs within and between subunits. In particular ionic
interactions of the C terminal residue of the o subunit

(Argl41) with Asp126 and the amino terminal of the a1
subunit and that of the f subunit (His146) with Lys40
(o) and Asp94(B) are broken upon oxygenation. Since
these interactions stabilize the T state their removal
drives the transition towards the R state.

Cooperativity arises because structural changes
within one subunit are coupled to conformational
changes throughout the tetramer. In addition the nature
of the switch means that intermediate forms cannot
occur and once one molecule of oxygen has bound to
a T state subunit converting it to the R state all other
subunits are transformed to the R state. As a result
the remaining subunits rapidly bind further oxygen
molecules, leading to the observed shape of the oxygen
binding curve seen in Figure 3.46.

Allosteric regulation and haemoglobin

The new properties of haemoglobin extend further
than the simple binding of oxygen to the protein.
Haemoglobin’s affinity for oxygen is modulated by
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Figure 3.46 Oxygen binding profiles of the R and
T states of haemoglobin. The R or active form
of haemoglobin binds oxygen readily and shows a
hyperbolic curve. The T or inactive state is resistant
to oxygenation but also shows a hyperbolic binding
curve with a higher Pso. The observed binding profile
of haemoglobin reflects the sum of affinities of the R
and T forms for oxygen and leads to the observed Psg
of ~26 torr for isolated haemoglobin. Shown in yellow
is the approximate range of partial pressures of oxygen
in tissues and lungs

small molecules (effectors) as part of an important
physiological control process. This mode of regulation
is called allostery. An allosteric modulator binds to
a protein altering its activity and in the case of
haemoglobin the effector alters oxygen binding. The
most important allosteric regulator of haemoglobin is
2,3-bisphosphoglycerate (2,3 BPG) (Figure 3.47).!
The allosteric modulator of haemoglobin, 2,3 BPG,
raises the Psy for oxygen binding in haemoglobin
from 12 torr in isolated protein to 26 torr observed for
haemoglobin in red blood cells (Figure 3.48). Indeed
the existence of an allosteric modulator of haemoglobin
was first suspected from careful comparisons of the
oxygen-binding properties of isolated protein with that
found in red blood cells. In erythrocytes 2,3 BPG

!Sometimes called 2,3 DPG = 2,3-diphosphoglycerate.
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Figure 3.47 2,3-Bisphosphoglycerate is a negatively
charged molecule
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Figure 3.48 Modulation of oxygen binding properties
of haemoglobin by 2,3 BPG. The 2,3 BPG modulates
oxygen binding by haemoglobin raising the Psq from
12 torr in isolated protein to 26 torr observed for
haemoglobin in red blood cells. This is shown by the
respective oxygen affinity curves

is found at high concentrations as a result of highly
active glycolytic pathways and is formed from the
key intermediates 3-phosphoglycerate or 1,3 bispho-
sphoglycerate. The result is to create concentrations of
2,3 BPG approximately equimolar with haemoglobin
within cells. In the erythrocyte this results in 2,3 BPG
concentrations of ~5 mwm.
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The effect arises by differential binding — the
association constant (K,) for 2,3 BPG for deoxy-
haemoglobin is ~4 x 10* M~! compared with a value
of ~300 m~! for the oxy form. In other words it sta-
bilizes the T state, which has low affinity for oxygen
whilst binding to the oxy state is effectively inhibited
by the presence of bound oxygen. The effect of 2,3
BPG on the oxygen-binding curve of haemoglobin is
to shift the profile to much higher Psy (Figure 3.48).
Detailed analysis of the structures of the oxy and
deoxy states showed that 2,3 BPG bound in the cen-
tral cavity of the deoxy form and allowed a molecular
interpretation for its role in allostery. In the centre of
haemoglobin between the four subunits is a small cav-
ity lined with positively charged groups formed from
the side chains of His2, His143 and Lys82 of the
subunits together with the two amino groups of the
first residue of each of these chains (Vall). The result
of this charge distribution is to create a strong bind-
ing site for 2,3 BPG. In oxyhaemoglobin the binding
of oxygen causes conformational changes that lead to
a closure of the allosteric binding site. These changes
arise as a result of subunit movement upon oxygenation
and decrease the cavity size to prevent accommodation
of 2,3 BPG. Both oxygen and 2,3 BPG are reversibly
bound ligands yet each binds at separate sites and lead
to opposite effects on the R—T equilibrium.

2,3 BPG is not the only modulator of oxygen
binding to haemoglobin. Oxygenation of haemoglobin
causes the disruption of many ion pairs and leads to the
release of ~0.6 protons for each oxygen bound. This
effect was first noticed in 1904 by Christian Bohr and is
seen by increase oxygen binding with increasing pH at
a constant oxygen level (Figure 3.49). The Bohr effect
is of utmost importance in the physiological delivery of
oxygen from the lungs to respiring tissues and also in
the removal of CO, produced by respiration from these
tissues and its transport back to the lungs. Within the
erythrocyte CO, is carried as bicarbonate as a result
of the action of carbonic anhydrase, which rapidly
catalyses the slow reaction

CO; + H,0 = H' + HCO; 3.11)

In actively respiring tissues where pO, is low the
protons generated as a result of bicarbonate formation
favour the transition from R > T and induce the
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Figure 3.49 The Bohr effect. The oxygen affinity of
haemoglobin increases with increasing pH

haemoglobin to unload its oxygen. In contrast in
the lungs the oxygen levels are high and binding to
haemoglobin occurs readily with the disruption of T
state ion pairs and the formation of the R state. A
further example of the Bohr effect is seen in very
active muscles where an unavoidable consequence of
high rates of respiration is the generation of lactic acid.
The production of lactic acid will cause a lowering
of the pH and an unloading of oxygen to these
deficient tissues. Carbon dioxide can also bind directly
to haemoglobin to form carbamates and arises as a
result of reaction with the N terminal amino groups
of subunits. The T form (or deoxy state) binds more
carbon dioxide as carbamates than the R form. Again
the physiological consequences are clear. In capillaries
with high CO, concentrations the T state is favoured
leading to an unloading of oxygen from haemoglobin.

Immunoglobulins

The immunoglobulins are a large group of proteins
found in vertebrates whose unique function is to
bind foreign substances invading a host organism. By
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breaking the physical barrier normally represented by
skin or mucous membranes pathogens enter a system,
but once this first line of defence is breached an
immune response is normally started. In most instances
the immune response involves a reaction to bacteria
or viruses but it can also include isolated proteins
that break the skin barrier. Collectively these foreign
substances are termed antigens.

The immune response is based around two systems.
A circulating antibody system based on B cells
sometimes called by an older name of humoral immune
response. The cells were first studied in birds where
they matured from a specialized pocket of tissue
known as the bursa of Fabricius. However, there is
no counterpart in mammals and B cells are derived
from the bone marrow where the ‘B’ serves equally
well to identify its origin. B cells have specific
proteins on their surfaces and reaction with antigen
activates the lymphocyte to differentiate into cells
capable of antibody production and secretion. These
cells secrete antibodies binding directly to antigens
and acting as a marker for macrophages to destroy the
unwanted particle.

This system is supported by a second cellular
immune response based around T lymphocytes. The T
cells are originally derived from the thymus gland and
these cells also contain molecules on their membrane
surfaces that recognize specific antigens and assist in
their destruction.

Early studies of microbial infection identified that
all antigens are met by an immune response that
involves a collection of heterogeneous proteins known
as antibodies. Antibodies are members of a larger
immunoglobulin group of proteins and an important
feature of the immune response is its versatility in
responding to an enormous range of antigens. In
humans this response extends from before birth and
includes our lifelong ability to fight infection. One
feature of the immune response is ‘memory’. This
property is the basis of childhood vaccination and arises
from an initial exposure to antigen priming the system
so that a further exposure leads to the rapid production
of antibodies and the prevention of disease. From a
biological standpoint the immune response represents
an enigma. It is a highly specific recognition system
capable of identifying millions of diverse antigens yet
it retains an ability to ‘remember’ these antigens over

considerable periods of time (years). The operation of
the immune system was originally based around the
classic observations reported by Edward Jenner at the
end of the 18th century. Jenner recognized that milk
maids were frequently exposed to a mild disease known
as cowpox, yet rarely succumbed to the much more
serious smallpox. Jenner demonstrated that cowpox
infection, a relatively benign disease with complete
recovery taking a few days, conferred immunity
against smallpox. Exposure to cowpox triggered an
immune response that conferred protection against
the more virulent forms of smallpox, at that time
relatively common in England. It was left to others
to develop further the ideas of vaccination, notably
Louis Pasteur, but for the last 100 years vaccination
has been a key technique in fighting many diseases.
The basis to vaccination lies in the working of the
immune system.

The mechanism of specific antibody production
remained puzzling but a considerable advance in
this area arose with the postulation of the clonal
selection theory by Neils Jerne and Macfarlane Burnet
in 1955. This theory is now widely supported and
envisages stem cells in the bone marrow differentiating
to become lymphocytes each capable of producing a
single immunoglobulin type. The immunoglobulin is
attached to the outer surfaces of B lymphocytes and
when an antigen binds to these antibodies replication
of the cell is stimulated to produce a clone. The result is
that only cells experiencing contact with an antigen are
stimulated to replicate. Within the group of cloned B
cells two distinct populations are identified. Effector
B cells located in the plasma will produce soluble
antibodies. These antibodies are comparable to those
bound to the surface of B cells but lack membrane-
bound sequences that anchor the antibodies to the
lipid bilayer. The second group within the cloned B
cell populations are called ‘memory cells’. These cells
persist for a considerable length of time even after the
removal of antigen and allow the rapid production of
antibodies in the event of a second immune reaction.
The clonal selection theory was beautiful in that it
explained how individuals distinguish ‘self” and ‘non-
self’. During embryonic development immature B cells
encounter ‘antigens’ on the surfaces of cells. These B
cells do not replicate but are destroyed thereby remov-
ing antibodies that would react against the host’s own
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proteins. At birth the only B cells present are those that
are capable of producing antibodies against non-self
antigens.

Immunoglobulin structure

Despite the requirement to recognize enormous
numbers of potential antigens all immunoglobulin
molecules are based around a basic pattern that was
elucidated by the studies of Rodney Porter and Gerald
Edelman. Porter showed that immunoglobulin G (IgG)
with a mass of ~150000 could be split into three
fragments each retaining biological activity through
the action of proteolytic enzymes such as papain.
Normal antibody contains two antigen-binding sites
(Figure 3.50) but after treatment with papain two
fragments each binding a single antigen molecule were
formed, along with a fragment that did not bind antigen
but was necessary for biological function. The two
fragments were called the F,, (F = fragment, ab =
antigen binding) and F. (c = crystallizable) portions.
The latter’s name arose from the fact that its
homogeneous composition allowed the fragment to be
crystallized in contrast to the F,, fragments.

The IgG molecule is dissociated into two distinct
polypeptide chains of different molecular weight via
the action of reducing agents. These chains were called
the heavy (H) and light (L) polypeptides (Figure 3.51).
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Figure 3.50 Schematic diagram showing bivalent
interaction between antigen and antibody (IgG) and
extended lattice
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Figure 3.51 The subunit structure of IgG is H,L,

Further studies by Porter revealed that IgG was
reconstituted by combining 2H and 2L chains, and
a model for immunoglobulin structure was proposed
envisaging each L chain binding to the H chain via
disulfide bridges, whilst the H chains were similarly
linked to each other. The results of papain digestion
were interpretable by assuming cleavage of the IgG
molecule occurred on the C terminus side of the
disulfide bridge linking H and L chains. The F,
region therefore contained both L chains and the amino
terminal region of 2 H chains whilst the F; region
contained only the C terminal half of each H chain.
The amino acid sequence revealed not only the
periodic repetition of intrachain disulfide bonds in the
H and L chains but also the existence of regions of
sequential homology between the H and L chains and
within the H chain itself. Portions of the molecule, now
known as the variable regions in the H and L chains,
showed considerable sequence diversity, whilst constant
regions of the H chain were internally homologous,
showing repeating units. In addition the constant regions
were homologous to regions on the L chain. This
pattern of organization immediately suggested that
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immunoglobulins were derived from simpler antibody
molecules based around a single domain of ~100
residues, and by a process of gene duplication the
structure was assimilated to include multiple domains
and chains.

Although the organization of IgG molecules is
remarkably similar antigen binding is promoted through
the use of sequence variability. These differences are
not distributed uniformly throughout the H and L chains
but are localized in specific regions (Figure 3.53). The
regions of greatest sequence variability lie in the N
terminal segments of the H and L chains and are called
the Vi or Vy regions. In the L chain the region extends
for ~110 residues and is accompanied by a more highly
conserved region of the same size called the constant
region of Ci. In the H chain the Vy region extends for

Figure 3.52 The immunoglobulin fold containing a
sandwich formed by two antiparallel sets of B strands.
Normally seven B strands make up the two sets. In this
domain additional sheet structures occur and small
regions of a helix are found shown in blue. The
important loop and turn regions are shown in grey.
In the IgG light chain this fold would occur twice;
once in the variable region and once again in the
constant region. In the heavy chain it occurs four
times

~110 residues whilst the remainder of the sequence is
conserved, the Cy region. The Cy region is subdivided
into three homologous domains: Cy1, Cy2 and Cy3.

Fractionation studies identified antigen-binding sites
at the N terminal region of the H and L chains
in a region composed of the Vy and Vp domains
where the ability to recognize antigens is based on the
surface properties of these folds. Within the Vi and V,
domains the sequences of highest variability are three
short segments known as hypervariable sequences and
collectively known as complementarity determining
regions (CDRs). They bind antigen and by arranging
these CDRs in different combinations cells generate
vast numbers of antibodies with different specificity.

The light chain consists of two discrete domains
approximately 100—120 residues in length whilst the
heavy chain is twice the size and has four such
domains. Each domain is characterized by common
structural topology known as the immunoglobulin
fold and is repeated within the IgG molecule. The
immunoglobulin fold is a sandwich of two sheets of
antiparallel B strands each strand linked to the next
via turns or large loop regions, with the sheets usually
linked via a disulfide bridge. The immunoglobulin fold
is found in other proteins operating within the immune
system but is also noted in proteins with no obvious
functional similarity (Figure 3.52).

The hypervariable regions are located in turns or
loops of variable length that link together the different
B strand elements. Collectively these regions form
the antigen-binding site at the end of each arm of
the immunoglobulin molecule and insight into the
interaction between antibody and antigen has been
gained from crystallization of an F,, fragment with hen
egg white lysozyme.

Raising antibodies against lysozyme generated sev-
eral antibody populations — each antibody recognizing
a different site on the surface of the protein. These sites
are known as epitopes or antigenic determinants. By
studying one antibody—antigen complex further bind-
ing specificity was shown to reside in the contact of
the Vi, and Vy domains with lysozyme at the Fy,
tip (Figure 3.54). Interactions based around hydrogen
bonding pairs involved at least five residues in the Vi
domain (Tyr32, Tyr50, Thr53, Phe91, Ser93) and five
residues in the Vg domain (Gly53, Asp54, Aspl00,
Tyr101, Arg102). These donor and acceptors hydrogen
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Figure 3.53 The structure and organization of IgG. The location of V|, Vi and Cy within the H and L chains of an
antibody together with a crystal structure determined for the isolated F., region (PDB: 7FAB). The H chain is shown
with yellow strands whilst the L chain has strands shown in green. In each chain two immunoglobulin folds are seen

bonded to two groups of residues on lysozyme with the
VL domain interacting with Asp18, Asn19 and GInl21
whilst those on the Vi domain formed hydrogen bonds
with 7 residues on the surface of lysozyme (Gly22,
Ser24, Asn27, Gly117, Aspl19, Vall120, and GInl121).

The epitope on the surface of lysozyme is made up
of two non-contiguous groups of residues (18-27 and
117-125) found on the antigen’s surface. All six hyper-
variable regions participated in epitope recognition, but
on the surface of lysozyme GInl21 was particularly
important protruding away from the surface and form-
ing a critical residue in the formation of a high-affinity

antibody—antigen complex. The antibody forms a cleft
that surrounds GInl21 with a hydrogen bond formed
between the side chain and Tyrl0l on the antibody
(Figure 3.55). Elsewhere, van der Waals, hydrophobic
and electrostatic interactions play a role in binding the
other regions of the interacting surfaces between anti-
body and antigen.

Five different classes of immunoglobulins (Ig)
have been recognized called IgA, IgD, IgE, IgG and
IgM. These classes of immunoglobulins differ in the
composition of their heavy chains whilst the light chain
is based in all cases around two sequences identified
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Figure 3.54 Interaction between monoclonal antibody fragment F,, and lysozyme. The lysozyme is shown in blue
on right and the prominent side chain of Gln121 is shown in red (PDB:1FDL)

V{101
WV 32
L Gin121
v 93
V92 Arg125

Figure 3.55 Interaction between Gln121 and residues
formed by a pocket on the surface of the antibody in
a complex formed between lysozyme and a monoclonal
antibody

by the symbols k and \. The heavy chains are called
a, d, &, y and p by direct analogy to the parent protein
(Table 3.6).

As a consequence of remarkable binding affini-
ties exemplified by dissociation constants between
10*~10'° m antibodies have been used extensively as

‘probes’ to detect antigen. In the area of clinical diag-
nostics this is immensely valuable in detecting infec-
tions and many diseases are routinely identified via
cross-reaction between antibodies and serum contain-
ing antigen. Antibodies are routinely produced today
by injecting purified protein into a subject animal. The
animal recognizes a protein as foreign and produces
antibodies that are extracted and purified from sera.
One extension of the use of antibodies as medical and
scientific ‘tools’ was pioneered by César Milstein and
Georges Kohler in the late 1970s and has proved pop-
ular and informative. This is the area of monoclonal
antibody production, and although not described in
detail here, the methods are widely used to identify
disease or infection, to specifically identify a single
antigenic site and increasingly as therapeutic agents in
the battle against cancer and other disease states.

The humoral immune response involves the secre-
tion of antibodies by B cells and the aggregation
of antigen. Aggregation signals to macrophages that
digestion should occur along with the destruction of
pathogen. The cellular immune response to antigen
involves different cells and a very different mech-
anism. On the surface of cytotoxic T lymphocytes
sometimes more evocatively called ‘killer T cells’ are
proteins whose structure and organization resembles
the F,, fragments of IgG. T cells identify antigenic
peptide fragments that are bound to a surface pro-
tein known as the major histocompatibility complex
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Table 3.6 Chain organization within the different Ig classes together with their approximate mass and biological roles

Class  Heavy Light Organization Mass Role
chain chain (kDa)

IgA o K or \ (0ipk2)n Or (diaho)n 360-720 Found mainly in secretions

Igbh d K or \ drKp or 33N 160 Located on cell surfaces

IgE € K or \ €Ky O €30\ 190 Found mainly in tissues. Stimulates
mast cells to release histamines

IeG Y K or A Y2K2 O Y2\ 150 Activates complement system.
Crosses membranes

IeM W K or \ (2K2)s or (aha)s 950 Early appearance in immune

reactions. Linked to complement
system and activates macrophages

Vi g lymphocyte cell

Membrane

Cytotoxic T cell

C domain  V domain

Membrane

Figure 3.56 The use of the immunoglobulin fold in cell surface receptors by B and T lymphocytes
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(MHC). Cytotoxic or killer T cells recognize anti-
gen through receptors on their surface (Figure 3.56)
and release proteins that destroy the infected cell. The
MHC complex is based around domains carrying the
immunoglobulin fold.

Cyclic proteins

Until recently it was thought that cyclic proteins were
the result of unusual laboratory synthetic reactions
without any counterparts in biological systems. This is
now known to be untrue and several systems have been
shown to possess cyclic peptides ranging in size from
approximately 14 residues to the largest cyclic protein
currently known a highly basic 70 residue protein
called AS-48 isolated from Enterococcus faecalis S-
48. Cyclic proteins are a unique example of tertiary
structure but employ exactly the same principle as
linear proteins with the exception that their ends
are linked together (Figure 3.57). In view of the
fact that many globular proteins have the N and
C terminals located very close together in space
there is no conceptual reason why the amino and
carboxy terminals should not join together in a further
peptide bond.

Cyclic proteins are distinguished from cyclic pep-
tides such as cyclosporin. These small peptides have
been known for a long time and are synthesized by
microorganisms as a result of multienzyme complex
reactions. The latter products contain unusual amino
acid residues often extensively modified and are not
the result of transcription. In contrast, cyclic proteins
are known to be encoded within genomes and appear
to have a broad role in host defence mechanisms.

Many cyclic proteins are of plant origin and a
common feature of these proteins appears to be
their size (~30 residues), a cyclic peptide backbone
coupled with a disulfide rich sequence containing six
conserved cysteine residues and three disulfide bonds.
Unusually the disulfides cross to form a knot like
arrangement and the cyclic backbone coupled with
the cysteine knot has lead to the recognition of a
new structural motif called the CCK motif or cyclic
cysteine knot. The term cyclotides has been applied to
these proteins. A common feature of all cyclotides is
their derivation from longer precursor proteins in steps

that involve both cleavage and cyclization. Although
the gene sequences for the precursors are known the
putative cleaving and cyclizing enzymes have not yet
been reported. Many of these proteins have assumed
enormous importance with the demonstration that
several are natural inhibitors of enzymes such as trypsin
whilst others are seen as possible lead compounds
in the development of new pharmaceutical products
directed against viral pathogens, and in particular
anti-HIV activity. Whilst the cyclotide family (see
Table 3.7) appear to have a common structural theme
based around the CCK motif and the presence of three
P strands other cyclic proteins such as bacteriocin AS-
48 contain five short helices connected by five short
turn regions that enclose a compact hydrophobic core.
Despite different tertiary structure, all of the cyclic
proteins are characterized by high intrinsic stability
(denaturation only at very high temperatures) as well
as resistance to proteolytic degradation.

Summary

Proteins fold into precise structures that reflect their
biological roles. Within any protein three levels
of organization are identified called the primary,
secondary and tertiary structures, whilst proteins with
more than one polypeptide chain exhibit quaternary
levels of organization.

Primary structure is simply the linear order of amino
acid residues along the polypeptide chain from the
N to C terminals. Long polymers of residues cannot
fold into any shape because of restrictions placed on
conformational flexibility by the planar peptide bond
and interactions between non-bonded atoms.

Conformational flexibility along the polypeptide
backbone is dictated by ¢ and 1 torsion angles.
Repetitive values for ¢ and 1 lead to regular structures
known as the a helix and § strand. These are elements
of secondary structure and are defined as the spatial
arrangement of residues that are close together in the
primary sequence.

The a helix is the most common element of sec-
ondary structure found in proteins and is characterized
by dimensions such as pitch 5.4 A, the translation dis-
tance 1.5 A, and the number of residues per turn (3.6).
A regular o helix is stabilized by hydrogen bonds
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L

Figure 3.57 The topology of naturally occurring
circular proteins. Three-dimensional structures of
naturally occurring proteins. Clockwise from the upper
left the proteins are: bacteriocin AS-48 (PDB:1E68)
from Enterococcus faecalis, microcin J25 (PDB:1HG6)
from E. coli, MCoTI-II (PDB:1HA9, 1IB9) from bitter
melon seeds, RTD-1 (PDB:1HVZ) from the leukocytes
of Rhesus macaques, kalataB1 (PDB:1KAL) from several
plants of the Rubiaceae and Violaceae plant families,
and SFTI-1 (PDB:1SFI, 1JBL) from the seeds of the
common sunflower. Disulfide bonds are shown in
vellow. (Reproduced with permission from Trabi, M., &
Craik, D.J. Trends Biochem. Sci. 2002, 27, 132-138.
Elsevier)

orientated parallel to the helix axis and formed between
the CO and NH groups of residues separated by four
intervening residues.

In contrast the P strand represents an extended
structure as indicated by the pitch distance ~7 A,
the translation distance 3.5 A and fewer residues per
turn (2). Strands have the ability to hydrogen bond
with other strands to form sheets — collections of B
strands stabilized via inter-strand hydrogen bonding.
Numerous variations on the basic helical and strand
structures are found in proteins and truly regular or
ideal conformations for secondary structure are rare.

Tertiary structure is formed by the organization
of secondary structure into more complex topology

or folds by interaction between residues (side chain
and backbone) that are often widely separated in the
primary sequence.

Several identifiable folds or motifs exist within
proteins and these units are seen as substructures within
a protein or represent the whole protein. Examples
include the four-helix bundle, the f barrel, the B helix,
the HTH motif and the § propeller. Proteins can now be
classified according to their tertiary structures and this
has led to the description of proteins as all o, o +  and
o/p. The recognition that proteins show similar tertiary
structures has led to the concept of structural homology
and proteins grouped together in related families.

Tertiary structure is maintained by the magnitude
of favourable interactions outweighing unfavourable
ones. These interactions include covalent and more
frequently non-covalent interactions. A covalent bond
formed between two thiol side chains results in a
disulfide bridge, but more common stabilizing forces
include charged interactions, hydrophobic forces, van
der Waals interactions and hydrogen bonding. These
interactions differ significantly in their strength and
number.

Quaternary structure is a property of proteins
with more than one polypeptide chain. DNA binding
proteins function as dimers with dimerization the result
of specific subunit interaction. Haemoglobin is the
classic example of a protein with quaternary structure
containing 2a,2f subunits.

Proteins with more than one chain may exhibit
allostery; a modulation of activity by smaller effector
molecules. Haemoglobin exhibits allostery and this is
shown by sigmoidal binding curves. This curve is
described as cooperative and differs from that shown
by myoglobin. Oxygen binding changes the structure of
one subunit facilitating the transition from deoxy to oxy
states in the remaining subunits. Historically the study
of the structure of haemoglobin provided a platform
from which to study larger, more complex, protein
structures together with their respective functions.

One such group of proteins are the immunoglobu-
lins. These proteins form the body’s arsenal of defence
mechanisms in response to foreign macromolecules and
are collectively called antibodies. All antibodies are
based around a Y shaped molecule composed of two
heavy and two light chains held together by covalent
and non-covalent interactions.
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Table 3.7 Source, size and putative roles for cyclotides characterized to date

Protein Source Size (residues) Role

SFTI-1 Helianthus annuus 14 Potent trypsin inhibitor

Microcin J25 Escherichia coli 21 Antibacterial

Cyclotide family Rubiaceae and Violaceae sp 28-37 Wide range of activities

~45 proteins

McoTI-I and 1T Momordica cochinchinensis 34 Seed-derived trypsin
inhibitor

Bacteriocin AS-48 Enterococcus faecalis 70 Hydrophobic antibacterial
protein

RTD-1 Macaca mulatta 18 Antibiotic defensin from

primate leukocytes

Antigen binding sites are formed from the hypervari-
able regions at the end of the heavy and light chains.
These hypervariable regions allow the production of
a vast array of different antibodies within five major
classes and allow the host to combat many different
potential antigens.

The basic immunoglobulin fold is widely used
within the immune system with antibody-like molecules
found as the basis of many cell surface receptors par-
ticularly in cells such as helper and killer T cells and
parts of the MHC complex.

Problems

1. Draw a diagram of a typical polypeptide backbone for
a pentapeptide. Label on your diagram the following;
the a carbon, the side chains, use a box to define the
atoms making up the peptide bond and finally identify
the torsion angles ¢ and { and the atoms/bonds
defining these angles.

2. Show how the above pentapeptide changes when the
third residue is proline.

3. Poly-lysine and poly-glutamate can switch between
disordered structures and helical structures. What
conditions might promote this switch and how does
this drive formation of helical structure?

4. Using the bond lengths given for C—C and C-N bonds
in Chapter 2 together with the dimensions found in
o helices and B strands calculate the length of (i)

a fully extended polypeptide chain of 150 residues,
(i) a chain made up entirely of one long regular o
helix and, (iii) a chain composed of one long f strand.
Comment on your results.

5. From Figure 3.2 use the primary sequences of
myoglobin to define the extent of each element of
helical secondary structure. Explain your reasoning
in each case.

6. What limits the conformational space sampled by ¢
and ?

7. Some proteins when unfolded are described as a
random coil. Why is this a misleading term?

8. List the interactions that stabilize the folded structures
of proteins. Rank these interactions in terms of
their average ‘energies’ and give an example of
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each interaction as it occurs between residues within
proteins.

. How would you identify turn regions within the

polypeptide sequence of proteins? Why do turn
regions occur more frequently on protein surfaces?
What distinguishes a turn from a loop region?

10. What are the advantages of more than one subunit
within a protein? How are multimeric proteins
stabilized?



The structure and function of fibrous
proteins

Historically a division into globular and fibrous pro-
teins has been made when describing chemical and
physical properties. This division was originally made
to account for the very different properties of fibrous
and globular proteins as well as the different roles
each group occupied within cells. Today it is prefer-
able to avoid this distinction and to treat proteins as
belonging to families that exhibit structural or sequen-
tial homology (see Chapter 6). However, despite very
different properties the structures of fibrous proteins
were amongst the first to be studied because of their
accumulation in bodies such as hair, nails, tendons and
ligaments. These proteins demonstrate new aspects of
biological design not shown by globular proteins that
requires separate description.

Fibrous proteins were named because they were
found to make up many of the ‘fibres’ found in the
body. Here, fibrous proteins had a common role in
conferring strength and rigidity to these structures as
well as physically holding them together. Subsequent
studies have shown that these proteins are more
widely distributed than previously supposed, being
found in cells as well as making up connective
tissues such as tendons or ligaments. More importantly,
these proteins occupy important biological roles that
arise from their wide range of chemical and physical
properties. These properties are distinct from globular
proteins and arise from the individual amino acid

Proteins: Structure and Function by David Whitford
© 2005 John Wiley & Sons, Ltd

sequences. A common feature of most fibrous proteins
is their long, drawn-out, or filamentous structure.
Essentially, these proteins tend to occur as ‘rod-like’
structures extended more in two out of the three
possible dimensions and lacking the compactness of
globular proteins. As a result fibrous proteins tend to
possess architectures based around regular secondary
structure with little or no folding resulting from long-
range interactions. In other words they lack true
tertiary structure.

The second large class of proteins distinct from
globular proteins are the membrane proteins. Members
of this group of proteins probably make up the vast
majority of all proteins found in cells. For many
years the purification of these proteins remained very
difficult and limited our knowledge of their structure
and function. However, slowly membrane proteins
have become amenable to biochemical characterization
and Chapter 5 will deal with the properties of this
important group to highlight in successive sections
globular, fibrous and membrane proteins.

The amino acid composition
and organization of fibrous proteins

In fibrous proteins at least three different structural
plans or designs have been recognized in construction.
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These designs include: (i) structure composed of
‘coiled-coils’ of o helices and represented by the o
keratins; (ii) structures made up of extended antipar-
allel P sheets and exemplified by silk fibroin a col-
lection of proteins made by spiders or silkworms; and
(iii) structures based on a triple helical arrangement of
polypeptide chains and shown by the collagen fam-
ily of proteins. The structures of each class of fibrous
proteins will be described in the following sections,
highlighting how the structure is suitable for its partic-
ular role and also emphasizing how defects in fibrous
proteins can lead to serious and life threatening condi-
tions.

An analysis of the amino acid composition of typ-
ical fibrous proteins (Table 4.1) reveals considerable
differences in their constituent amino acids to that

Table 4.1 The amino acid composition of three
common classes of fibrous proteins in mole percent

Amino acid Fibroin (silk) a-keratin Collagen

Gly 44.6 8.1 32.7
Ala 29.4 5.0 12.0
Ser 12.2 10.2 34
Glx 1.0 12.1 7.7
Cys 0 11.2 0

Pro 0.3 7.5 22.1
Arg 0.5 7.2 5.0
Leu 0.5 6.9 2.1
Thr 0.9 6.5 1.6
Asx 1.3 6.0 4.5
Val 2.2 5.1 1.8
Tyr 5.2 4.2 0.4
Ile 0.7 2.8 0.9
Phe 0.5 2.5 1.2
Lys 0.3 2.3 3.7
Trp 0.2 1.2 0

His 0.2 0.7 0.3
Met 0 0.5 0.7

In collagen considerable amounts of hydroxylated lysine and proline
are found. Adapted from Biochemistry, 3rd edn. Mathews, van Holde
& Ahern (eds). Addison Wesley Longman, London.

described earlier for globular proteins (see Table 2.2,
Chapter 2). More significantly the amino acid compo-
sitions of fibrous proteins differ with each group. For
example, collagen has a proline content in excess of
20 percent whilst in silk fibroin this value is below 1
percent. Similarly in o keratin the cysteine content is
11.2 percent but in collagen and silk fibroin the levels
of cysteine are essentially undetectable. In each case
the amino acid composition influences the secondary
structure formed by fibrous proteins.

Keratins

Keratins are the major class of proteins found in
hair, feathers, scales, nails or hooves of animals. In
general the keratin class of proteins are mechani-
cally strong, designed to be unreactive and resistant
to most forms of stress encountered by animals. At
least two major groups of keratins can be identified;
the o keratins are typically found in mammals and
occur as a large number of variants whilst § ker-
atins are found in birds and reptiles as part of feathers
and scales containing a significantly higher proportion
of B sheet. The B keratins are analogous to the silk
fibroin structures produced by spiders and silkworms
and described later in this chapter. The o keratins
are a subset of a much larger group of filamentous
proteins based on coiled-coils called intermediate fila-
ments (IF). The distribution of intermediate filaments
is not restricted to mammals but appears to extend to
most animal cells as major components of cytoskele-
tal structures.

In mammals approximately 30 different variants
of keratin have been identified with each appearing
to be expressed in cells in a tissue-specific manner.
In each keratin the ‘core’ structure is similar and
is based around the a helix so that the following
discussion of the conformation applies equally well
to all proteins within this group. Although the basic
unit of keratin is an o helix this structure is slightly
distorted as a result of interactions with a second helix
that lead to the formation of a left handed coiled-
coil. The most common arrangement for keratin is
a coiled-coil of two a helices although three helical
stranded arrangements are known for extracellular
keratins domains whilst in insects four stranded coiled
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coils have been found. In 1953 Francis Crick postulated
that the stability of a helices would be enhanced if
pairs of helices interacted not as straight rods but
in a simple coiled-coil arrangement (Figure 4.1). This
coiled coil arrangement is sometimes called a super
helix with in this instance o keratin found as a
left-handed super helix. Detailed structural studies of
coiled-coils confirmed this arrangement of helices and
diffraction studies showed a periodicity of 1.5 A and
5.1A

The coiled-coil is formed by each helix interact-
ing with the other and by burying their hydropho-
bic residues away from the solvent interface. The
hydrophobic or non-polar side chains are not ran-
domly located within the primary sequence but occur
at regular intervals throughout the chain. This non-
random distribution of hydrophobic residues is also
accompanied by a preference for residues with charged
side chains at positions within helices that are in
contact with solvent. As a result of this periodic-
ity a repeating unit of seven residues occurs along
each chain or primary sequence. This is called the
heptad repeat and the residues within this unit are
labelled a, b, c, d, e, f and g. To facilitate identi-
fication of each residue within a helix the positions
are frequently represented by a helical wheel dia-
gram (Figure 4.2).

Although a regular o helix has 3.6 residues per turn,
the coiled-coil arrangement leads to a slight decrease
in the number of residues/turn to 3.5. Each helix is

200NNy Y\ ¢
ﬁu\‘m X
\\\"m WY
R’ g

Anti-parallel coiled coil

Figure 4.1 Two individual a helices distorted along
their longitudinal axes as a result of twisting. The two
helices can pack together to form coiled-coils

inclined at an angle of approximately 18° towards the
other helix and this allows for the contacting side
chains to make a precise inter-digitating surface. It
also leads to a slightly different pitch for the helix
of 5.1 A compared with 5.4 A in a regular o helix.
The hydrophobic residues located at residues a and d
of each heptad form a hydrophobic surface interact-
ing with other hydrophobic surfaces. The hydrophobic
residues form a seam that twists about each helix.
By interacting with neighbouring hydrophobic surfaces
helices are forced to coil around each other forming
the super helix or coiled-coil. The interleaving of side
chains has been known as ‘knobs-into-holes’ pack-
ing and in other proteins as a leucine zipper arrange-
ment, although this last term is slightly misleading. A
coiled coil arrangement not only enhances the stability
of the intrinsically unstable single o- helix but also
confers considerable mechanical strength in a man-
ner analogous to the intertwining of rope or cable.
Further aggregation of the coiled-coils occurs and
leads to larger aggregates with even greater strength
and stability. Besides the high content of hydropho-
bic residues o keratins also have significant propor-
tions of cysteine (see Table 4.1). The cysteine residues
participate in disulfide bridges that cross-link neigh-
bouring coiled-coils to build up a filament or bundle
and ultimately the network of protein constituting hair
or nail.

The coiled-coil containing many heptad repeats
extends on average for approximately 300—330 residues
and is flanked by amino and carboxy terminal domains.
These amino and carboxy domains vary greatly in size.
In some keratins very small domains of approximately
10 residues can exist whilst in other homologous
proteins, such as nestin, much larger domains in excess
of 500 residues are found. More significantly these
regions show much greater sequence variability when
compared with the coiled-coil regions suggesting that
these domains confer specificity on the individual
keratins and are tailored towards increasing functional
specificity.

The keratins are often classified as components of
the large group of filamentous proteins making up the
cytoskeletal system and in particular they are classified
as IF (Table 4.2). IF are generally between 8 and
10 nm in diameter and are more common in cells
that have to withstand stress or extreme conditions.
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Figure 4.2 A helical wheel representation of the heptad repeat of coiled-coil keratins. The diagram shows a dimer
(top) and trimer (bottom) of helices and emphasizes the hydrophobic contact regions between each helix as a result
of residues a and d packing together. Leu, Ile and Ala are found frequently at positions a and d. Glu and Gln occur
frequently at positions e and g whilst Arg and Lys are found frequently at position g

At least six different IF have been identified with
classes I and II represented by acidic and basic keratins.
An assignment of the terms ‘acidic’ and ‘basic’ to
the N and C terminal globular domains of keratin
refer to their overall charge. These domains vary in
composition from one keratin to another. The acidic
domains found at the end of the central o helical
regions contain more negatively charged side chains
(Glu and Asp) than positively charge ones (Lys, Arg)
and consequently have isoelectric points in the pH
range from 4 to 6.

Acidic and basic monomers are found within the
same cell and the coiled coil or dimer contains one of
each type (a heterodimer). Each coiled-coil aligns in
a head to tail arrangement and in two staggered rows
to form a protofilament. The protofilament dimerizes
to form a protofibril with four protofibrils uniting to
make a microfibril. The aggregation of protein units
is still not finished since further association between
microfibrils results in the formation of a macrofibril in
reactions that are still poorly understood. The assembly
of coiled coils into microfibrils is shown in Figure 4.3.
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Table 4.2 The classification of intermediate filaments

Type Example Mass (M;) x 103 Location

1 Acidic keratins 40-64 Epithelial

11 Basic keratins 52-68 Epithelial

1T Glial fibrillary acidic protein 51 Astroglia

v Vimentin 55 Mesenchymal

VI Desmin 53 Muscle
Peripherin 54 Neuronal
Neurofilaments (L, M, H); 68, 110, 130 Neuronal
Internexin 66-70 Neuronal

v Lamins A, B, C 58-70 Most cell types

Unclassified Septins A, B, C Some unclassified IFs appear to be
Filensin 100 found in invertebrates
Lens 50-60

At least 6 different classes have been identified from homology profiles although new IF like proteins are causing these schemes to expand. IF are larger than
the thin microfilaments (7—9 nm diameter) often made up of actin subunits and smaller than the thick microtubules (~25 nm diameter) made up of tubulin.

N-terminal
heads

Coiled-coil
regions

C-terminal
ends

Protofilamen

"

Figure 4.3 Higher order o keratin structure. Left: heterodimeric arrangement of two o helices to form a coiled-coil
with both acidic and basic domains. Middle: protofilaments formed by the association of two coiled coils in a head-tail
order and in two staggered or offset rows. Right: dimerization of protofilaments to form a protofibril followed by
four protofibrils uniting to form a macrofibril (Reproduced from Voet, D, Voet, J.G & Pratt, C.W. Fundamentals of
Biochemistry, John Wiley & Sons Inc, Chichester, 1999)
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Figure 4.4 Examples of coiled coil motifs occurring in non-keratin based proteins. In a clockwise direction from
the top left the diagrams show part of the leucine zipper DNA binding protein GCN4 (PDB:1YSA); a heterodimer of
the c-jun proto-oncogene (the transcription factor Ap-1) dimerized with c-fos and complexed with DNA (PDB:1FO0S);
and two views of the gp41 core domain of the simian immunodeficiency virus showing the presence of six o helices
coiled together as two trimeric units - an inner trimer often called N36 and an outer trimer called C34 (PDB:2SIV)

Crystallographic studies have shown that the coiled-
coil motif occurs in many other proteins as a recogniz-
able motif. It occurs in viral membrane-fusion proteins
including the gp41 domain found as part of the human
and simian immunodeficiency virus (HIV/SIV), in the
haemagglutinin component of the influenza virus as
well as transcription factors such as the leucine zipper
protein GCN4. It is also found in muscle proteins such
as tropomyosin and is being identified with increasing
regularity in proteins of diverse function and cellu-
lar location. Although first recognized as part of long
fibrous proteins the coiled-coil is now established as a
structural element of many other proteins with widely

differing folds (Figure 4.4). In the coiled-coil structures
the o helices do not have to run in the same direction
for hydrophobic interactions to occur. Although a par-
allel conformation is the most common arrangement
antiparallel orientations, where the chains run in oppo-
site directions, occur in dimers but are very rare in
higher order aggregates.

Mutations in the genes coding for keratin lead
to impaired protein function. In view of the almost
ubiquitous distribution of keratin these genetic defects
can have severe consequences on individuals. Defects
prove particularly deleterious to the integrity of skin
and several inherited disorders are known where
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cell adhesion, motility and proliferation are severely
disturbed. Since many human cancers arise in epithelial
tissues where keratins are prevalent such defects
may predispose individuals to more rapid tumour
development.

Keratins, the most abundant proteins in epithelial
cells, are encoded by two groups of genes designated
type I and type II. There are >20 type I and >15
type II keratin genes occurring in clusters at separate
loci in the human genome. A distinction is often made
on the type of cell from which the keratin is derived
or linked. This leads to type II keratin proteins from
soft epithelia labelled as K1-K8 whilst those derived
from hard epithelia (such as hair, nail, and parts of
the tongue) are designated Hb1—-Hb8. Similarly type
I keratins are comprised of K9-K20 in soft epithelia
and Hal—-HalO in hard epithelia. All o keratins are rich
in cysteine residues that form disulfide bonds linking
adjacent polypeptide chains. The term ‘hard’ or ‘soft’
refers to the sulfur content of keratins. A high cysteine
(i.e. sulfur) content leads to hard keratins typical of
nails and hair and is resistant to deformation whilst a
low sulfur content due to a lower number of cysteine
residues will be mechanically less resistant to stress.

In vitro the combination of any type I and type II
keratins will produce a fibrous polymer when mixed
together but in vivo the pairwise regulation of type I
and II keratin genes in a tissue specific manner gives
rise to ‘patterns’ that are very useful in the study of
epithelial growth as well as disease diagnosis. The
distribution of some of these keratins is described in
Table 4.3 and with over 30 different types of keratin
identified there is a clear preferential location for
certain pairs of keratins.

In all complex epithelia a common set of keratin
genes are transcribed consisting of the type II K5 and
the type I K14 genes (along with variable amounts
of K15 or K19, two additional type I keratins). Post-
mitotic, suprabasal cells in these epithelia transcribe
other pairs of keratin genes, the identity of which
depends on the differentiation route of these cells. Thus
the K1 and K10 pair is characteristic of cornifying
epithelia such as the epidermis, whilst the K4 and
K13 pair is expressed in epithelia found lining the oral
cavity, the tongue and the oesophagus, and the K3 and
K12 pair is found in the cornea of the eye.

Table 4.3 Distribution of type I and II keratin in
different cells

Type I  Type II Location

(acidic)  (basic)

K10 K1 Suprabasal epidermal
keratinocytes

K9 K1 Suprabasal epidermal
keratinocytes

K10 K2e Granular layer of epidermis

K12 K3 Cornea of eye

K13 K4 Squamous epithelial layers

K14 K5 Basal layer keratinocytes

K15 K5 Basal layer of non-keratinizing
epithelia

K16 Ké6a Outer sheath of hair root, oral
epithelial cells,
hyperproliferative
keratinocytes

K17 K6b Nails

K7 Seen in transformed cells

K18 K8 Simple epithelia

K19 Follicles, simple epithelia

K21 Intestinal epithelia

In skin diseases such as psoriasis and atopic dermatitis it is noticed
that keratin 6 and 16 predominate whilst a congenital blistering
disease, epidermolysis bullosa simplex, arises from gene defects
altering the structure of keratins 5 and 14 at the basal layer.

A property of disulfide bridges between cysteine
residues is their relative ease of reduction with
reducing agents such as dithiothreitol, mecaptoethanol
or thioglycolate. In general these reagents are called
mercaptans, and for hair the use of thioglycolate allows
the reduction of disulfide bridges and the relaxing
of hair from a curled state to a straightened form.
Removal of the reducing agent and the oxidation of
the thiol groups allows the formation of new disulfide
bridges and in this way hair may be reformed in a new
‘curled’, ‘straightened’ or ‘permed’ conformation. The
springiness of hair is a result of the extensive number
of coiled-coils and their tendency in common with a
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conventional spring to regain conformation after initial
stretching. The reduction of disulfide bridges in hair
allows a keratin fibre to stretch to over twice their
original length and in this very extended ‘reduced’
conformation the structure of the polypeptide chains
shift towards the P sheet conformations found in
feathers or in the silk-like sheets of fibroin. In the
1930s W.T. Astbury showed that a human hair gave
a characteristic X-ray diffraction pattern that changed
upon stretching the hair, and it was these two forms
that were designated o and .

Fibroin

A variation in the structure of fibrous proteins is seen
in the silk fibroin class made up of an extended array
of P strands assembled into a f sheet. Insect and
spiders produce a variety of silks to assist in the
production of webs, cocoons, and nests. Fibroin is
produced by cultivated silkworm larvae of the moth
Bombyx mori and has been widely characterized. Silk
consists of a collection of antiparallel B strands with
the direction of the polypeptide backbone extending
along the fibre axis. The high content of f strands
leads to a microcrystalline array of fibres in a highly
ordered structure. The polypeptide backbone has the
extended structure typical of f strands with the side
chains projecting above and below the plane of the
backbone. Of great significance in silk fibroin are the
long stretches of repeating composition. A six residue
repeat of (Gly-Ser-Gly-Ala-Gly-Ala), is observed to
occur frequently and it is immediately apparent that
this motif lacks large side chains. These three residues
appear to represent over 85 percent of the total amino
acid composition with approximate values for the
individual fractions being 45 percent Gly, 30 percent
Ala and 15 percent Ser in silk fibroin (see Table 4.1).
The sequence of six residues is part of a larger
repeating unit

-(Gly-Ala),-Gly-Ser-Gly-Ala-Ala-Gly-
(Ser-Gly-Ala-Gly-Ala)g-Tyr-
that may be repeated up to 50 times leading to masses

for silk polypeptides between 300000 and 400000
(see Figure 4.5). Glycine, alanine and serine are the

three smallest side chains in terms of their molecular
volumes (see Table 2.3) and this is significant in terms
of packing antiparallel strands. More importantly the
order of residues in this repeating sequence places
the glycine side chain (simply a hydrogen) on one
side of the strand whilst the Ser and Ala side chains
project to the other side. This arrangement of side
chains leads to a characteristic spacing between strands
that represents the interaction of Gly residues on one
surface and the interaction of Ala/Ser side chains on the
other. The interaction between Gly surfaces yields an
inter-sheet spacing or regular periodicity of 0.35 nm
whilst the interaction of the Ser/Ala rich surfaces
gives a spacing of 0.57 nm between the strands in
silk fibroin. Larger amino acid side chains would
tend to disrupt the regular periodicity in the spacing
of strands and they tend to be located in regions
forming the links between the antiparallel B strands.
The structure of these linker regions has not been
clearly defined.

Silk has many remarkable properties. Weight-for-
weight it is stronger than metal alloys such as steel, it is
more resilient than synthetic polymers such as Kevlar®,
yet is finer than a human hair. It is no exaggeration
to say that silk is nature’s high-performance polymer
fine-tuned by evolution over several hundred million
years. As a result of these desirable properties there
have been many attempts to mimic the properties of silk
with the development of new materials in the area of
biomimetic chemistry. Silk is extremely strong because
in the fully extended conformation of f strands any
further extension would require the breakage of strong
covalent bonds. However, this strength is coupled with
surprisingly flexibility that arises as a result of the
weaker van der Waals interactions that exist between
the antiparallel B strands. These desirable physical
properties are very difficult to reproduce in most
synthetic polymers.

Collagen

Collagen is a major component of skin, tendons, lig-
aments, teeth and bones where it performs a wide
variety of structural roles. Collagen provides the frame-
work that holds most multicellular animals together and
constitutes a major component of connective tissue.
Connective tissue performs many functions including
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Figure 4.5 The interaction of alternate Gly and Ala/Ser rich surfaces in antiparallel B strands in the silk fibroin
structure from Bombyx mori. The spacing between strands alternates between 0.35 and 0.57 nm as shown in the
bottom figure. The structures of silk were generated for an alternating series of Gly/Ala polymers (PDB: 2SLK).
Top left: the arrangement of strands in the antiparallel B sheet structure showing backbone only. Top right: The
antiparallel B strands showing the interaction between Ala residue (shown by cyan colour) in an end on view where
the backbone is running in a direction proceeding into and out of the page. In the bottom diagram the strands are
running laterally and the Ala/Ser rich interface shown by the cyan side chains is wider than the smaller interface

formed between glycine residues

binding together body structures and providing support
and protection. Connective tissue is the most abun-
dant tissue in vertebrates and depends for its structural
integrity primarily on collagen. In vertebrates connec-
tive tissue appears to account for approximately 30
percent of the total mass. Although collagen is often
described as the single most abundant protein it has
many diverse biological roles and to date at least 30
distinct types of collagen have been identified from the
respective genes with each showing subtle differences
in the amino acid sequence along their polypeptide
chains. Collagen is usually thought of as a protein
characteristic of vertebrates such as mammals but it is
known to occur in all multicellular animals. Sequencing
of the nematode (flatworm) genome of Caenorhabdi-
tis elegans has revealed over 160 collagen genes. In

this nematode collagen proteins are the major structural
component of the exoskeleton with the collagen genes
falling into one of three major gene families.

All collagens have the structure of a triple helix
described in detail below and are assembled from three
polypeptide chains. Since these chains can be combined
in more than one combination a great many distinct
collagens can exist and several have been identified
as occurring predominantly in one group of vertebrate
tissues. In humans at least 19 different collagens are
assembled from the gene products of approximately
30 distinct and identified genes. Within these 19
structural types four major classes or groupings are
generally identified. These groupings are summarized
in Table 4.4. Type I collagen consists of two identical
chains called o (I) chains and a third chain called o,.
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Table 4.4 The major collagen groups

Type Function and location

Type 1 The chief component of tendons,
ligaments, and bones

Type I  Represents over 50 % of the protein in
cartilage. It is also used to build the
notochord of vertebrate embryos

Type III  Strengthens the walls of hollow
structures like arteries, the intestine,
and the uterus

Type IV Forms the basal lamina (sometimes

called a basement membrane) of
epithelia. For example, a network of
type IV collagens provides the filter
for the blood capillaries and the
glomeruli of the kidneys

In contrast Type II collagen contain three identical
o chains.

In a mature adult collagen fibres are extremely
robust and insoluble. The insolubility of collagen was
for many years a barrier to its chemical characterization
until it was realized that the tissues of younger animals
contained a greater proportion of collagen with higher
solubility. This occurred because the extensive cross-
linking of collagen characteristic of adults is lacking
in young animals and it was possible to extract the
fundamental structural unit called tropocollagen.

The structure and function of collagen

Tropocollagen is a triple helix of three similarly sized
polypeptide chains each on average about 1000 amino
acid residues in length. This leads to an approximate
M; of 285000, an average length of ~300 nm and a
diameter of ~1.4 nm. A comparison of the dimensions
of tropocollagen with an average globular protein
is useful and instructive. The length of collagen is
approximately 100 times greater than myoglobin yet
its diameter is only half that of the globular protein
emphasizing its extremely elongated or filamentous

nature. The polypeptides of tropocollagen are unusual
in their amino acid composition and are defined by
high proportions of glycine residues (see Table 4.2)
as well as elevated amounts of proline. Collagen has
a repetitive primary sequence in which every third
residue is glycine. The sequence of the polypeptide
chain can therefore be written as

-Gly-Xaa-Yaa—Gly-Xaa-Yaa-Gly-Xaa-Yaa-

where Xaa and Yaa are any other amino acid residue.
However, further analysis of collagen sequences
reveals that Xaa and Yaa are often found to be the
amino acids proline or lysine. Many of the proline and
lysine residues are hydroxylated via post-translational
enzymatic modification to yield either hydroxyproline
(Hyp) or hydroxylysine (Hyl) (see Chapter 8). The
sequence Gly-Pro-Hyp occurs frequently in collagen.
The existence of repetitive sequences is a feature of
collagen, keratin and fibroin proteins and is in marked
contrast to globular proteins where repetitive sequences
are the exception.

Each polypeptide chain intertwines with the remain-
ing two chains to form a triple helix (Figure 4.6). The
helix arrangement is very different to the o helix and
shows most similarity with the poly-proline II helices
described briefly in Chapter 3. Each chain has the
sequence Gly-Xaa-Yaa and forms a left-handed super
helix with the other two chains. This leads to the
triple helix shown in Figure 4.6. When viewed ‘end-
on’ the super helix can be seen to consist of left handed
polypeptide chain supercoiled in a right handed manner
about a common axis.

The rise or translation distance per residue for each
chain in the triple helix is 0.286 nm whilst the number
of residues per turn is 3.3. Combining these two
figures yields a value of ~0.95 nm for the helix pitch
and reveals a more extended conformation especially
when compared with o helices or 3y helices (pitch
~0.5-0.54 nm).

Glycine lacking a chiral centre and possessing con-
siderable conformational flexibility presents a signif-
icant contrast to proline. In proline conformational
restraint exists as a result of the limited variation in
the torsion angle (¢) permitted by a cyclic pyrroli-
done ring. The presence of large amounts of proline
in tropocollagen is also significant because the absence



Figure 4.6 The basic structure of the triple helix of
collagen. Space filling representation of the triple helix
and a simpler wireframe view of the different chains
(orange, dark green and blue chains). Careful analysis
of the wireframe view reveals regular repeating Pro
residues in all three chains

of the amide hydrogen (HN) eliminates any poten-
tial hydrogen bonding with suitable acceptor groups.
As a result of the presence of both glycine and
proline in high frequency in the collagen sequences
the triple helix is forced to adopt a different strat-
egy in packing polypeptide chains. Since the glycine
residues are located at every third position and make
contact with the two remaining polypeptide chains
it is clear that only a very small side chain (i.e.
glycine) can be accommodated at this position. Any
side chain bigger than hydrogen would disrupt the
conformation of the triple helix. As a result there is
very little space along the helix axis of collagen and
glycine is always the residue closest to the helix axis
(Figure 4.7). The side chains of proline residues along
with lysine and other residues are on the outside of
the helix.
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Figure 4.7 The interaction of glycine residues at the
centre of the collagen helix. Note the side chains
of residues Xaa and Yaa are located towards the
outside of the helix on each chain where they remain
sterically unhindered. In each of the three chains
proline and hydroxyproline side chains are shown in
yellow with the remaining atoms shown in their usual
CPK colour scheme. Only heavy atoms are shown in
this representation. The arrows indicate the hydrogen
bonds from the glycine NH to the CO of residue Xaa
in the neighbouring chain. Each chain is staggered so
that Gly and Xaa and Yaa occur at approximately the
same level along the axis of the triple helix (derived
from PDB:1BKV)

The close packing of chains clearly stabilizes
the triple helix through van der Waals interactions,
but in addition extensive hydrogen bonding occurs
between polypeptide chains. The hydrogen bonds
form between the amide (NH) group of one glycine
residue and the backbone carbonyl (C=Q0) group
of residue Xaa on adjacent chains. The direction
of the hydrogen bonds are transverse or across the
long axis of the helix. Interactions within the triple
helix are further enhanced by hydrogen bonding
between amide groups and the hydroxyl group of Hyp
residues. An indication of the importance of hydrogen
bonding interactions in collagen helices has been
obtained through constructing synthetic peptides and
determining the melting temperature of the collagen
triple helix. The melting temperature is the temperature
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Figure 4.8 Thermal denaturation curve for collagen. In normal collagens the transition midpoint temperature or Ty,
is related to the normal body temperature of the organism and for mammals is above 40 °C as shown by the blue line

in the above graph

at which half the helical structure has been lost and is
characterized by a curve showing a sharp transition
at a certain temperature reflecting the loss of ordered
structure. The loss of structural integrity reflects
denaturation of the triple helix and is accompanied by
a progressive loss of function.

The importance of hydroxyproline to the transition
temperature is shown by synthetic peptides of (Gly-
Pro-Pro), and (Gly-Pro-Hyp),. The former has a
transition mid point temperature (7},) of 24 °C whilst
the latter exhibits a much higher T, of ~60°C
(Figure 4.8). This experiment strongly supports the
idea of triple helix stabilization through hydroxylation
of proline (Hyp) and the formation of hydrogen bonds
with neighbouring chains. Heating of collagen forms
gelatin a disordered state in which the triple helix has
dissociated. Although cooling partially regenerates the
triple helix structure much of the collagen remains
disordered. The reasons underlying this observation
were not immediately apparent until the route of
collagen synthesis was studied in more detail. Collagen
is synthesized as a precursor termed procollagen in
which additional domains at the N and C terminal

specifically modulate the folding process. Mature
collagen lacks these domains so any unfolding or
disordering that occurs remains difficult to reverse.

Although hydrogen bonds and van der Waals inter-
actions impart considerable stability to the tropocol-
lagen triple helix and underpin its use as a structural
component of many cells further strength arises from
the association of tropocollagen molecules together as
part of a collagen fibre. Each tropocollagen molecule
is approximately 300 nm in length and packs together
with neighbouring molecules to produce a characteris-
tic banded appearance of fibres in electron micrographs.
The banded appearance arises from the overlapping
of each triple helix by approximately 64 nm thereby
producing the striated appearance of collagen fib-
rils. This pattern of association relies on further
cross-linking both within individual helices, known as
intramolecular cross-links, as well as bonds between
helices where they are called intermolecular cross-
links. Both cross-links are the result of covalent
bond formation.

The covalent cross-links among collagen molecules
are derived from lysine or hydroxylysine and involve
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Figure 4.9 Oxidation of s-amino group of lysine to
form aldehyde called allysine

the action of an enzyme called lysyl oxidase. This cop-
per dependent enzyme oxidizes the e-amino group of a
lysine side chain and facilitates the formation of a cross
link with neighbouring lysine residues (Figure 4.9).
Lysine sidechains are oxidized to an aldehyde called
allysine and this promotes a condensation reaction
between two chains forming strong covalent cross-
links (Figure 4.10). A reaction between lysine residues
in the same collagen fibre results in an intramolecu-
lar cross-link whilst reaction between different triple
helices results in intermolecular bridges. In view of
the presence of hydroxylysine and lysine in colla-
gen these reactions can occur between two lysine,
two hydroxylysines or between one hydroxylysine and
one lysine. The products are called hydroxylysinonor-
leucine or lysinonorleucine. Further cross-linking can
form trifunctional cross-links and a hydroxypyridino-
line structure.

Cross-linking of collagen is a progressive process
but does not occur in all tissues to the same extent. In
general, younger cells have less cross-linking of their
collagen than older cells, with a visible manifestation
of this process being the increase in the appearance of
wrinkled skin in the elderly, especially when compared
with that found in a newborn baby. It is also the
reason why meat from older animals is tougher than
that derived from younger individuals.

Collagen biosynthesis

Collagen is a protein that undergoes significant post-
translational modification and serves to introduce a

" P9 "
H?—CHZ—CHg—CHz—CH + S—CHQ—CHZ—CHZ—(EH
Cc=0 0=C
| Allysine Allysine |

“|'H ILH
H(|)—CH2—CH2—C=CH—CH2—CH2—CH2—éH
c=o0 cH 0=cC
| ! |

Allysine aldol condensation

Further cross-linking reactions

Figure 4.10 Outline of the reaction pathway leading
to the formation of lysine crosslinks in collagen fibres.
The first oxidative step results in the deamination of
the e-amino group and the formation of allysine (or
hydroxyallysine). Two allysine residues condense to
form a stable cross-link which can undergo further
reactions that heighten the complexity of the cross-
link. The allysine route predominates in skin whilst the
hydroxyallysine route occurs in bone and cartilage

subject that is described in more detail in Chapter 8.
The initial translation product synthesized at the
ribosome is very different to the final product and
without these subsequent modifications it is extremely
unlikely that the initial translation product could
perform the same biological role as mature collagen.
It is also true to say that any process interfering with
modification of collagen tends to result in severe forms
of disease.

The biosynthesis of collagen is divided into dis-
crete reactions that differ not only in the nature of the
modification but their cellular location. Step 1 is the ini-
tial formation of preprocollagen, the initial translation
product formed at the ribosome. In this state the col-
lagen precursor contains a signal sequence that directs
the protein to the endoplasmic reticulum membrane and



wv
=
=
[T
[=
(=]
o
o
w1
=2
(=]
o
-]
-
[* 8
L
(=]
=
(=]
-
-
o
=
=
[*%)
[=]
=
<
L
o
=]
-
o
=]
o
==
wn
L
==
-

1Lqy se3easd bupjul) ss04d JusjeA0d 03 pa1dnod s9ndajow uabe)od Jo uoLIeLIoSSe eldle] "TT

sasepiidad oyLoads Aq sepradadoud jeutwnsy ) pue N 4o jeAowsy 0T

aseyd Jejnyaoeaixa 03 X119y 91dLi} siajsuell S1s03h0x3 “6

9)2159A Jiodsues 03 stsoykoopus Aq 1ajsuel] g

usbepodoid jed1 8y 9)du3 JO UOLeWIOS */

sabpLiq apuNSLp uLeyd-193uL JO uoljeurio} pue suteyd apydadAjod sauy3 jo Juswubly -9

sanpisas auLsAjAxoipAy Jo uo13e)AsodAlb jertug °g

uabe))0d 03 sapLIeYIILSO6L|0 PINUL]-USY JO UOLILPPY ¥

sauLsA] pue aurjoxd pajas)ss jo uoljejAxosphH €

*SUOLSUIX® JeuLlwsal ) pue N yim Josindaud usbeyo) g

apuydad jeubis buirowss uoroeas butssadoid 3sily YILm SIN220 WNNILIL dLwsejdopus Jo uswny ojuL suteyd 4o Aiqu3 *sswosoqu uo SiSayjuhs °1
*S|LqL paYuL)-ss04d ‘pasabbels ojul UOLILLIOSSE SMO]E PUB SUOLSUS]XS JRULWISY ) pue N SaAowas uabeyjodoud jo buissadold T1°# ainbig

YNUW g g py T T L .

uabejj09
9|oI1SeA Lodsuel] I ——

sIsojfoopuy —

apndad
[euIULIB) )

; opndad
“leuiwla) N

l_

aueIqUIBW BWSE|d sisojAoox3

uoiBay Je|njleoenx3

_ uabejjooodol)
| |
| |

S
S
¥ ¥ ¥
A s ? HO HO HO
panowsas sapndad |euiwisl O — s I@ ‘

pue N yum usbejjooodos]

i R
Y

14qL O} PaYuI|-ss0I0 AjJUs[EA0D S8jnosjow uabe|j0) o




COLLAGEN 99

facilitates its passage into the lumen where the signal
peptide is cleaved by the action of specific proteases.
However, while still associated with the ribosome, this
polypeptide is hydroxylated from the action of pro-
lyl hydroxylase and lysyl hydroxylase, resulting in the
formation of hydroxyproline and hydroxylysine, and
is followed by transfer of the polypeptide into the
lumen of the endoplasmic reticulum. Here, a third step
involves glycosylation of the collagen precursor and
the attachment of sugars, chiefly glucose and galac-
tose, occurs via the hydroxyl group of Hyl. Frequently,
the sugars are added as disaccharide units. In this state
the pro-a-chains join forming procollagen whilst the N-
and C-terminal regions form inter-chain disulfide bonds
and the central regions pack into a triple helix. In this
state the collagen is termed procollagen and it is trans-
ported to the Golgi system prior to secretion from the
cell. Procollagen peptidases remove the disulfide-rich
N and C terminal extensions leaving the triple helical
collagen in the extracellular matrix (Figure 4.11) where
it can then associate with other collagen molecules
to form staggered, parallel arrays (Figure 4.12). These
arrays undergo further modification by the formation
of cross-links through the action of lysyl oxidase, as
described above.

Collagenases degrade collagen and have been shown
to be one member of a large group of enzymes called
matrix metalloproteinases (MMPs). These enzymes

« Staggered by ~40 nm

Collagen “hole” between
~ 30 collagen fibres.

Figure 4.12 Association of procollagen into stag-
gered parallel arrays making up collagen fibres. Each
collagen fibre is approximately 300 nm in length and
is staggered by ~40 nm from adjacent parallel fibres.
This ‘hole’ can represent the site of further attachment
of extracellular proteins and can become filled with
calcium phosphate

degrade the extracellular matrix. Abnormal metallopro-
teinase expression leads to premature degradation of
the extracellular matrix and is implicated in diseases
such as atherosclerosis, tumour invasion and rheuma-
toid arthritis.

Disease states associated with collagen defects

The widespread involvement of collagen in not only
tendons and ligaments, but also the skin and blood
vessels, means that mutations in collagen genes
often result in impaired protein function and severe
disorders affecting many organ systems. Mutations
in the 30 collagen genes discovered to date give
rise to a large variety of defects in the protein.
In addition defects have also been found in the
enzymes responsible for the assembly and matura-
tion of collagen creating a further group of dis-
ease states. In humans defects in collagen as a
result of gene mutation lead to osteogenesis imper-
fecta, hereditary osteoporosis and familial aortic
aneurysm.

Several hereditary connective tissue diseases have
been identified as arising from mutations in genes
encoding collagen chains. Most common are sin-
gle base mutations that result in the substitution
of glycine by a different residue thereby destroy-
ing the characteristic repeating sequence of Gly-
Xaa-Yaa. A further consequence of these muta-
tions is the incorrect assembly or folding of col-
lagen. Two particularly serious diseases attributable
to defective collagen are osteogenesis imperfecta and
Ehlers—Danlos syndrome. The molecular basis for
these diseases in relation to the structure of collagen
will be described.

Osteogenesis imperfecta is a genetic disorder char-
acterized by bones that break comparatively easily
often without obvious cause. It is sometimes called
brittle bone disease. At least four different types of
osteogenesis imperfecta are recognized by clinicians
(Table 4.5) although all appear to arise from mutation
of the collagen genes coding for either the o; or a,
chains of type I collagen.

Osteogenesis imperfecta is caused by a mutation
in one allele of either the a; or o, chains of the
major collagen in bone, type I collagen. Type I col-
lagen contains two «; chains together with a single
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Table 4.5 Classification of osteogenesis imperfecta.
Currently, diagnosis of type II form of osteogenesis
imperfecta is determined in utero whilst diagnosis of
other forms of the disease can only be made antenatal

Type  Inheritance Description

I Dominant Mild fragility, slight
deformity, short stature.
Presentation at young
age (2-6)

II Recessive Lethal: death at pre- or
perinatal stage

I Dominant Severe, progressive
deformity of limbs and
spine

v Dominant Skeletal fragility and

osteoporosis, bowing of
limbs. Most mild form
of disease

ap chain and the presence of one mutant collagen
allele is sufficient to produce a defective collagen fibre.
The incidence of all forms of osteogenesis imperfecta
is estimated to be approximately 1 in 20000; from
screening individuals it was found that glycine sub-
stitution was a frequently observed event with cys-
teine, aspartate and arginine being the most frequent
replacement residues. The disruption of the Gly-Xaa-
Yaa repeat has pathological consequences that vary
considerably, as shown by Table 4.5 where four differ-
ent types of osteogenesis imperfecta ranging in severity
from lethal to mild are observed. One consequence of
glycine substitution is defective folding of the collagen
helix and this is accompanied by increased hydrox-
ylation of lysine residues N-terminal to the mutation
site. Since hydroxylation occurs on unfolded chains
one possible effect of mutation is to inhibit the rate
of triple helix formation rendering the proteins sus-
ceptible to further modification or interaction with
molecular chaperones or enzymes of the endoplasmic
reticulum that alter their processing or secretion. A
further sequela of mutant collagen fibres is incorrect

THE STRUCTURE AND FUNCTION OF FIBROUS PROTEINS

processing by N-propeptide peptidases (see section
on collagen biosynthesis) and where mutant collagen
molecules are incorporated into fibrils there is evi-
dence of poor mineralization. It seems very likely that
the exact site of the mutation of o; or oy chains
will influence the overall severity of the disease with
some evidence suggesting mutations towards the C-
terminal produce more severe phenotypes. However,
the precise relationship between disease state, muta-
tion site and perturbation of collagen structure remain
to be elucidated.

A second important disease arising from mutations
in a single collagen gene is Ehlers—Danlos syndrome.
This syndrome results in widely variable phenotypes,
some relatively benign whilst others are life threat-
ening. Classically the syndrome has been recognized
by physicians from the presentation of patients with
joint hypermobility as well as extreme skin extensi-
bility, although many other diagnostic traits are now
recognized including vascular fragility. Many differ-
ent types of the disease are recognized both medi-
cally and at the level of the protein. The variability
arises from mutations at different sites and in differ-
ent types of collagens leading to the variety of phe-
notypes. These mutations can lead to changes in the
levels of collagen molecules, changes in the cross-
linking of fibres, a decreased hydroxylysine content
and a failure to process collagen correctly by removal
of the N-terminal regions. The common effect of
all mutations is to create a structural weakness in
connective tissue as a result of a molecular defect
in collagen.

Related disorders characterized at a
molecular level

Marfan’s syndrome is an inherited disorder of connec-
tive tissue affecting multiple organ systems including
the skeleton, lungs, eyes, heart and blood vessels. For
a long time Marfan’s syndrome was believed to be
caused by a defect in collagen but this defect is now
known to reside in a related protein that forms part of
the microfibrils making up the extracellular matrix that
includes collagen. The condition affects both men and
women of all ethnic groups with an estimated incidence
of ~1 per 20000 individuals throughout the world.
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Before identification of Marfan’s syndrome became
routine and surgical management of this disease was
common most patients died of cardiovascular compli-
cations at a very early age and usually well before
the age of 50. In 1972 the average life expectancy
for a Marfan sufferer was ~32 years but today, with
increased research facilitating recognition of the dis-
ease and surgical intervention alleviating many of the
health problems, the expected life span had increased
to over 65 years.

Marfan’s syndrome is caused by a molecular defect
in the gene coding for fibrillin, an extracellular protein
found in connective tissue, where it is an integral
component of extended fibrils. Microfibrils are par-
ticularly abundant in skin, blood vessels, perichon-
drium, tendons, and the ciliary zonules of the eye.
The elastin-based fibres form part of an extracellu-
lar matrix structure that provides the elastic prop-
erties to tissues. Both morphological and biochemi-
cal characterization of fibres reveal an internal core
made up primarily of the protein elastin together with
a peripheral layer of microfibrils composed primar-
ily of fibrillin. Humans have two highly homolo-
gous fibrillins, fibrillin-1 (Figure 4.13) and fibrillin-2,
mapping to chromosomes 15 and 5 respectively. In
1991, the first mutation in fibrillin 1 was reported
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and subsequently over 50 mutations in individuals
with Marfan syndrome have been described. A char-
acteristic feature of both fibrillins is their mosaic
composition where numerous small modules com-
bine to produce the complete, very large, protein
of 350 kDa.

The majority of fibrillin consists of epidermal
growth factor-like subunits (47 epidermal growth fac-
tor (EGF)-like modules) of which 43 have a con-
sensus sequence for calcium binding. Each of these
domains is characterized by six cysteine residues
three disulfide bridges and a calcium binding con-
sensus sequence of D/N-x-D/N-E/Q-x,,-D/N*-x,-Y/F
(where m and n are variable and * indicates possi-
ble post-translational modification by hydroxylation).
Other modules found in fibrillin-1 including motifs
containing eight Cys residues, hybrid modules (two)
along with sequences unique to fibrillin (three). These
domains are interspersed throughout the molecule
with the major differences between fibrillins resid-
ing in a proline-rich region close to the N-terminus
in fibrillin-1 that is replaced by a glycine-rich region
in fibrillin-2.

The EGF domain occurs in many other proteins
including blood coagulation proteins such as factors
X, VII, IX, and the low density lipoprotein receptors.

.
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7 domain

Pro-rich
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=l N-terminus
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Figure 4.13 The modular organization of fibrillin-1 (reproduced with permission from Handford, P.A. Biochim.

Biophys. Acta 2000, 1498 84-90. Elsevier)
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Figure 4.14 The structure of a pair of calcium
binding EGF domains from fibrillin-1 (PDB:1EMN)

The structure of a single EGF like domain and a
pair of calcium-binding domains confirmed a rigid
rod-like arrangement stabilized by calcium binding
and hydrophobic interactions (Figure 4.14). Mutations
known to result in Marfan’s syndrome lead to
decreased calcium binding to fibrillin, and this seems to
play an important physiological role. The importance of
the structure determined for the modules of fibrillin was
that it offered an immediate explanation of the defect
at a molecular level. The structural basis for Marfan’s
syndrome resides in the disruption of calcium binding
within fibrillin as a result of single site mutation.
Marfan’s syndrome is an autosomal dominant dis-
order affecting the cardiovascular, skeletal, and ocu-
lar systems. The major clinical manifestations are
progressive dilatation of the aorta (aortic dissection),
mitral valve disorder, a tall stature frequently associ-
ated with long extremities, spinal curvature, myopia
and a characteristic thoracic deformity leading to a

THE STRUCTURE AND FUNCTION OF FIBROUS PROTEINS

‘pigeon-chest’ appearance. The majority of the muta-
tions known today are unique (i.e. found only in
one family) but at a molecular level it results in the
substitution of a single amino acid residue that dis-
rupts the structural organization of individual EGF-
like motifs.

Flo Hyman, a famous American Olympian volley-
ball player, was a victim of Marfan’s syndrome and
a newspaper extract testifies to the sudden onset of
the condition in apparently healthy or very fit athletes.
“During the third game, Hyman was taken out in a rou-
tine substitution. She sat down on the bench. Seconds
later she slid silently to the floor and lay there, still. She
was dead”. Many victims of Marfan’s disease are taller
than average. As a result basketball and volleyball play-
ers are routinely screened for the genetic defect which
despite phenotypic characteristics such as pigeon chest,
enlarged breastbone, elongated fingers and tall stature
often remains undiagnosed until a sudden and early
death. It has also been speculated largely on the basis of
their physical appearances that Abraham Lincoln (16"
president of the United States, 1809-1865) and the
virtuoso violinist Niccold Paganini (1782—-1840) were
suffering from connective tissue disorders.

Summary

Fibrous proteins represent a contrast to the normal
topology of globular domains where compact folded
tertiary structures exist as a result of long-range inter-
actions. Fibrous proteins lack true tertiary structure,
showing elongated structures and interactions confined
to local residues.

The amino acid composition of fibrous proteins
departs considerably from globular proteins but also
varies widely within this group. This variation reflects
the different roles of fibrous proteins.

Three prominent groups of fibrous proteins are the
collagens, silk fibroin and keratins and all occupy
pivotal roles within cells.

Collagen, in particular, is very abundant in verte-
brates and invertebrates where the triple helix provides
a platform for a wide range of structural roles in the
extracellular matrix delivering strength and rigidity to
a wide range of tissues.

The triple helix is a repetitive structure containing
the motif (Gly-Xaa-Yaa) in high frequency with Xaa



PROBLEMS

and Yaa often found as proline and lysine residues.
Repeating sequences of amino acids are a feature of
many fibrous proteins and help to establish the topology
of each protein. In collagen the presence of glycine at
every third residue is critical because its small side
chain allows it to fit precisely into a region that forms
from the close contact of three polypeptide chains.
Larger side chains would effectively disrupt this region
and perturb the triple helical structure.

Although based around a helical design collagen
differs considerably in dimensions to the typical o
helix. The triple helix of collagen undergoes consider-
able post-translational modification to increase strength
and rigidity.

Keratins make up a considerable proportion of hair
and nails and contain polypeptide chains arranged in
an o helical conformation. The helices interact via
supercoiling to form coiled-coils. Of importance to
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coiled-coils are specific interactions between residues in
different helices via non-polar interactions that confer
significant stability. The basis of this interaction is a
heptad of repeating residues along the primary sequence.

A heptad repeat possesses leucine or other residues
with hydrophobic side chains arranged periodically
to favour inter-helix interactions. Helices are usually
arranged in pairs. Significantly, this mode of organiza-
tion is found in other intracellular proteins as well as
in viral proteins. Several DNA binding proteins contain
coiled-coil regions and the hydrophobic-rich domains
are often called leucine zippers.

In view of their widespread distribution in all animal
cells mutations in fibrous proteins such as keratins or
collagens lead to serious medical conditions. Many
disease states are now known to arise from inherited
disorders that lead to impaired structural integrity in
these groups of proteins.

Problems

1. Describe the different amino acid compositions of
collagen, silk and keratins?

2. Explain why glycine and proline are found in
high frequency in the triple helix of collagen but
are not found frequently within helical regions of
globular proteins?

3. Why is silk both strong and flexible?

4. Why is wool easily stretched or shrunk? Why is silk
more resistant to these deformations.

5. Poly-L-proline is a synthetic polypeptide that adopts
a helical conformation with dimensions comparable
to those of a single helix in collagen. Why does
poly-L—proline fail to form a triple helix. Will the
sequence poly-(Gly-Pro-Pro), form a triple helix and
how does the stability of this helix compare with
native collagen. Does poly-(Gly-Pro-Gly-Pro), form
a collagen like triple helix?

6. A mutation is detected in mRNA in a region in frame
with the start codon (AUG) CCCUAAALUG.......

GGACCCAAAGGACCUAAGUGUCCAUCUGGU
CCGAAGGGGUCCAACGGACCCAAGGGU......
Establish the identity of the peptide and describe the
possible consequences of this mutation.

7. Describe four post-translational modifications of col-
lagen and list these modifications in their order
of occurrence?

8. Gelatin is primarily derived from collagen, the protein
responsible for most of the remarkable strength
of connective tissues in tendons and other tissues.
Gelatin is usually soft and floppy and generally
lacking in strength. Explain this observation.

9. Ehlers—Danlos syndromes are a group of collagen
based diseases characterized by hyperextensible joints
and skin. What is the most probable cause of this
disorder in terms of the structure of collagen?

10. Keratin is based on a seven residue or heptad repeat.
Describe the properties of this sequence that favour
coiled-coil structures.






The structure and function of membrane
proteins

By 2004 the Protein Data Bank of structures con-
tained over 22000 submissions. Almost all of these
files reflect the atomic coordinates of soluble proteins
and less than 1 percent of all deposited coordinates
belong to proteins found within membranes. It is clear
from this small fraction that membrane proteins present
special challenges towards structure determination.

Many of these challenges arise from the difficulty
in isolating proteins embedded within lipid bilayers.
For many decades membrane proteins have been rep-
resented as amorphous objects located in a sea of
lipid with little consideration given to their organiza-
tion. This is an unfortunate state of affairs because
the majority of proteins encoded by genomes are
located in membranes or associated with the membrane
interface. Slowly, however, insight has been gained
into the different types of membrane proteins, their
domain structure and more recently the three dimen-
sional structures at atomic levels of resolution. This
chapter addresses the structural and functional proper-
ties of membrane proteins.

The molecular organization
of membranes

Although this book is primarily about proteins it
is foolish to ignore completely the properties of

Proteins: Structure and Function by David Whitford
© 2005 John Wiley & Sons, Ltd

membranes since the lipid bilayers strongly influence
protein structure and function. The term lipid refers to
any biomolecule that is soluble in an organic solvent,
and extends to quinones, cholesterol, steroids, fatty
acids, triacylglycerols and non-polar vitamins such as
vitamin Kj. All of these components are found in
biological membranes. However, for most purposes the
term lipid refers to the collection of molecules formed
by linking a long-chain fatty acid to a glycerol-3-
phosphate backbone; these are the major components
of biological membranes.

Two long chain fatty acids are esterified to the
C; and C; positions of the glycerol backbone whilst
the phosphate group is frequently linked to another
polar group. Generically all of these molecules are
termed glycerophospholipids (Figure 5.1). Phospha-
tidic acid occurs in low concentrations within mem-
branes and the addition of polar head groups such
as ethanolamine, choline, serine, glycerol, and inositol
forms phosphatidylethanolamine (PE), phosphatidyl-
choline (PC, also called lecithin), phosphatidylserine
(PS), phosphatidylglycerol (PG) and phosphatidylinos-
itol (PI), the key components of biological membranes
(Table 5.1). Fatty acyl chains usually containing 16
or 18 carbon atoms occupy the R1 and R2 posi-
tions although chain length can range from 12 to
24 carbons.
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Figure 5.1 The structure of glycerophospholipids
involves the esterification of two long-chain fatty
acids to a glycerol-3-phosphate backbone with further
additions of polar groups occurring at the phosphate
group. When X=H the parent molecule phosphatidic
acid is formed

In animal membranes the C; position is typically
a saturated lipid of 16—18 carbons whilst the C,

position often carries an unsaturated Cis—Cp¢ fatty
acid. Unsaturated acyl chains (Table 5.2) contain one
or more double bonds usually found at carbons 5,
6, 8, 9, 11, 12, 14 and 15. Where more than one
double bond occurs the sites are separated by three
carbons so that, for example in linolenic acid the double
bonds are at 9, 12 and 15, whilst in arachidonic acid
the four double bonds are located at carbons 5, 8,
11 and 14. The double bonds are found in the cis
state with frans isomers rarely found. With a large
number of possible head groups coupled to a diverse
number of fatty acyl chains (each potentially differing
in their degree of saturation) the number of possible
combinations of non-polar chain/polar head group is
€normous.

Naming phospholipids follows the identity of the
fatty acid residues; so a glycerophospholipid con-
taining two 16 carbon saturated fatty acyl chains
and a choline head group is commonly referred to
as dipalmitoylphosphatidylcholine (DPPC). Although

Table 5.1 The common head groups attached to the glycerol-3-phosphate

backbone of glycerophospholipids

Donor Head group Phospholipid
Water —H Phosphatidic acid
Ethanolamine —CHz—CHp —NH; Phosphatidylethanolamine
o
- CHg - CH2 - ’Tl"'— CH3
Choline CHs Phosphatidylcholine
Ha
Serine —CH;=CH-C-0~ Phosphatidylserine
OH
Inositol OH  OH Phosphatidylinositol
(l)H
Glycerol g Cho G GOt Phosphatidylglycerol
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Table 5.2 Common acyl chains found in lipids of bio-
logical membranes

Name Numeric Name Numeric
representation representation
Lauric 12:0 Stearic 18:1
Myristic 14:0 Linoleic 18:2
Palmitic 16:0 Linolenic 18:3
Palmitoleic 16:1 Arachidic 20:0
Oleic 18:0 Arachidonic 20:4

For molecules such as linolenic acid the position of the three double bonds are
denoted by the nomenclature A%!>!3 with carbon 1 starting from the carboxyl
end. The IUPAC name for this fatty acid is 9,12,15 octadecenoic acid. A third
alternative identifies the number of carbon atoms in the acyl chain, the number
of double bonds and the geometry and carbon number associated with each
bond. Thus, linolenic acid is 18:3 9-cis, 12-cis, 15-cis

i

Figure 5.2 The diagram shows a wireframe and space
filling model of two acyl chains, one 16 carbons in
length, the other 18 carbons in length containing a
cis double bond. A phosphatidylcholine head group
is linked to a glycerol backbone. Protons have been
omitted to increase clarity

glycerophospholipids are the most common lipids
of biological membranes other variants occur such
as sphingolipids, sulfolipids and galactolipids. In
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plant membranes sulfolipids and galactolipids occur
alongside phospholipids, increasing the variety of
lipids.

A phospholipid such as DPPC is described as amphi-
pathic, containing polar and non-polar regions. Space
filling models (Figure 5.2) show that introducing a sin-
gle cis double bond produces a ‘kink’ in the acyl
chain and an effective volume increase. This has pro-
nounced effects on physical properties of lipids such as
transition temperatures, fluidity and structures formed
in solution.

When dispersed in aqueous solutions lipid molecules
minimize contact between the hydrophobic acyl chain
and water by forming structures where the polar
head groups interact with aqueous solvents whilst the
non-polar ‘tails’ are buried away from water. The
size and shape of the lipid assembly is a complex
combination of factors, including polar head group
volume, charge, degree of unsaturation and length.
Thus lipids with short acyl chains form micelles
and pack efficiently into a spherical shape where
the large volume of the hydrated polar head group
exceeds that of the tail and favours micellar structure.
Lipids with a single acyl chain, as well as detergents,
adopt this shape. Longer acyl chains, particularly
those with one or more double bonds, cannot pack
efficiently into a spherical micelle and produce bilayers
in most cases although alternative structures, such
as inverted micelles where the polar head group is
buried on the inside, can be formed by some of
the common lipids. Additionally lipid aggregates are
modulated by ionic strength or pH, but a detailed
discussion of these states is beyond the scope of
this text.

The ability of lipids or detergents to aggregate in
solution is often expressed in terms of their critical
micelle concentration (CMC). At concentrations above
their CMC lipids are found as aggregated structures
whilst below this concentration monomeric species
exist in solution. The CMC of dodecylmaltoside
(a single 12 carbon fatty acyl chain linked to a
maltose group) is estimated at ~150 wm whilst the
corresponding value for DPPC is 0.47 nm and means
that this polar lipid is always found as an aggregated
species. An isolated bilayer dispersed in a polar
solvent is unlikely to be stable since at some point
the ends of the bilayer will be exposed leading
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Electron density
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Figure 5.3 Electron density profile determined for a single bilayer. The electron dense regions correspond to the
head group region whilst the non-polar domain are less electron dense. Such data established the basic dimensions
of a bilayer (Dyy) at around 40 nm and the profile is shown alongside a diagram of a bilayer showing relative

positions of head groups and acyl chains

to unfavourable interactions between non-polar and
polar surfaces. As a result, extended bilayers in
aqueous solution often form closed, sealed, solvent-
filled structures known as liposomes or single lamellar
vesicles that have proved to be good models for
biological membranes.

Since integral membrane proteins are located in
bilayers the properties and arrangement of lipids
dictates the structure of any protein residing in this
region. The structure of a lipid bilayer has been
examined by neutron and X-ray diffraction to confirm
a periodic arrangement for the distribution of electron
density. The polar head groups are electron dense
whilst the acyl chains represent comparatively ‘diffuse’
areas of electron density (Figure 5.3).

Fluidity and phase transitions are important
properties of lipid bilayers

An important property of lipid bilayers is fluid-
ity. Membrane fluidity depends on lipid composition,
temperature, pH and ionic strength. At low tempera-
tures the fluidity of a membrane is reduced with the
acyl chains showing lower thermal mobility and pack-
ing into a ‘frozen’ gel state. At higher temperatures
increased translational and rotational mobility results in
a less ordered fluid state, sometimes called the liquid
crystal (Figure 5.4). Transitions from the gel to fluid
states are characterized by phase transition tempera-
tures (Table 5.3). Short chains have lower transition
temperatures when compared with longer lipids. The
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transition temperature increases with chain length since
hydrophobic interactions increase with the number of
non-polar atoms. The transition temperature decreases
with increasing unsaturation and is reflected by greater
inherent disorder packing.

Biological membranes exhibit broad phase transition
temperatures over a wide temperature range. All
biological membranes exist in the fluid state and
organisms have membranes whose lipid compositions
exhibit transition temperatures significantly below their
lowest body temperature. Thus, fish living in the depths

Gel Liquid crystalline

Figure 5.4 The gel to fluid (liquid crystalline) tran-
sition in lipid bilayers. In the gel phase the head
groups are tightly packed together, the tails have a
regular conformation and the bilayer width is thicker
than the liquid crystalline state

Table 5.3 Phase transition temperatures of common
diacylphospholipids

Diacylphospholipid Transition
temperature
°C (Tw)
C22 phosphatidyl choline 75
C18 phosphatidyl choline 55
C16 phosphatidyl choline 41
C14 phosphatidyl choline 24
C18:1 phosphatidyl choline —22
C16 phosphatidyl serine (low pH) 72
C16 phosphatidyl serine (high pH) 55
C16 phosphatidyl ethanolamine 60
C14 phosphatidyl ethanolamine 50
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of the ocean where temperatures may drop below
—20°C have membranes rich in unsaturated long-chain
fatty acids such as linolenic and linoleic acid.

Real membranes are not homogeneous dispersions
of lipids but contain proteins, often in considerable
quantity. The lipid:protein ratio varies dramatically,
with membranes such as the myelin sheath possess-
ing comparatively little protein (Table 5.4). In con-
trast membranes concerned with energy transduction
have larger amounts of protein and exhibit lower
lipid:protein ratios.

The fluid mosaic model

Any model of membrane organization must account for
the properties of lipids, such as self-association into
stable structures, mobility of lipids within monolay-
ers, and the impermeability of cell membranes to polar
molecules. In addition models must account for the
presence of proteins both integral and peripheral and
at a wide variety of ratios with the lipid component. In
1972, to account for these and many other observations,
S.J. Singer and G. Nicolson proposed the fluid mosaic
model; a model that has with only minor amendments
stood the test of time. In this model proteins were orig-
inally viewed as floating like icebergs in a sea of lipid
but in view of the known lipid:protein ratios found in
some membranes this picture is unrealistic and repre-
sentations should involve higher proportions of protein.

Table 5.4 Protein and lipid content of different
membranes

Membrane Protein  Lipid
Myelin sheath (Schwann cells) 21 79
Erythrocyte plasma membrane 49 43
Bovine retinal rod 51 49
Mitochondrial outer membrane 52 48
Mitochondrial inner membrane 76 24
Sarcoplasmic reticulum (muscle cells) 67 33
Chloroplast lamellae 70 30

Phase transition temperatures are measured by differential scanning
calorimetry (DSC) where heat is absorbed (AH increases) as the
lipid goes through a phase transition

The figures represent the percentage by weight. The figures do not always
add up to 100 % reflecting different contents of carbohydrate within each
membrane (derived from Guidotti, G. Ann. Rev. Biochem. 1972, 41, 731-752)
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Figure 5.5 The organization of a typical cell membrane. The lipid in blue contains integral and peripheral proteins
(red/orange) with cholesterol (yellow) found in animal membranes whilst polysaccharides are attached to the
extra-cellular surface of proteins (reproduced with permission from Voet, D., Voet, J.G & Pratt, C.W., Fundamentals

of Biochemistry, 1999 John Wiley & Sons, Ltd, Chichester)

In 1972 nothing was known about the structure of
these proteins but the intervening period has elucidated
details of organization within membranes. Interactions
between protein and lipid alter the properties of both
and in some systems there exists convincing data on the
arrangement of proteins with respect to exterior and
cytosolic compartments. However, a major problem
is a comparative paucity of data on the secondary
and tertiary structure of integral proteins that restricts
understanding of their function in transport, cell—cell
recognition, catalysis, etc. To address these problems it
is necessary to examine the composition of membranes
in more detail and one of the best model systems is
the erythrocyte or red blood cell membrane. Figure 5.5
shows a typical cell membrane.

Membrane protein topology and
function seen through organization
of the erythrocyte membrane

The erythrocyte membrane is a popular system to study
because blood can be obtained in significant quantities

containing large amounts of cells (i.e membranes). The
cell membrane is readily partitioned from haemoglobin
and other cytosolic components by centrifugation.
The resulting membranes are called ‘ghosts’ because
they reseal to form colourless particles devoid of
haemoglobin. Using ghost membranes identified two
major groups of proteins. The first group of pro-
teins shows weak association with membranes and is
removed after mild washing treatments such as incu-
bation with elevated concentrations of salt. The second
class involved proteins that were only removed from
the membrane by extreme procedures that included the
use of detergents, organic solvents, chaotropic agents,
lipases or mechanical fractionation. This second pro-
cedure involved the complete disruption of membrane
environment with the result that many protein’s lost
structure and function. The terms extrinsic and intrinsic
are sometimes applied to these two groups of mem-
brane proteins. Other schemes of classification use the
terms non-integral or peripheral and integral to describe
each group. Unsurprisingly the properties of integral and
non-integral proteins differ but further characterization
of the erythrocyte membrane revealed a third type of
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Figure 5.6 Structure of band 3 monomer. The secondary structure distribution (left) and a ribbon diagram of band
3 monomer (right). Regions shown in blue correspond to the peripheral protein binding domain and the red regions
to the dimerization arm (reproduced with permission from Zhang, D., Kiyatkin, A., Bolin, J.T. & Low, P.S. Blood 2000,

96, 2925-2933. The American Society of Hematology)

protein. This integral protein was attached firmly to the
bilayer yet had substantial proportions of its sequence
accessible to the aqueous phase.

An intrinsic protein of the erythrocyte
membrane: band 3 protein

The name ‘band 3’ originally arose from sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis studies
of the protein composition of erythrocyte membranes
where it was the subunit with the third heaviest molec-
ular mass. It is the most abundant protein found in
the erythrocyte membrane facilitating anion exchange
and the transfer of bicarbonate (HCO3;™) and chloride
(C17) ions. Band 3 protein is hydrophobic with many
non-polar side chains and is released from the mem-
brane only after extraction with detergents or organic
solvents. As such it is typical of many membrane pro-
teins and until recently there was little detail on the
overall tertiary structure.

Band 3 consists of two independent domains
(Figure 5.6). The N-terminal cytoplasmic domain links
the membrane to the underlying spectrin—actin-based
cytoskeleton using ankyrin and protein 4.1 as bridg-
ing proteins. The C-terminal domain mediates anion
exchange across the erythrocyte membrane. As a
result of its cytoplasmic location the structure of

the N-terminal domain has been established by
crystallography to a resolution of 2.6 A but the mem-
brane C-terminal domain remains structurally problem-
atic. The cytoplasmic domain contains 11 f strands
and 10 helical segments and belongs to the a + § fold
class. Eight B-strands assemble into a central B-sheet
of parallel and antiparallel strands whilst two of the
remaining strands (86 and B7, residues 176—185) form
a B-hairpin that constitutes the core of the ankyrin bind-
ing site.

The approach of studying large extracellular regions
belonging to membrane proteins is widely used to pro-
vide information since it represents in many instances
the only avenue of structural analysis possible for
these proteins.

Membrane proteins with globular domains

Integral membrane proteins are distinguished from sol-
uble domains by their high content of hydrophobic
residues. Residues such as leucine, isoleucine and
valine often occur in blocks or segments of approxi-
mately 20-30 residues in length. Consequently, it is
possible to identify membrane proteins by the distribu-
tion of residues with hydrophobic side chains through-
out a primary sequence. Hydropathy plots reflect
the preference of amino acid side chains for polar



and non-polar environments and as such numerical
parameters are assigned to each residue (Table 5.5).
The hydropathy values reflect measurements of the
free energy of transfer of an amino acid from non-
polar to polar solvents. By assigning numerical values
to each residue along a sequence and then averaging
these values over a pre-defined window size a hydropa-
thy profile is established. For a small window size
the precision is not great but for a window size of
between 18 and 22 accurate prediction of transmem-
brane regions is possible. Increasingly sophisticated
algorithms allow transmembrane region recognition
and this approach is routinely performed on new,
unknown, proteins.

Transmembrane regions occur as peaks in the
hydropathy profile. An analysis of band 3 protein
reveals a primary sequence containing many hydropho-
bic residues arranged in at least 13 transmembrane
domains. This was therefore consistent with its role
as an integral membrane protein. In contrast the ‘inte-
gral’ protein glycophorin also found in the erythrocyte
has a low content of non-polar residues compatible
with a single transmembrane helix (Figure 5.7). This
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Table 5.5 Kyte and Doolittle scheme of ranking
hydrophobicity of side chains

Amino Parameter Amino Parameter
acid acid

Ala 1.80 Leu 3.80
Arg —4.50 Lys —3.90
Asn —3.50 Met 1.90
Asp —3.50 Phe 2.80
Cys 2.50 Pro —1.60
Gln —3.50 Ser —0.80
Glu —3.50 Thr —0.70
Gly —0.40 Tyr —0.90
His —3.20 Trp —1.30
Ile 4.50 Val 4.20

was unexpected in view of its location and shows the
dramatic variation of integral protein organization and
secondary structure.
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Figure 5.7 The putative transmembrane domains of band 3 and glycophorin. The red bars indicate the positions of

the transmembrane domains
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Figure 5.8 Sequence and postulated structure of glycophorin A. The external N terminal region has many polar
residues and is extensively glycosylated. There is no glycosylation of the hydrophilic domain on the cytoplasmic
side of the membrane. The non-polar region stretches for approximately 20 residues. A common genetic variant of
glycophorin occurs at residues 1 and 5 with Ser and Gly replaced by Leu and Glu

Careful inspection of the hydropathy plot for gly-
cophorin reveals that a single hydrophobic domain
extends for approximately 20—25 residues and that less
than 20 % of the protein’s 131 residues are compat-
ible with membrane locations. This observation was
supported by amino acid sequencing of glycophorin,
the first membrane protein to be sequenced, showing
significant numbers of polar residues at the N and C
terminals (Figure 5.8).

A combination of biochemical techniques estab-
lished the arrangement of glycophorin — large hydro-

philic domains protruded from either side of the
erythrocyte membrane. One approach was to use
membrane-impermeant agents that reacted with specific
residues to yield fluorescent or radioactive labels that
facilitated subsequent detection. Using this approach
only the N-terminal domain was labelled and it was
deduced that this region protruded out from the cell’s
surface. Rupturing the erythrocyte membrane labelled
C-terminal domains but the transmembrane region
was never labelled. Detailed studies established an N-
terminal region of approximately 70 residues (1-72)
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with the hydrophobic domain extending from 73-92
and the C-terminal region occupying the remaining
fraction of the polypeptide from residues 92—131.
In vivo the hydrophobic domain promotes dimeriza-
tion and studies have shown that fusion of this pro-
tein sequence to ‘foreign’ proteins not only promotes
membrane localization but also favours association
into dimers. Dimerization is sequence dependent with
mutagenesis of critical residues completely disrupting
protein association. However, although considerable
detail has been acquired on the organization of proteins
within the erythrocyte membrane a description at an
atomic level was largely lacking. In part this stemmed
from the difficulty in isolating proteins in forms suit-
able for analysis by structural methods.

What was required was a different approach. A
new approach came with two very different integral
membrane proteins. The first was the purple protein,
bacteriorhodopsin, found in the bacterium Halobac-
terium halobium. This membrane protein functions as
a light-driven proton pump. The second system was
a macromolecular photosynthetic complex from purple
non-sulfur bacteria that ultimately converted light into
chemical energy. The results from studies of these pro-
teins would revolutionize our understanding of mem-
brane protein structure.

Bacteriorhodopsin and the discovery
of seven transmembrane helices

The study of the protein bacteriorhodopsin represents a
landmark in membrane protein structure determination
because for the first time it allowed an insight into the
organization of secondary and tertiary structure, albeit
at low resolution. Bacteriorhodopsin, a membrane pro-
tein of 247 residues (M;~26 kDa), accumulates within
the membranes of H. halobium — a halophilic (salt lov-
ing) bacterium that lives in extreme conditions and is
restricted to unusual ecosystems. The cell membrane of
H. halobium contains patches approximately 0.5 pm
wide consisting predominantly of bacteriorhodopsin
along with a smaller quantity of lipid. These patches
contribute to a purple appearance of membranes and
contain protein arranged in an ordered two-dimensional
lattice whose function is to harness light energy for the
production of ATP via light driven proton pumps. This
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Figure 5.9 The retinal chromophore of bacteri-
orhodopsin linked to lysine 216 of bacteriorhodopsin.
The retinal is responsible for the purple colour observed
in the membranes of H. halobium

process is assisted by the presence of retinal co-factor
linked covalently to lysine 216 in bacteriorhodopsin
(Figure 5.9).

Bacteriorhodopsin is the simplest known proton
pump and differs from those found in other systems
in not requiring associated electron transfer systems.
By dispersing purified purple membranes containing
bacteriorhodopsin in lipid vesicles along with bovine
heart ATP synthetase (the enzyme responsible for syn-
thesizing ATP) Efraim Racker and Walter Stoecke-
nius were able to demonstrate that light-driven proton
fluxes resulted in ATP synthesis. Not only was this a
convincing demonstration of the light-driven pump of
bacteriorhodopsin but it was also an important mile-
stone in emphasizing the role of proton gradients in
ATP formation.

Richard Henderson and Nigel Unwin used the
two-dimensional patches of protein to determine
the structure of bacteriorhodopsin using electron
crystallography a technique (see Chapter 10) analo-
gous to X-ray crystallography. By a process of recon-
struction Henderson and Unwin were able to produce
low-resolution structural images of bacteriorhodopsin
in 1975 (Figure 5.10). This was the first time the struc-
ture of a membrane protein had been experimentally
determined at anything approaching an atomic level
of resolution.

The structure of bacteriorhodopsin revealed seven
transmembrane helices and it was assumed that these
regions were linked by short turns that projected
into the aqueous phase on either side of the purple
membrane. Shortly after initial structure determination
the primary sequence of this hydrophobic protein
was determined. This advance allowed a correlation



Figure 5.10 A model proposed for the structure of
bacteriorhodopsin derived using electron microscopy
(after Henderson, R. & Unwin, P.N.T Nature 1975, 257,
28-32). The view shown lies parallel to the membrane
with the helices running across the membrane.
Although clearly ‘primitive” and of low resolution
this representation of seven transmembrane helices
had a dramatic effect on perceptions of membrane
protein structure

between structural and sequence data. Hydrophobicity
plots of the amino acid sequence identified seven
hydrophobic segments within the polypeptide chain
and this agreed with the transmembrane helices seen
in electron density maps. The primary sequence of
bacteriorhodopsin was pictured as a block of seven
transmembrane helices (Figure 5.11).

Subsequently, determination of the structure of bac-
teriorhodospin by X-ray crystallography to a resolution
of 1.55 A confirmed the organization seen by elec-
tron diffraction and showed that the seven transmem-
brane helices were linked by extra- and intracellular
loops as originally proposed by Henderson and Unwin
(Figure 5.12). Although not apparent from the early
low-resolution structures a short antiparallel § strand is
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found in a loop between helices B and C. More signifi-
cantly this structure allowed insight into the mechanism
of signal transduction and ion pumping, the major bio-
logical roles of bacteriorhodopsin.

The light-driven pump is energized by light absorp-
tion by retinal and leads to the start of a photocycle
where the conversion of retinal from an all-trans iso-
mer to a 13-cis isomer is the trigger for subsequent
reactions. Photobleaching of pigment leads to the vec-
torial release of a proton on the extracellular side of
the membrane and a series of reactions characterized
by spectral intermediates absorbing in different regions
of the UV —visible spectrum.

The discovery that bacteriorhodopsin contained
seven transmembrane helices arranged transversely
across the membrane has assisted directly in under-
standing the structure and function of a diverse range
of proteins. Of direct relevance is the presence of
rhodopsin in visual cycle of the eye in vertebrates and
invertebrates as well as a large family of proteins based
on seven transmembrane helices.

Seven transmembrane helices and the
discovery of G-protein coupled receptors

These receptors are embedded within membranes and
are not easily isolated let alone studied by structural
methods. However, cloning cDNA sequences for many
putative receptors allowed their amino acid sequences
to be defined with the recognition of similarity
within this large class of receptors. The proteins
were generally 400-480 residues in length with
sequences containing seven conserved segments or
blocks of hydrophobic residues. These seven regions of
hydrophobic residues could only mean, in the light of
the work on bacteriorhodopsin, transmembrane helices
linked by cytoplasmic or extracellular loops. Amongst
the first sequences to be recognized with this topology
was human f, adrenergic receptor (Figure 5.13). Seven
transmembrane helices approximately 24 residues in
length were identified together with a glycosylated N-
terminal domain projecting out from the extracellular
surface and on the other side of the membrane a much
larger C-terminal domain.

Prior to sequence analysis receptors such as the 8,
adrenergic receptors had been subjected to enormous
experimental study. It was shown that receptors bind
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Figure 5.11 The primary sequence of bacteriorhodopsin superimposed on a seven transmembrane helix model.
Charged side chains are shown in either red (negative) or blue (positive). Charged residues are usually found either in
the loop regions or at the loop-helix interface. The presence of charged residues within a helix is rare and normally

indicates a catalytic role for these side chains. This is seen in helix C and G of bacteriorhodopsin

ligands or hormones with kinetics resembling those
exhibited by enzymes where the hormone (substrate)
bound tightly with dissociation constants measured in
the picomolar range (107! m). Binding studies also
helped to establish the concept of agonist and antag-
onist. The use of structural analogues or agonists to
the native hormone yielded a binding reaction and
elicited a normal receptor response. In contrast antago-
nists compete for hormone binding site on the receptor
inhibiting the normal biological reaction. One impor-
tant hormone antagonist is propranolol — a member of
a group of chemicals widely called § blockers — that
competes with adrenaline (epinephrine) for binding

sites on adrenergic receptors. These compounds have
been developed as drugs to control pulse rate and blood
pressure. Not only have useful drugs emerged from
agonist and antagonist binding studies of adrenergic
receptors but four major groups of adrenergic receptor
have been recognized in the membranes of vertebrates
(a1, az By and By).

These receptors play a role in signal transduction
and a major discovery in 1977 was the distinction
between B adrenergic receptors and adenylate cyclase.
Adenylate cyclase was shown in classic research on
hormonal control of glycogen levels to be a membrane
bound receptor for adrenaline. This led to the incorrect



Figure 5.12 High resolution structure of bacteri-
orhodopsin (PDB:1C3W) showing seven transmembrane
helices linked by extra and intracellular loops

idea that receptors were adenylate cyclase —a role
shown later to be performed by G protein coupled
receptors. Both adenylate cyclase and membrane bound
receptors catalyse the activation or inhibition of
cyclic AMP synthesis. A crucial discovery was the
observation that transduction of the hormonal signal
to adenylate cyclase involved not only a membrane
bound receptor but a separate group of proteins called
G proteins. G proteins are so called because they bind
guanine nucleotides such as GTP/GDP. As a result
the overall picture of signal transduction mechanisms
changed to involve a hormone receptor, adenylate
cyclase and a G protein. All of these proteins are
associated with the membrane.

Studies of bacteriorhodopsin played a key role in
understanding rhodopsin, the photoreceptive pigment
at the heart of the visual cycle and responsible for the
transduction of light energy in the eyes of vertebrates
and invertebrates. Rhodopsin is the best characterized
receptor and much of our current knowledge of
signal transduction arose from studies of G proteins
and G protein-coupled receptors in the visual cycle.
The model of signal transduction receptors as seven
transmembrane helices with extra and intracellular
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Figure 5.13 The amino acid sequence of the B,
adrenergic receptor defines the organization of
the protein into seven transmembrane helices. The
adrenergic receptors are so called because they interact
with the hormone adrenaline (after Dohlman et al.
Biochemistry 1987, 26, 2660-2666). The receptor
interacts with cellular proteins in the C-terminal
region and interaction is controlled by the reversible
phosphorylation of Ser/Thr residues

loops was in part possible because of the initial
structural studies of bacteriorhodopsin — at first glance
a completely unrelated protein.

Within the retina of the eye rhodopsin is the
major protein of the disc membrane of rod cells
and by analogy to the bacterial protein it contains
a chromophore 11-cis retinal that binds to opsin
(the protein). Rhodopsin absorbs strongly between
wavelengths of 400 and 600 nm and absorption of
light triggers the conversion of the bound chromophore
to the all-frans form. Several conformational changes
later metarhodopsin II is formed as an important
intermediate in the multiple step process of visual
transduction. The release of trans-retinal from the
protein and the conversion of retinal back to the initial
11-cis state by the action of retinal isomerase signals
the end of the cycle (Figure 5.14).
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Figure 5.14 The basic visual cycle involving chemical changes in rhodopsin. The critical 11-cis bond is shown in
red with retinal combining with opsin to form rhodopsin. Light converts the rhodopsin into the trans-retinal followed
by the formation of metarhodopsin II. This intermediate reacts with transducin before dissociating after ~1 s into

trans-retinal and opsin

Photochemically induced conformational changes in
metarhodopsin II lead to interactions with a second
protein transducin found in the disc membrane of reti-
nal rods and cones. Transducin is a heterotrimeric
guanine nucleotide binding protein (G protein) con-
taining three subunits designated as o, § and y of
molecular weight 39 kDa, 36 kDa and 8 kDa. Pho-
toexcited rhodopsin interacts with the o subunit of
transducin promoting GTP binding in place of GDP
and a switch from inactive to active states. The
transducin o subunit is composed of two domains.
One domain contains six P strands surrounded by
six helices whilst the other domain is predominantly
helical. Although in the visual cycle the extracellu-
lar stimulus and biochemical endpoint are different to
hormone action the transmembrane events are remark-
ably similar.

Interaction between rhodopsin and G protein causes
dissociation with the G, subunit separating from the

Gg, dimer (Figure 5.15). The transducin G,—-GTP
complex activates a specific phosphodiesterase enzyme
by displacing its inhibitory domain and thus trigger-
ing subsequent events in the signalling pathway. The
phosphodiesterase cleaves the cyclic nucleotide guano-
sine 3/, 5’-monophosphate (cyclic GMP) in a process
analogous to the production of cyclic AMP in hor-
mone action and this in turn stimulates visual signals
to the brain.

As a signalling pathway in humans the rhodopsin—
transducin system contributed significantly to our
understanding of other G proteins and G-protein cou-
pled receptors. Subsequent work has suggested that all
G proteins share a common structure of three sub-
units. The identification of human cDNA encoding
24 « proteins, 5 B proteins and 6 y proteins testifies
to the large number of G protein catalysed reactions
and their importance within cell signalling pathways.
The o subunits of G proteins are one group of an



Figure 5.15 The structure of the G, subunit of
transducin. Two domains are shown in dark green
(helical) and blue (« + B) together with a GTP analogue
(magenta) bound at the active site (PDB: 1TND)

important class of nucleotide binding proteins whose
activity is enhanced by GTP binding and diminished
by GDP binding. Other members with this group of
G proteins include the elongation factors involved in
protein synthesis and the products of oncogenes such
as Ras.

Addressing hormone action is an entirely analogous
process and is best visualized through inspection of
the structure of the P, adrenergic receptor. Hormone
binding at the extracellular surface promotes confor-
mational change and the interaction of the C-terminal
region with the G, subunit. This stimulates GDP/GTP
exchange and in its active state the G, subunit binds
to adenylate cyclase causing the formation of cAMP
which functions downstream in protein phosphoryla-
tion reactions that stimulate or inhibit metabolic pro-
cesses (Figure 5.16). G proteins are further sub-divided
into two major classes: Gy and G;. The former stimu-
late adenylate cyclase whilst the latter inhibit although
both interact with a wide range of receptors and interact
with other proteins besides adenylate cyclase.

Rhodopsin and P, adrenergic receptors are seven
transmembrane receptor proteins that activate het-
erotrimeric GTP binding proteins and are grouped
under the term G-protein coupled receptors (GPCRs).
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GPCRs are part of an even larger group of seven trans-
membrane receptors and represent the fourth largest
superfamily found in the human genome. It is esti-
mated that within the human genome there are over 600
genes encoding seven transmembrane helices receptors.
Within this family there are three major structural sub-
divisions with the rhodopsin-like family representing
the largest class. In almost all cases there is a com-
mon mechanism involving G protein activation and two
types of intracellular or secondary messengers, calcium
(Ca’*) and cyclic AMP (cAMP). Approximately 70 %
of GPCRs signal through the cAMP pathway and 30 %
signal through the Ca>* pathway.

Detailed structural data on GPCRs remains lim-
ited and this is unfortunate because many proteins
within this family are important and lucrative phar-
maceutical targets. Many drugs in clinical use in
humans are directed at seven transmembrane recep-
tors. Despite overwhelming sequence data and biophys-
ical data the structure of a non-microbial rhodopsin
has only recently been achieved. The crystal structure
confirmed, perhaps belatedly, the eponymous seven
transmembrane helical model but more importantly this
structure provided a model for other GPCRs that allows
insight into receptor—G protein complex formation and
an understanding of the mechanism by which agonist-
receptor binding leads to G protein activation.

The photosynthetic reaction centre
of Rhodobacter viridis

Studies of bacteriorhodopsin defined a basic topology
of helices traversing the membrane but did not reveal
sufficient detail of helical arrangement with respect
to each other and the membrane. Detailed analysis
of membrane proteins required the use of X-ray
crystallography, a technique whose resolution is often
superior to electron crystallography. However, this
experimental approach requires the formation of three-
dimensional crystals of suitable size and this had
proved extremely difficult for non-globular proteins.
Bacteriorhodopsin forms a two-dimensional array of
molecules naturally within the membrane but for
almost all other membrane proteins the formation of
crystals is a major hurdle to be overcome before
acquisition of structural information.
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Figure 5.16 The adenylate cyclase signalling system. Binding of hormone to either receptor caused a stimulatory
(Rs) or inhibitory (R;) activity of adenylate cyclase. These receptors undergo conformational changes leading to
binding of the G protein and the exchange of GDP/GTP in the Ga subunit. The action of the Ga subunit in
stimulating or inhibiting adenylate cyclase continues until hydrolysis of GTP occurs. Adenylate cyclase forms cAMP
which activates a tetrameric protein kinase by promoting the dissociation of regulatory and catalytic subunits
(reproduced with permission from Voet, C, Voet, J.G & Pratt, C.W. Fundamentals of Biochemistry John Wiley & Sons,

Ltd, Chichester, 1999).

Removing membrane proteins from their environ-
ment as a prelude to crystallization was frequently
unsuccessful since the lipid bilayer plays a major
role maintaining conformation. Moreover, exposure
of hydrophobic residues that were normally in con-
tact with non-polar regions of the bilayer to aqueous
solutions resulted in many proteins unfolding with a
concomitant loss of activity. One approach adopted
in an attempt to improve methods of membrane pro-
tein crystallization was to substitute detergents that

mimicked the structure and function of lipids. In many
instances these detergents failed to preserve structure
or function satisfactorily. The situation changed drasti-
cally in 1982 when Hartmut Michel prepared highly
ordered crystals of the photosynthetic reaction cen-
tre from Rhodobacter viridis (originally Rhodopseu-
domonas viridis).

The reaction centre is a macromolecular com-
plex located in heavily pigmented membranes of
photosynthetic organisms (Figure 5.17). Within most
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photosynthetic electron transfer system in purple bacteria

such as R. sphaeroides. In R. viridis a bound cytochrome is linked to the reaction centres but is absent in most
species. Bacteriochlorophyll molecules are represented by blue diamonds, bacteriopheophytin molecules by purple
diamonds and hemes by red diamonds. The red arrows represent excitation transfer from light harvesting chlorophyll
complexes and the black and blue arrows correspond to electron and proton transfer, respectively (reproduced with
permission Verméglio, A & Joliot, P. Trends Microbiol. 1999, 7, 435-440. Elsevier).

bacterial membranes the centre is part of a cyclic
electron transfer pathway using light to generate
ATP production.

Absorption of a photon by light-harvesting com-
plexes (LH1 and LH2) funnels energy to the reac-
tion centre initiating primary charge separation where
an electron is transferred from the excited primary
donor, a bacteriochlorophyll dimer, to a quinone accep-
tor (Qg) via other pigments. After a second turnover,
the reduced quinone picks up two protons from the
cytoplasmic space to form a quinol (QH,) and is oxi-
dized by cytochrome c;, a reaction catalysed by the
cytochrome bc; complex. This reaction releases protons
to the periplasmic space for use in ATP synthesis and
the cyclic electron transfer pathway is completed by the
reduction of the photo-oxidized primary electron donor.

Fractionation studies of R. viridis membranes using
detergents such as lauryl dimethylamine oxide (LDAO)
yield a ‘core’ reaction centre complex containing four
polypeptides lacking the light-harvesting chlorophyll
and cytochrome bc; complexes normally associated
with these centres. The subunits (H, M, and L)

possessed all of the components necessary for primary
photochemistry and were associated with a membrane
bound cytochrome.

Analysis of the photosynthetic complex showed that
its ability to perform primary photochemical reactions
was due to the presence of chromophores that included
four bacteriochlorophyll molecules, two molecules of
a second related pigment called bacteriopheophytin,
carotenoids, a non-heme iron centre, and two quinone
molecules (ubiquinone and menaquinone). Using spec-
troscopic techniques such as circular dichroism, laser
flash photolysis and electron spin resonance the order
and time constants associated with electron transfer
processes was established (Figure 5.18). In all cases
electron transfer was characterized by extremely rapid
reactions. The light harvesting complexes act as anten-
nae and transfer energy to a pair of chlorophyll
molecules (called P870, and indicating the wavelength
associated with maximum absorbance) in the reaction
centre located close to the periplasmic membrane sur-
face. Absorption of a photon causes an excited state
and at room temperature the photo-excited pair reduces
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Figure 5.18 The sequence of donors and acceptors in the reaction centres of R. viridis. Qa is menaquinone and Qg
is ubiquinone. Rapid back reactions occur at all stages and the primary photochemical reactions occur very rapidly

(ps timescale) presenting numerous technical difficulties

a pheophytin molecule within 3 ps. The initial pri-
mary charge separation generates a strong reductant
and reduces the primary acceptor bacteriophaeophytin.
Within a further 200 ps the electron is transferred from
bacteriopheophytin to a quinone molecule. These reac-
tions are characterized by high quantum efficiency and
the formation of a stable charge separated state. Nor-
mally the quinone transfers an electron to a second
quinone within 25 ps before further electron transfer to
other acceptors located within membrane protein com-
plexes. In isolated reaction centres electrons reaching
the quinone recombine with a special pair of chloro-
phyll by reverse electron transfer.

The electron transfer pathway was defined by spec-
troscopic techniques but the arrangement of chro-
mophores together with the topology of protein
subunits remained unknown until Michel obtained
ordered crystals of reaction centres.

Crystallization requires the ordered precipitation of
proteins. Membrane proteins have both hydrophilic and
hydrophobic segments due to their topology, with the
result that the proteins are rarely soluble in either
aqueous buffers or organic media. By partitioning the

in accurate measurement

membrane protein in detergent (LDAO) micelles it
was possible to purify subunits but it proved very
difficult to crystallize reaction centres from LDAO.
As a general rule macromolecular protein complexes
will only aggregate into ordered crystalline arrays if
their exposed polar surfaces can approach each other
closely. The use of detergents, particularly if they
formed micelles of large size, tended to limit the close
approach of polar surfaces preventing crystallization.
The major advance of Michel was to introduce small
amphiphilic molecules such as heptane 1,2,3 triol into
the detergent mixture. Although the precise mechanism
of action of these amphiphiles is unclear they are
thought to displace large detergent molecules from
the crystal lattice, thereby assisting aggregation. In
addition they do not form micelles themselves but
lower the effective concentration of detergent by
becoming incorporated within micelles and limiting
protein denaturation. Lastly, amphiphiles interact with
protein but do not prevent close proximity of solvent-
exposed polar regions.

The structure of the reaction centre revealed the
topology of structural elements within the H,M,L
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Figure 5.19 Distribution of secondary structure in each subunit of the photosynthetic reaction centre together
with the whole complex. The cytochrome subunit is shown in orange, the L subunit in light green, the M subunit in

dark green and the H subunit in blue (PDB:1PRC)

and cytochrome subunits and importantly the position
of the pigments (Figure 5.19). The structure offered
the possibility of understanding how reaction cen-
tres achieved picosecond charge separation following
light absorption.

The structure of the bacterial
reaction centre

One surprise from the crystal structure of the four-
subunit complex was the H subunit. Sequencing the
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gene for subunit H revealed that it was the smallest
subunit in terms of number of residues. Its migration on
SDS gels was anomalous when compared to the L. and
M subunits leading to slightly inaccurate terminology.
Careful inspection of Figure 5.19 reveals that the H
subunit is confined to the membrane by a single
transmembrane o helix (shown in blue) whilst most
of the protein is found as a cytoplasmic domain. The
physiological role of the H subunit is unclear since
it lacked all pigments. The structure of subunit H
is divided into three distinct segments; a membrane-
spanning region, a surface region from residues 41
to 106, and a large globular domain formed by the
remaining residues. The membrane-spanning region
of the H subunit is a single regular o helix from
residues 12 to 35 with some distortion near the
cytoplasmic membrane surface. Following the single
transmembrane helix are ~65 residues forming a
surface region interacting with the L and M subunits
and based around a single o helix and 2 § strands. In the
cytoplasmic domain of subunit H an extended system

f@mmﬁ X

THE STRUCTURE AND FUNCTION OF MEMBRANE PROTEINS

of antiparallel and parallel p strands are found together
with a single a helix from residues 232 to 248.

The L and M subunits each contain five transmem-
brane helices (Table 5.6) but more significantly each
subunit is arranged with an approximate two-fold sym-
metry that allows the superposition of atoms from one
subunit with those on the other. The superposition is
surprising and occurs with low levels of sequence iden-
tity (~26 percent). In each subunit the five helices are
designated A-E; three (A, B and D) are extremely
regular and traverse the membrane as straight helices
whilst C and E are distorted. Helix E in both subunits
shows a kink caused by a proline residue that dis-
rupts regular patterns of hydrogen bonding. Although
the helices show remarkably regular torsion angles and
hydrogen bonding patterns they are inclined at angles
of ~11° with respect to the membrane. Elements of
B strand were absent and the results confirmed those
obtained with bacteriorhodopsin. In the reaction centre
between 22 and 28 residues were required to cross the
membrane each helix linked by a short loop.

Figure 5.20 The arrangement of heme, bacteriochlorophyll, bacteriopheophytin, quinone and non heme iron in the
hydrophobic region between L and M subunits. Electron transfer proceeds from the hemes shown on the left through

to the quinones shown on the right
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Table 5.6 The transmembrane helices found in the
L/M subunits of the reaction centre

Helical segments in subunits L and M

Region and number of residues in brackets

Helix Subunit L Subunit M

A L33-153 (21) M52-M76 (25)
B L84-L111 (28) M111-M137 (27)
C L116-L139 (24) M143-M166 (24)
D L171-L198 (28) M198-M223 (26)
E L226-1.249 (24) M260-M284 (25)

For the L and M subunits the five transmem-
brane helices defined the bilayer region of the
membrane. Surprisingly, direct interactions between
subunits are limited by the presence of chromophores
between the subunits and most of the subunit con-
tacts were restricted to periplasmic surfaces close to
the H subunit.

The cytochrome subunit contained 336 residues
with a total of nine helices and four heme groups
covalently linked to the polypeptide via two thioether
bridges formed with cysteine residues. The fifth and
six ligands to the hemes were methionine and histidine
for three of the centres whilst the fourth showed bis-
histidine ligation. The heme groups have different
redox potentials and serve to shuttle electrons to
the special pair chlorophyll after excitation. Although
predominantly in the aqueous phase the cytochrome
remains membrane bound by a covalently linked
diglyceride attached to the N-terminal Cys residue.

It is, however, the arrangement of pigments that pro-
vides the most intriguing picture and sheds most light
on biological function. The active components (4 x
BChl, 2 x BPh, 2 x Q + Fe) are confined to a region
between the L and M subunits in a hydrophobic core
with each chromophore bound via specific side chain
ligands. The special pair of chlorophyll molecules is
located on the cytoplasmic side of the membrane close
to one of the heme groups of the cytochrome. Stripping
the L and M polypeptides reveals the two-fold sym-
metry of the chromophores (see Figures 5.20 & 5.21).
The structural picture agrees well with the order of
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L side M side

MG ua

Special pair

Figure 5.21 Arrangement of chromophores in the
bacterial reaction centre. The cytochrome redox co-
factors have been removed

electron transfer established earlier using kinetic tech-
niques as

B(Chl); — BPh —> Q5 —> Qg —> other acceptors

The additional chlorophylls found in the reaction centre
do not participate directly in the electron transfer
process and were called ‘voyeur’ chlorophylls.

The co-factors between the L and M subunits are
arranged as two arms diverging from the special pair
of chlorophylls. A single ‘voyeur’ chlorophyll together
with a pheophytin molecule lies on each side and
they lead separately to menaquinone and ubiquinone
molecules with a single non-heme iron centre located
between these acceptors. It was therefore a considerable
surprise to observe that despite the high degree of
inherent symmetry in the arrangement of co-factors
the left hand branch (L side) was the more favoured
electron transfer route by a ratio of 10:1 over the right
hand or M route.

The underlying reasons for asymmetry in electron
transfer are not clear but rates of electron transfer
are very dependent on free energy differences between
excited and charge separated states as well as the dis-
tance between co-factors. Both of these parameters are
influenced by the immediate protein surroundings of
each co-factor and studies suggest that rates of elec-
tron transfer are critically coupled to the properties
of the bacteriochlorophyll monomer (the voyeur) that
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lies between the donor special pair and bacteriopheo-
phytin acceptor.

The X-ray crystal structure of the R. viridis reaction
centre was determined in 1985 and was followed by
the structure of the R. sphaeroides reaction centre
that confirmed the structural design and pointed to
fold conservation. Research started with crystallization
of the bacterial photosynthetic resulted in one of the
outstanding achievements of structural biology and
Hartmut Michel, Johan Diesenhofer, and Robert Huber
were rewarded with the Nobel Prize for Chemistry in
1988. Over the last two decades this membrane protein
has been extensively studied as a model system for
understanding the energy transduction, the structure
and assembly of integral membrane proteins, and the
factors that govern the rate and efficiency of biological
electron transfer.

Oxygenic photosynthesis

The photosynthetic apparatus of most bacteria is
simpler than that found in algae and higher plants. Here
two membrane-bound photosystems (PSI and PSII) act
in series splitting water into molecular oxygen and
generating ATP/NADPH via photosynthetic electron
transfer (Figure 5.22). The enzymatic splitting of water
is a unique reaction in nature since it is the only
enzyme to use water as a principal substrate. Oxygen
is one of the products and the evolution of this
reaction represents one of the most critical events in
the development of life. It generated an atmosphere
rich in oxygen that supported aerobic organisms.
The geological record suggests the appearance of
oxygen in the atmosphere fundamentally changed
the biosphere.

The water splitting reaction is carried out by PSII
and involves Mn ions along with specific proteins.
Within PSII are two polypeptides called D1 and D2
that show a low level of homology with the L and
M subunits of anoxygenic bacteria. The structure of
PSII from the thermophilic cyanobacterium (some-
times called blue—green algae) Synechococcus elon-
gatus confirmed structural homology with bacterial
reaction centres. PSII is a large membrane-bound com-
plex comprising of at least 17 protein subunits, 13
redox-active co-factors and possibly as many as 30
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Figure 5.22 The oxygenic photosynthetic system
found in cyanobacteria and eukaryotic algae and higher
plants. Two photosystems acting in series generate
reduced NADPH and ATP via the absorption of light.
Photosystem II precedes photosystem I

accessory chlorophyll pigments. Of these subunits 14
are located within the photosynthetic membrane and
include most significantly the reaction centre proteins
D1 (PsbA) and D2 (PsbD). The observation that D1
and D2 each contained five transmembrane helices
arranged in two interlocked semicircles and related by
the pseudo twofold symmetry axis emphasized the stag-
gering similarity to the organization of the L and M
subunits (Figure 5.23). Moreover the level of structural
homology between D1/D2 and L/M subunits suggested
that all photosystems evolved from common ances-
tral complexes.

Photosystem I

Oxygenic photosynthesis requires two photosystems
acting in series and the structure of the cyanobacterial
PSI reaction centre further confirmed the design pattern
of heterodimers (Figure 5.24). Two subunits, PsaA



PHOTOSYSTEM I

s
-

J -l_c
Po&/ \ a
Psbl ooy g |-

Local-C2
axis | r

127

T oPaT

E ‘: C h.Iz Dz Febl
’ - TR
LN DE / D:\
1 D“t b
“}’ Tyt 559
i PsbX

nonhasm A

p ron - ?.“- ‘

h’l-—-l'ﬂ iran
“of Gyt b-559

haem iron
of Tyt e=550

Figure 5.23 Structure of PSII with assignment of protein subunits and co-factors. Arrangement of transmembrane
a helices and co-factors in PSIL. Chl a and hemes are indicated by grey wireframe representations. The direction of
view is from the lumenal side, perpendicular to the membrane plane. The a helices of D1, D2 are shown in yellow
and enclosed by an ellipse. Antennae chlorophylls in subunits CP43 and CP47 are enclosed by circles. Unassigned
helices are shown in grey (reproduced with permission from Zouni, A, et al. Nature 2001 409 739-743. Macmillan)

and PsaB make up a reaction centre that contains
eleven transmembrane helices. By now this sounds
very familiar, and five helices from each subunit
traverse the membrane and together with a third
protein, PsaC, contain all of the co-factors participating
in the primary photochemistry. A further six subunits
contribute transmembrane helices to the reaction centre
complex whilst two subunits (PsaD and E) bind closely
to the complex on the stromal side of the membrane.

Support for the hypothesis that reaction centres
evolved from a common ancestor were strengthened
further by the observation that the five C-terminal

helices of PsaA and PsaB in PSI showed homology to
the D1/D2 and L/M heterodimers described previously.
Reaction centres are based around a special pair of
chlorophyll molecules that transfer electrons via inter-
mediary monomeric states of chlorophyll and quinone
molecules to secondary acceptors that are quinones in
type II reaction centres and iron—sulfur proteins in type
I reaction centres. Figure 5.25 summarizes the organi-
zation of reaction centre complexes.

Oxygenic photosynthesis is the principal energy
converter on Earth converting light energy into biomass
and generating molecular oxygen. As a result of the
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Figure 5.24 The organization of PSI showing
subunit composition and co-factors involved in
electron transfer

success of membrane protein structure determination
we are beginning to understand the molecular mecha-
nisms underlying catalysis in complexes vital for con-
tinued life on this planet.

Membrane proteins based on
transmembrane 8 barrels

So far membrane proteins have been characterized by
the exclusive use of the a helix to traverse membranes.
However, some proteins form stable membrane protein
structure based on f strands. Porins are channel-
forming proteins found in the outer membrane of
Gram-negative bacteria such as Escherichia coli where
they facilitate the entry of small polar molecules into
the periplasmic space. Porins are abundant proteins
within this membrane with estimates of ~100000

Cyanobacteria p Eukaryctic cells

P52

F 9

F51

Purple bacteria

Green filamentous
hacteria

Type Z RC

Green sulfur
bacteria

Heliobactaria

Type | RC

Figure 5.25 A summary of the distribution of photosynthetic reaction centre complexes in pro- and eukaryotes.
Oxygenic photosynthesis is based around two reaction centre complexes, PSI and PSII, while anoxygenic
photosynthesis uses only one reaction centre. This reaction centre can be either type II or type I. Type-II
reaction centres are found in purple non-sulfur bacteria, green filamentous bacteria and oxygenic PSII and type-I
reaction centres are typical of green sulfur bacteria, heliobacteria and oxygenic PSI
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copies of this protein per cell. Porins have a size limit
of less than 600 for transport by passive diffusion
through pores. Although most porins form non-
specific channels a few display substrate-specificity
such as maltoporin.

The OmpF porin from the outer membrane of E.
coli contains 16 B strands arranged in a barrel-like
fold (Figure 5.26). The significance of this topology is
that it overcomes the inherent instability of individual
strands by allowing inter-strand hydrogen bonding.
OmpF appears to be a typical E. coli porin and will
serve to demonstrate structural properties related to
biological function. Although shown as a monomer the
functional unit for porins is more frequently a trimeric
complex of three polypeptide barrels packed closely
together within the bilayer.

The individual OmpF monomer contains 362
residues within a subunit of 39.3 kDa where the length
of the monomer (5.5 nm) is sufficient to span a lipid
bilayer and to extrude on each side into the aqueous
phase. In the barrel hydrophobic groups, particularly
aromatic side chains, occupy regions directly in contact

Figure 5.26 The arrangement of strands in OmpF
from the outer membrane of E. coli. OmpF stands for
outer membrane protein f. The strands make an angle
of between 35 and 50° with the barrel axis with the
barrel often described as having a rough end, marked by
the presence of extended loop structures and a smooth
end where shorter loop regions define the channel
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with the lipid bilayer (Figure 5.27). As a consequence
porins have a ‘banded’ appearance when the distribu-
tion of hydrophobic residues is plotted over the sur-
face of the molecule. The barrel fold creates a cavity
on the inside of this protein that is lined with polar
groups. These groups located away from the hydropho-
bic bilayer form hydrogen bonds with water found in
this cavity.

The cavity itself is not of uniform diameter — the
pore range is 1.1 nm at its widest but it is constricted
near the centre with the diameter narrowing to
~0.7 nm. In this cavity are located side chains that
influence the overall pore properties. For example,
OmpF shows a weak cation selectivity whilst highly
homologous porins such as PhoE phosphoporin (63
percent identity) shows a specificity towards anions.
The molecular basis for this charge discrimination has
become clearer since the structures of both porins have
been determined. A region inside the barrel contributes
to a constriction of the channel and in most porins
this region is a short a helix. In OmpF the short helix
extends from residues 104 to 112 and is followed
by a loop region that, instead of forming the hairpin

Figure 5.27 Distribution of hydrophobic residues
around the barrel of OmpF porin. The space filling
model of porin shows the asymmetric distribution of
hydrophobic side chains (Gly, Ala, Val, Ile, Leu, Phe,
Met, Trp and Pro) in a relatively narrow band. This band
delineates the contact region with the lipid bilayer
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Figure 5.28 Two views of the OmpF monomer showing the L3 loop region (yellow) located approximately half way

through the barrel and forming a constriction site

Figure 5.29 The biological unit of OmpF (and other porins) is a trimer of barrels with interaction occurring via the
hydrophobic surfaces of each monomer. The three monomers are shown in a side view (viewed from a position within

the membrane) and a top view

structure between two strands, projects into the channel
(Figure 5.28). In the vicinity of this constriction but
on the opposite side of the barrel are charge side
chains that influence ion selectivity. The organization
and properties of OmpF is shared by the PhoE porin
but also by evolutionary more distant porins from
Rhodobacter and Pseudomonas species.

Porins are stable proteins because the 16-stranded
antiparallel B-barrel is closed by a salt bridge formed
between the N- and C-terminal residues (Ala and

Phe, respectively) whilst the biological unit packs
together as a trimeric structure enhanced in stability
by hydrophobic interactions between the sides of the
barrel (Figure 5.29).

Another important example of a membrane protein
based on a B barrel is o-haemolysin, a channel-
forming toxin, exported by the bacterium Staphylococ-
cus aureus. Unusually this protein is initially found as
a water soluble monomer (M,;~33 kDa) but assembles
in a multistep process to form a functional heptamer on
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the membranes of red blood cells. Once assembled and
fastened to the red blood cell membrane a-haemolysin
causes haemolysis by creating a pore or channel in the
membrane of diameter ~2 nm. If left untreated infec-
tion will result in severe illness.

The monomeric subunit associates with membranes
creating a homoheptameric structure of ~230 kDa
that forms an active transmembrane pore that allows
the bilayer to become permeable to ions, water and
small solutes. The three-dimensional structure of o-
haemolysin (Figures 5.30 and 5.31) shows a structure
containing a solvent-filled channel of length 10 nm that
runs along the seven-fold symmetry axis of the pro-
tein. As with porins the diameter of this channel varies
between 1.4 and 4.6 nm.

Porins and the a-haemolysins make up a large class
of membrane proteins based on f barrels. Previously

Figure 5.30 The structure of a-haemolysin showing
the complex arrangement of B strands. The heptamer
is mushroom shaped as seen from the above figure

with the transmembrane domain residing in the thought to be just an obscure avenue of folding
‘stalk’ portion of the mushroom and each protomer  followed by a few membrane proteins it is now
contributing two strands of the 14-stranded B barrel. clear that this class is increasing in their number
This arrangement is not obvious from the above and distribution. Porins are found in a range of
structure but becomes clearer when each monomer bacterial membranes as well as the mitochondrial and
is shown in a different colour and from an altered chloroplast membranes. The OmpF structure is based
perspective (Figure 5.31) on 16 B strands and porins from other membranes

Figure 5.31 The structure of a-haemolysin showing the contribution of two strands from each protomer to the
formation of a 14-stranded B barrel representing the major transmembrane channel. The channel or pore is clearly
visible from a top view looking down on the a-haemolysin (PDB: 7AHL)



contain between 8 and 22 strands (in all cases the
number of strands is even) sharing many structural
similarities.

Respiratory complexes

Structure determination of bacterial reaction centres
provided enormous impetus to solving new membrane
protein structures. In the next decade success was
repeated for membrane complexes involved in respi-
ration.

Respiration is the major process by which aerobic
organisms derive energy and involves the transfer of
reducing equivalents through series of electron carri-
ers resulting in the reduction of dioxygen to water. In
eukaryotes this process is confined to the mitochon-
drion, an organelle with its own genome, found in
large numbers in cells of metabolically active tissues
such as flight muscle or cardiac muscle. The mito-
chondrion is approximately 1-2 pm in length although
it may sometimes exceed 10 wm, with a diameter of
~0.5-1 wm and contains a double membrane. The
outer membrane, a semipermeable membrane, con-
tains porins analogous to those described in previous
sections. However, the inner mitochondrial membrane
is involved in energy transduction with protein com-
plexes transferring electrons in steps coupled to the
generation of a proton gradient. The enzyme ATP syn-
thetase uses the proton gradient to make ATP from
ADP in oxidative phosphorylation.

Purification of mitochondria coupled with fraction-
ation of the inner membrane and the use of spe-
cific inhibitors of respiration established an order
of electron transfer proteins from the oxidation of
reduced substrates to the formation of water. The inner
mitochondrial membranes called cristae are highly
invaginated with characteristic appearances in elec-
tron micrographs and are the location for almost all
energy transduction. This process is dominated by four
macromolecular complexes that catalyse the oxida-
tion of substrates such as reduced nicotinamide ade-
nine dinucleotide (NADH) or reduced flavin adenine
dinucleotide (FADH,) through the action of metallo-
proteins such as cytochromes and iron sulfur proteins
(Figure 5.32).

Some complexes of mitochondrial respiratory chains
are amenable to structural analysis and although
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structures of complex I (NADH-ubiquinone oxidore-
ductase; see Figure 5.33) and complex II (succinate
dehydrogenase) are not available, advances in defining
complex III (ubiquinol-cytochrome c oxidoreductase)
and the final complex of the respiratory chain, complex
IV or cytochrome oxidase, have assisted understanding
of catalytic mechanisms.

Complex III, the ubiquinol-cytochrome
c oxidoreductase

The cytochrome bc family developed early in evolution
and universally participates in energy transduction. All
but the most primitive members of this family of
protein complexes contain a b type cytochrome, a c
type cytochrome' and an iron sulfur protein (ISP).
In addition there are often proteins lacking redox
groups with non-catalytic roles controlling complex
assembly. In all cases the complex oxidizes quinols
and transfers electrons to soluble acceptors such as
cytochrome c.

Two-dimensional crystals of low resolution (~20 A)
defined the complex as a dimer with ‘core’ proteins
lacking co-factors projecting out into solution. Much
later the structure of the extrinsic domains of the
iron—sulfur protein and the bound cytochrome were
derived by crystallography but the main body of the
complex, retained within the confines of the lipid
bilayer, remained structurally ‘absent’. At the begin-
ning of the 1990s several groups obtained diffraction
quality crystals of the cytochrome bc; complex from
bovine and chicken mitochondria. An extensive struc-
ture for the cytochrome bc; complex from bovine
heart mitochondria was produced by S. Iwata and
co-workers in 1998 at a resolution of 3 A after sev-
eral groups had produced structures for the major-
ity of the complex. The structures showed similar
organization although small structural differences were
noticed and appeared to be of functional importance
(see below).

Isolated cytochrome bc; complexes from eukary-
otic organisms contain 10 (occasionally 11) subunits

'In plants and algae the c type cytochrome is sometimes called
cytochrome f but in all other respects it has analogous structure
and function. The f refers to the latin for leaf, frons
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Figure 5.32 The organization of the respiratory chain complexes within the inner mitochondrial membrane. The
traditional view of mitochondria (centre) was derived from electron microscopy of fixed tissues

including a b type cytochrome with two heme centres,
an iron—sulfur protein (called the Reiske protein after
its discoverer) and a mono heme c type cytochrome.
DNA sequences for all subunits are known and con-
siderable homology exists between the three meta-
zoan branches represented by bovine, yeast and potato.
Detailed UV-visible absorbance studies combined with
potentiometric titrations established that the two hemes
of cytochrome b had slightly different absorbance max-
ima in the reduced state (o bands at 566 and 562 nm)

and different equilibrium redox potentials (E,,~120
and —20 mV respectively). This led to each heme of
cytochrome b being identified as by or by, for high and
low potential.

Further understanding of electron transfer in the
bc; complex came from detailed spectroscopic inves-
tigations coupled with the use of inhibitors that
block electron (and proton) transfer at specific sites
by binding to different protein subunits. One com-
monly used inhibitor is an anti-fungal compound called
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Figure 5.33 The structure of ubiquinone, sometimes called coenzyme Q;9, contains an isoprenoid tail linked to
a substituted benzoquinone ring. The isoprenoid tail contains a series of isoprenyl units (CH,-CH=C(CH3)-CH).
Various numbers of these units can occur but 10 is the most common leading to the designation UQ;o or Q. The
molecules form semiginone and quinol states with the pattern of reduction complicated by protonation leading to

species such as anionic semiquinones

Figure 5.34 The mitochondrial cytochrome bc; complex inhibitor myxathiazol

myxathiazol (Figure 5.34) that binds to the Reiske
iron—sulfur protein blocking quinol oxidation. It was
observed to block reduction of the low potential
b heme. Other inhibitors such as stigmatellin, 5-
n-undecyl-6-hydroxy-4,7-dioxobenzothiazol (UHDBT)
and B-methoxyacrylate (MOA)—stilbene showed sim-
ilar inhibitory profiles. Another group of inhibitors
bound differently to the bc; complex allowing reduc-
tion of the iron-sulfur centre and cytochrome b but
prevented their oxidation. These inhibitors included
antimycin A and led to the idea of two dis-
tinct inhibitor-binding sites within the cytochrome
bc; complex.

Inhibition of electron transfer by antimycin A
yielded unexpected patterns of reduction and oxidation;
the normal reduction of cytochrome c¢; by ubiquinol
was prevented but was accompanied by an increased
reduction of cytochrome b. This observation indicated
a branch point in the electron transfer chain where
electrons were shuttled to cytochromes ¢; and b. The
electron transfer pathway (Figure 5.35) from ubiquinol
to cytochrome c was rationalized by the Q cycle.
Whilst cytochrome c; is oxidized by the soluble
electron carrier (cytochrome c) the only possible
acceptor of electrons from cytochrome b (by) is
ubiquinone.
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Figure 5.35 Outline of electron transfer reactions in cytochrome bc; complex. UQ/UQH; is ubiquinone/ubiquinol;
ISP, Reiske iron sulfur protein; Cyt c;, cytochrome cy; b, and by low and high potential hemes of cytochrome b

The Q cycle accounts for the fact that ubiquinol
is a 2e/2H* carrier whilst the bc; complex transfers
electrons as single entities. Quinones have roles as
oxidants and reductants. Quinol is oxidized at a Q,
site within the complex and one electron is transferred
to the high-potential portion of the bc; complex whilst
the other electron is diverted to the low-potential part
(cytochrome b) of the pathway. The high-potential
chain, consisting of the Reiske iron—sulfur protein,
cytochrome c; and the natural acceptor of the inter-
membrane space (cytochrome c) transfers the first
electron from quinol through to the final complex
of the respiratory chain, cytochrome oxidase. The
low-potential portion consists of two cytochrome b
hemes and forms a separate pathway for transferring
electrons across the membrane from the Q, site to a Q;
site. The rate-limiting step is quinol (QH;) oxidation
at the Q, site and it is generally supposed that an
intermediate semiquinone is formed at this site. In order
to provide two electrons at the Q; site for reduction
of quinone, the Q, site oxidizes two molecules of
quinol in successive reactions. The first electron at
the Q; site generates a semiquinone that is further
reduced to quinol by the second electron from heme
by. The overall reaction generates four protons in
the inter-membrane space, sometimes called the P-
side, and the formation of quinol uses up two protons
from the mitochondrial matrix. The whole reaction is

summarized by the scheme

QH, + 2cyt c(Fe*") + 2H" — Q
+ 2cyt c(Fe?) + 4H*

4H*

Cytosolic side .

ISP——— cyt ¢,

Myxathiazol

b
l Antimycin A

Matrix side

2H*

Figure 5.36 The Q cycle and the generation of a
vectorial proton gradient
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but does not reflect the subtlety of this reaction pathway
that allows the bc; complex to generate a proton
gradient via electron flow through the complex.

The Q cycle (Figure 5.36) became an established
concept long before the structure of the cytochrome
bc; complex was determined. However, this scheme
places stringent constraints on the topology of redox
co-factors. With the determination of the structure of
the cytochrome bc; complex came the opportunity to
critically assess the Q cycle and to explore the potential
mechanism of charge transfer.

One of the first impressions gained from the
structure of the bc; complex is the large number of
extrinsic domains. The Reiske protein is anchored to
the membrane by two N terminal helices. The ligands
are the side chains of cysteines 139 and 158 and, unlike
most iron—sulfur proteins, two histidines (His 141 and
161). The nitrogen containing ligands lead to a higher
redox potential for the iron (~100 mV) than is normal
in this class of proteins. The iron sulfur centre located
in a layer of B sheets is solvent accessible and probably

Cytosolic ___ :
side

Matrix side
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accounts for interaction with quinones and inhibitors
such as stigmatellin.

Cytochrome c; is also anchored to the bilayer by
a single transmembrane helix although in this case it
is located at the C terminus. The transmembrane helix
is short (20 residues) and the majority of the protein
projects ~4 nm into the inter-membrane space. This
domain contains a single heme centre and presents
a binding surface for cytochrome c containing large
numbers of negatively charged residues.

On the matrix side of the complex are two
unfortunately named ‘core’ proteins. These proteins
surprisingly project outwards into the aqueous phase
and are certainly not located at the core of the
complex. Sequence analysis has ascertained that these
core subunits show significant homology to a family
of heterodimeric Zn proteases and current views of
their function envisages a role for these domains
in processing matrix proteins by specific peptidase
activity. It remains unclear why these proteins remain
affiliated to the cytochrome bc; complex (Figure 5.37).

Cytochrome Gy

Core 1 protein

Figure 5.37 The structure of monomeric bovine cytochrome bc; complex (PDB:1BE3)
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The major transmembrane protein is cytochrome b
and the protein has two hemes arranged to facilitate
transmembrane electron transfer exactly as predicted
by Q cycle schemes. Each heme is ligated by two
histidine residues and these side chains arise from
just two (out of a total of eight) transmembrane
helices found in cytochrome b. The two hemes are
separated by 20.7 A (Fe—Fe centre distances) with the
closest approach reflected by an edge—edge distance
of 7.9 A — a distance compatible with rapid inter-heme
electron transfer. Cytochrome b is exclusively o helical
and lacks secondary structure based on f strands.
The helices of cytochrome b delineate the membrane-
spanning region and are tilted with respect to the plane
of the membrane. The remaining subunits of the bc
complex (see Table 5.7) are small with masses below
10 kDa with undefined roles.

Although all of the structures produced from
different sources are in broad agreement it was noticed
that significant differences existed in the position of
the Reiske iron—sulfur protein with respect to the
other redox co-factors. This different position reflected
crystallization conditions such as the presence of
inhibitors and led to a position for the iron—sulfur
protein that varied from a location close to the
surface of cytochrome b to a site close to cytochrome
c;. In the presence of the inhibitor stigmatellin the

Feiske Fe-5

Cytochrome ¢,
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Table 5.7 The conserved subunits of bovine mito-
chondrial cytochrome bc,

Subunit Identity No of Mr
residues

Core 1 446 53604
Core 2 439 46524
Cytb 379 42734
Cyt ¢ 241 27287
Reiske 196 21609

Su6 111 13477
QP-Cb 82 9720
Hinge 78 9125
Sul0 62 7197
Su 11 56 6520

The colour shown in the first column identifies the relevant subunit
in the structure shown in Figure 5.37.

iron—sulfur protein shifted towards a position proximal
to cytochrome b and suggested intrinsic mobility.
The concept of motion suggested that the Reiske
protein might act as a ‘gate’ for electron transfer
modulating the flow of electrons through the complex
(Figure 5.38).

Reiske Fe-5

Reiske Fe-3

Cytochrome ¢,

Figure 5.38 The Reiske iron-sulfur protein acts as a redox gate. The schematic diagrams show the Reiske Fe-S
centre associated with the cytochrome b, in an intermediate state and associated with cytochrome c;. Motion at the
Reiske Fe-S centre is believed to control electron and proton transfer at the cytochrome bc; complex
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Complex IV or cytochrome oxidase

Cytochrome c oxidase is the final complex of the
respiratory chain catalyzing dioxygen reduction to
water. For many years it has occupied biochemists
thoughts as they attempted to unravel the secrets
of its mechanism. Isolation of cytochrome oxidase
has two heme groups (designated a and a3) together
with 2 Cu centres (called Cup and Cug). Tech-
niques such as electron spin resonance and mag-
netic circular dichroism alongside conventional spec-
trophotometric methods showed that heme a is a low
spin iron centre, whilst heme a3 was a high spin
state compatible with a five-coordinate centre and
a sixth ligand provided by molecular oxygen. The
catalytic function of cytochrome oxidase is summa-
rized as

4 Cyt c(Fe*™) 4+ 0, + 8HY —> 4 Cyt c(Fe*™)
+ 2H,0 + 4H*

where oxidation of ferrous cytochrome c leads to
four-electron reduction of dioxygen and the generation
of a proton electrochemical gradient across the inner
membrane. Armed with knowledge of the overall
reaction spectroscopic studies established an order for
electron transfer of

Cyt ¢ —> Cupy —> heme a —> heme a;—Cug

Cug and heme a3 were located close together mod-
ulating their respective magnetic properties and this
cluster participated directly in the reduction of oxy-
gen with inhibitors such as cyanide binding tightly
to heme a3—Cup and abolishing respiration. Transient
intermediates are detected in the reduction of oxy-
gen and included the formation of dioxygen adjunct
(Fe’t-0,), the ferryl oxide (Fe**—0) and the hydrox-
ide (Fe’**—OH). Other techniques established histidine
side chains as the ligands to hemes a and a;—Cug on
subunit I and Cuy as a binuclear centre.

The catalytic cycle occurs as discrete steps involving
electron transfer from cytochrome c via Cup, heme a
and finally to the heme a;—Cug site binuclear complex
(Figure 5.39). The initial starting point for catalysis
involves a fully oxidized complex with ferric (Fe’*)
and cupric centres (Cu®™).

THE STRUCTURE AND FUNCTION OF MEMBRANE PROTEINS

Complex IV, with oxidized heme a;—Cug centres,
receives two electrons in discrete (le) steps from the
preceding donors. Both centres are reduced and bind
two protons from the mitochondrial matrix. In this state
oxygen binds to the binuclear centre and is believed to
bridge the Fe and Cu centres. Reduction of dioxygen
forms a stable peroxy intermediate that remains bound
(Fe’t— 0"=0"-Cu?") and further single electron
(from cytochrome c) and proton transfers lead to the
formation of hydroxyl and then ferryl (Fe*t) states.
Rearrangement at the catalytic centre during the last
two stages completes the cycle forming two molecules
of water for every oxygen molecule reduced.

In the absence of a structure for cytochrome oxidase
the scheme proposed would need to consider the route
and mechanism of proton uptake for the reduction of
oxygen from the matrix side of the enzyme to the
catalytic site, the mechanism and route of substrate
(Oy) binding to the active site and finally the route
for product removal from the catalytic site. A further
difficulty in understanding the catalytic mechanism of
cytochrome oxidase lies with the observation that in
addition to the protons used directly in the reduction
of water it appears from measurements of H't/e
ratios that up to four further protons are pumped
across the membrane to the inter-membrane space. It
seems likely that conformational changes facilitating
electron and proton transfer lie at the heart of oxidase
functional activity.

Cytochrome oxidase from denitrifying bacteria such
as Paracoccus denitrificans has a simpler subunit com-
position with only three subunits: all of the redox com-
ponents are found on the two heaviest polypeptides
(subunits I and II). In eukaryotic cytochrome oxidase
at least 13 subunits are present with subunits I-III,
comparable to those observed in prokaryotic oxidases,
encoded by the mitochondrial genome. The crystalliza-
tion of the complete 13 subunit complex of bovine
cytochrome oxidase by Yoshikawa and colleagues in
1995 resolved or suggested answers to several out-
standing questions concerning the possible electron
transfer route through the complex, a mechanism and
pathway of proton pumping and the organization of the
different subunits.

The mitochondrially coded subunits are the largest
and most hydrophobic subunits and contain four redox
centres. Surprisingly the oxidase binds two additional
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Figure 5.39 A possible scheme for catalytic cycles of cytochrome oxidase. The redox state of the binuclear heme
a3—Cug site together with reduction of oxygen, proton binding and protons pumped across membrane is highlighted
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Figure 5.40 The ligands of the Cua centre of subunit
II of bovine mitochondrial cytochrome oxidase

divalent metal ions namely magnesium and zinc. The
zinc is ligated to a nuclear coded subunit (called subunit
Vb) whilst the magnesium is held by subunit II. The
Cup centre as expected was a binuclear cluster of

Cu atoms and was contained within subunit II on
a cytosolic projecting domain. The Cup centre lies
~0.8 nm above the surface of the membrane and
is separated from the Fe atoms of hemes a and a3
by distances of ~1.9 and 2.2 nm respectively. The
two Cu atoms are joined in a bridge formed by two
sulfur atoms from the side chains of Cys residues
in a geometry reminiscent of that found in [2Fe-2S]
clusters of iron—sulfur proteins (Figure 5.40). Besides
the two sulfur ligands provided by cysteine side chains
at positions 196 and 200 of subunit II additional
ligands originated from side chains of His161 and
His204, Met207 together with the backbone oxygen
from Glul98. Glu 198 is also involved in binding the
divalent Mg?* ion. In this case the ligand originates
from the side chain oxygen atom as opposed to
backbone groups with the cation located on a pathway
between the Cu, and heme aj centres.
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Heme a is coordinated by the side chains of His61
and His378 of subunit I. The iron is a low spin
ferric centre lying in the plane of the heme with
two imidazole ligands — a geometry entirely consistent
with the spin properties. The heme plane is positioned
perpendicularly to the membrane surface with the
hydroxyethylfarnesyl sidechain of the heme pointing
towards the membrane surface of the matrix side in a
fully extended conformation. The remaining two redox
centres heme a3 and Cug make up the oxygen reduction
site and lie very close to heme a. Hemes a and a3 are
within 0.4 nm of each other and this short distance is
believed to facilitate rapid electron transfer.

Of some considerable surprise to most observers was
the location in the oxidase structure of the fifth ligand
to heme az. The side chain of histidine 376 provides
the fifth ligand to this heme group and lies extremely
close to one of the ligands to heme a (Figure 5.41). In
the oxidase structure the Cug site is close to heme aj3
(~0.47 nm) and has three imidazole ligands (His240,
290 and 291) together with a strong possibility that
a fourth unidentified ligand to the metal ion exists.
It is generally believed that trigonal coordination is
unfavourable and a more likely scenario will involve a
tetrahedral geometry around the copper.

A hydrogen-bond network exists between the Cuy
and heme a and includes His204, one of the ligands
to Cuy, a peptide bond between Arg438 and Arg439
and the propionate group of heme a. Although
direct electron transfer between these centres has not
been observed and they are widely separated the
arrangement of bonds appears conducive for facile
electron transfer. In addition, a network connects Cup
and heme a; via the magnesium centre and may
represent an effective electron transfer path directly
between these centres. Direct electron transfer between
Cuyp and heme a3 has never been detected with kinetic
measurements, suggesting that electron transfer from
Cup to heme a is at least two orders of magnitude
greater than the rate from Cup to heme as. From the
arrangement of the intervening residues in subunit I
the structural reasons underlying this quicker electron
transfer from Cup —> heme a than Cuy —> heme aj
are not obvious.

Before crystallization the composition and arrange-
ment of subunits within eukaryotic oxidases was

THE STRUCTURE AND FUNCTION OF MEMBRANE PROTEINS

heme ag

& B om e

His 240

7

His 376 Cue @
:
| Y His 201
His 290 '1

Figure 5.41 The heme a3-Cug redox centre of
cytochrome oxidase. The dotted line denotes a
hydrogen bond and broken lines denote coordination
bonds. Heme as is shown in blue, Cug in pink and amino
acid residues in green. (Reproduced with permission
from Yoshikawa, S. Curr. Opin. Struct. Biol. 1997, 7,
574-579)

unclear. This has changed dramatically with the crys-
tallization of oxidases from bovine heart mitochondria
and P. denitrificans so that there is now precise infor-
mation on the arrangement of subunits (Table 5.8). In
the crystal structure of bovine cytochrome oxidase the
enzyme is a homodimer with each monomer contain-
ing 13 polypeptides and six co-factors. The assembly
of the 13 subunits into a complex confirmed that these
polypeptides are intrinsic constituents of the active
enzyme and not co-purified contaminants. The crystal
structure confirmed the presence of Zn and Mg atoms
as integral components albeit of unknown function.

In the mammalian enzyme the 13 subunits of
cytochrome oxidase contain 10 transmembrane proteins
that contribute a total of 28 membrane-spanning
helices. The three subunits encoded by mitochondrial
genes form a core to the monomeric complex with the
10 nuclear-coded subunits surrounding these subunits
and seven contributing a single transmembrane helix.
The remaining three nuclear coded subunits (subunits
Va, Vb, VIb) do not contain transmembrane regions.
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Table 5.8 The polypeptide composition of eukaryotic
and prokaryotic oxidases

Subunit Prokaryotic Eukaryotic
I 554, 620112 514, 57032
279, 29667 227, 26021
I 273, 30655 261, 29919
*49, 5370 147, 19577
Va Absent 109, 12436
Vb 98, 10670
VIa 97, 10800
v | 85, 10025
Vic 73, 8479
Vlla 80, 9062
VIIb 88, 10026
VIIc 63, 7331
VIII 70, 7639

*Paracoccus denitrificans has a fourth subunit that is unique to
prokaryotes with no obvious homology to that found in eukaryotes.
Three of the subunits of the eukaryotic enzyme, Vla, Vlla, and VIII,
have two isoforms. Of the two isoforms one is expressed in heart and
skeletal muscle and the other is expressed in the remaining tissues.
The masses and length of the peptides includes signal sequences for
nuclear-coded proteins.

In addition to the three metal centre (heme a, heme
a3z and Cug) subunit I has 12 transmembrane o helices
and this was consistent with structural predictions
based on the amino acid sequence. Subunit I is confined
to the bilayer region with few loops extending out into
the soluble phase. The subunit is the largest found in
cytochrome oxidase containing just over 510 residues
(M; ~57 kDa) (Figure 5.42).

Subunits II and III both associate with transmem-
brane regions of subunit I without forming any direct
contact with each other. From the distribution of
charged residues on exposed surfaces of subunit II
an ‘acidic’ patch faces the inter-membrane space and
defines a binding site for cytochrome c. Unsurprisingly
in view of its role as the point of entry of electrons
into the oxidase subunit II has just two transmembrane
helices interacting with subunit I, but has a much larger
polar domain projecting out into the inter-membrane
space. This domain consists of a 10-stranded B barrel
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‘core’
cytochrome oxidase showing subunits I and II. Subunit
I is shown in gold whilst subunit II is shown in blue.
The limited number of transmembrane helices in sub-
unit II is clear from the diagram in contrast to subunit
I. The Cu atoms are shown in green, Mg in purple and
the hemes in red (PDB: 10CC)

Figure 5.42 The monomeric

with some structural similarities to class I copper pro-
teins, although it is a binuclear Cu centre. The magne-
sium ion is located at the interface between subunits I
and II.

Subunit III lacks redox co-factors but remains a
significant part of the whole enzyme complex. It
has seven o helices and is devoid of large extra-
membrane projections. The seven helices are arranged
to form a large V-shaped crevice that opens towards
the cytosolic side where it interacts with subunit VIb
(Figure 5.43).

Subunits Va and Vb (Figure 5.44) are found on the
matrix side and both are predominantly located in the
soluble phase. Subunit Va is extensively helical with
subunit Vb possessing both helical- and strand-rich
domains and binding a single Zn ion within a series
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Figure 5.43 To the monomeric core of subunits I and
II the remaining mt DNA coded subunit (III) has been
added along with subunit IV. Subunit IV (red) has a
single helix crossing the membrane with a helix rich
domain projecting into the matrix phase. Subunit III
(green) does not make contact with subunit II and
consists almost exclusively of transmembrane helices

of strands linked by turns that form a small barrel-like
structure.

Subunit VIa contributes a single transmembrane
helix and is located primarily towards the cytosolic side
of the inner mitochondrial membrane. Subunit VIb is
located on the same side of the membrane but does
not contribute transmembrane helices to the oxidase
structure. It is affiliated primarily with subunit III. Sub-
unit VIc contributes a single transmembrane helix and
interacts predominantly with subunit II (Figure 5.45).
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Subunits VIla, VIIb and VIlc, together with subunit
VIII (Figure 5.46), are small subunits with less than 90
residues in each of the polypeptide chains. Their bio-
logical function remains unclear. Unlike complex III a
far greater proportion of cytochrome oxidase is retained
with the boundaries imposed by the lipid bilayer.

The structural model for cytochrome oxidase pro-
vides insight into the mechanism of proton pump-
ing, a vital part of the overall catalytic cycle of
cytochrome oxidase. Proton pumping results in the
vectorial movement of protons across membranes and

Figure 5.44 The structure of cytochrome oxidase
monomer (PDB: 10CC). Subunits Va (orange) and Vb
(aquamarine) have been added. Subunit Vb binds Zn
(shown in purple) found in the crystal structure
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Figure 5.45 The three-dimensional structure of
cytochrome oxidase monomer (PDB: 20CC). The seven
smaller subunits VIa (grey) VIb (purple), VIc (light
blue), VIIa (pink), VIIb (beige), VIIc (brown) and VIII
(black) have been added to the structure shown in
Figure 5.44. Subunits VIIb, VIIc, and VIII are largely
hidden by the larger subunits (I and III) in this view
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in bacteriorhodopsin occurred via strategically placed
Asp and Glu residues facilitating proton movement
from one side of the membrane to another. This pic-
ture, together with that provided by ion channels such
as porins, suggests a similar mechanism in cytochrome
oxidase. The exact mechanism of proton pumping is
hotly debated but it was of considerable interest to
observe that the bovine crystal structure contained two
possible proton pathways that were shared by simpler
bacterial enzymes (Figure 5.47).

The oxygen binding site is located in the hydropho-
bic region of the protein approximately (35 A) from
the M side. Pathways were identified from hydrogen
bonds between side chains, the presence of internal
cavities containing water molecules, and structures
that could form hydrogen bonds with small pos-
sible conformational changes to side chains. Two
pathways called the D- and K-channels and named
after residues Asp91 and Lys319 of bovine sub-
unit I were identified. (In Paracoccus subunit I
these residues are Aspl24 and Lys354.) Despite sig-
nificant advances the proton pumping mechanism
of cytochrome oxidase remains largely unresolved.
This arises mainly from difficulties associated with
resolving proton pumping events during dioxygen

Figure 5.46 The homodimer of bovine cytochrome oxidase using previous colour schemes. This view shows subunits
VIIb, VIIc, and VIII in more detail and is from the opposite side to that of the preceding figures
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Figure 5.47 The proton pathways in bovine and Paracoccus denitrificans cytochrome oxidase. Residues implicated
in proton translocation in bovine cytochrome c oxidase are shown in red and in blue for P. denitrificans oxidase. The
structures of helices, heme a3 and metal centres such as the Mg?* binding site are based on PDB: 1ARI (reproduced
with permission from Abramson, S et al. Biochim. Biophys. Acta 2001, 1544, 1-9. Elsevier)

reduction and it is currently unclear whether pump-
ing precedes oxygen reduction and what structural
rearrangements in the reaction cycle occur. In bac-
teriorhodopsin intermediate structures were detected
and associated with proton movements by combin-
ing genetic, spectroscopic and structural studies, and
it is likely that such methods will resolve the mecha-
nism of proton transfer in cytochrome oxidase in the
near future.

From the study of different membrane proteins a
common mode of proton (or cation) transfer involves
specifically located aspartate and glutamate residues
to shuttle protons across membranes. Both bacte-
riorhodopsin and cytochrome oxidase provide com-
pelling evidence in their structures for this method of
proton conduction across membranes.

The structure of ATP synthetase

It has been estimated that even the most inactive
of humans metabolizes kg quantities of ATP in a
normal day. This results from repeated phosphorylation
reactions with on average each molecule of ADP/ATP
being ‘turned over’ about 1000 times per day. The
enzyme responsible for the synthesis of ATP is the F|F,
ATPase, also called the ATP synthase or synthetase.
Dissection of the enzyme complex and genetic studies
show the synthase to contain eight different subunits
in E. coli whilst a greater number of subunits are
found in mammalian enzymes. Despite variations
in subunit number similarity exists in their ratios
and primary sequences with most enzymes having a
combined mass between 550 and 650 kDa. With a
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central role in energy conservation and a presence in
bacterial membranes, the thylakoid membranes of plant
and algae chloroplasts and the mitochondrial inner
membrane of plants and animals the enzyme is one
of the most abundant complexes found in nature.

The link between electron transfer and proton
transfer was the basis of the chemiosmotic theory
proposed in its most accessible form by Peter Mitchell
at the beginning of the 1960s. One strong line of
evidence linking electron and proton transfer was the
demonstration that addition of chemicals known as
‘uncouplers’ dissipates proton gradients and halts ATP
synthesis. Many uncouplers were weak, membrane
permeable, acids and a major objective involved
elucidating the link between transmembrane proton
gradients and the synthesis of ATP from ADP and
inorganic phosphate.

Fractionation and reconstitution studies showed that
ATP synthases contained two distinct functional units
each with different biological and chemical properties.
In electron micrographs this arrangement was charac-
terized by the appearance of the enzyme as a large
globular projection extending on stalks from the surface
of cristae into the mitochondrial matrix (Figure 5.48).
A hydrophobic, membrane-binding, domain called F,
interacted with a larger globular domain peripherally
associated with the membrane. F, stands for ‘factor

Figure 5.48 An electron micrograph of cristae from
isolated mitochondria showing the F; units projecting
like ‘lollipops’ from the membrane and into the matrix
(reproduced with permission from Voet, D., Voet, J.G &
Pratt, C.W. Fundamentals of Biochemistry. John Wiley
& Sons, Chichester, 1999)
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oligomycin’ referring to the binding of this antibi-
otic to the hydrophobic portion whilst F; is simply
“factor one”. F, is pronounced ‘ef-oh’. The periph-
eral protein, F;, was removed from membranes by
washing with solutions of low ionic strength or those
containing chelating agents. This offered a convenient
method of purification. Although not strictly a mem-
brane protein it is described in this section because its
physiological function relies intimately on its associa-
tion with the F, portion of ATP synthetase, a typical
membrane protein. In an isolated state the F; unit
hydrolysed ATP but could not catalyse ATP synthe-
sis. For this reason the F; domain is often described
as an ATPase reflecting this discovery. A picture of
ATP synthesis evolved where F, formed a ‘channel’
that allowed a flux of protons and their use by F; in
ATP synthesis.

In E. coli F, is extremely hydrophobic and consists
of three subunits designated a, b and c (Table 5.9). In
E. coli a ratio of a;, by, cg_14 exists with the a and ¢
subunits making contact and appearing to form a proton
channel. Within both subunits are residues essential
for proton translocation and amongst those to have
been identified from genetic and chemical modification
studies are Arg210, His245, Glul96, and Glu219 of
the a subunit and Asp61 of the ¢ subunit. Since all of
these residues possess side chains that bind protons the
concept of a proton channel formed by these groups is
not unrealistic.

Table 5.9 The composition of ATP synthetases

Subunits in Eukaryotic (bovine)

F; region azP3yde

o 509 residues, M;~55,164
B 480, 51,595

Y 272, 30,141

d 190, 20,967

€ 146, 15,652

Subunits in F, region  Prokaryotic (E. coli) a,by,co_14

a 271, 30,285
b 156, 17,202
79, 8,264
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The much larger F; unit contains five different sub-
units (a—e) occurring with a stoichiometry azB3y18¢€;.
The total mass of the F;F, ATPase from bovine mito-
chondria is ~450 kDa with the F; unit having a mass of
~370 kDa and arranged as a spheroid of dimensions
8 x 10 nm wide supported on a stem or stalk 3 nm
in length. Chemical modification studies identified cat-
alytic sites on the P subunits with affinity labelling
and mutagenesis studies highlighting the importance of
Lys155 and Thr156 in the E. coli B subunit sequence
199Gly-Gly-Ala-Gly-Val-Gly-Lys-Thr-Ala'?’.

A scheme for ATP synthesis envisaged three dis-
crete stages:

1. Translocation of protons by the F,

2. Catalysis of ATP synthesis via the formation of a
phosphoanhydride bond between ADP and Pi by F,

3. A coupling between synthesis of ATP and the
controlled dissipation of the proton gradient via the
coordinated action and interaction of F; and F,.

The mechanism of ATP synthesis

A mechanism for ATP synthesis was proposed by
Paul Boyer before structural data was available and
has like all good theories stood the test of time and
proved to be compatible with structural models derived
subsequently for F;/F, ATPases. Boyer envisaged the
F; ATPase as three connected, interacting, sites each
binding ADP and inorganic phosphate. The model
embodied known profiles for the kinetics of catalysed
reactions and the binding of ATP and ADP by
isolated F;. Each catalytic site was assumed to exist
in a different conformational state although inhibition
of ATP synthesis by modification of residues in
the B subunit suggested that these sites interacted
cooperatively.

Rate-limiting steps were substrate binding or prod-
uct release (i.e ATP release or ADP binding) but not
the formation of ATP. Careful examination of the ATP
hydrolysis reaction suggested three binding sites for
ATP each exhibiting a different K,,. When ATP is
added in sub-stoichiometric amounts so that only one
of the three catalytic sites is occupied substrate bind-
ing is very tight (low K4) and ATP hydrolysis occurs
slowly. Addition of excess ATP leads to binding at all
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three sites but with lowered affinity at the second and
third sites. The K4 for binding ATP at the first site is
<1 nMm whereas values for sites 2 and 3 are ~1 um
and ~30 pM. Upon occupancy of the third site, the
rate of overall ATP hydrolysis increases by a factor of
~10*-10°.

As long as the results from hydrolysis of ATP
can be related directly to that of the synthetic reac-
tion and isolated F; behaves comparably to the com-
plete F{F, complex then these results point towards
key features of the catalytic mechanism. Isolated
F; exhibits negative cooperativity with respect to
substrate binding where ATP binding at the site
with the lowest K, makes further binding of ATP
molecules difficult. This occurs because the K, for
other sites is effectively increased. In contrast the
enzyme displays positive cooperativity with respect to
catalytic activity with the rate increasing massively in
a fully bound state. To explain these unusual prop-
erties, Boyer proposed the ‘binding change’ mecha-
nism (Figure 5.49).

A central feature of this hypothesis are three
catalytic sites formed by the three o/f subunit pairs
each with a different conformation at any one time.
One site is open and ready for substrate binding
(ATP or ADP + P;) whilst the second and third sites
are partly open and closed, respectively. Substrate
binding results in the closure of the open site and
produces a cooperative conformational change in the
other two sites; the closed one becomes partly open
and the partly open one becomes fully open. In this
manner the sites alternate between conformational
states. Obvious questions from this model arise. How
are conformational changes required in the binding
change mechanism propagated? How are these events
linked to proton translocation and the F, part of
the ATPase?

From a consideration of the organization of F, G.B.
Cox independently suggested a rotary motor involved
the ¢ subunit ring turning relative to the a and b
subunits. This idea was adopted and incorporated as
a major refinement of the binding change mechanism
with the rotary switch causing a sequential change in
binding. At the time (1984) the concept of enzymes
using rotary motion to catalyse reactions was unusual.
The cooperative kinetics of the enzyme (negative for
ATP binding and positive for catalysis) supported the
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Substrate Transition Bond Product Product
binding state cleavage release release
ATP formation P ADP
k ATP ATP ATP j ATP J ATP
ADP + A ADP + PR, ADP + A ADP + P ADP
ATP ATP ADP-PF, ADP + P ADP + P, ADP + P

Figure 5.49 The binding change hypothesis and catalytic site activity at the B subunit. Each catalytic site cycles
through three states: T, L and 0. ATP binds to the O (open and empty) site converting it into a T (tight and
ATP-occupied) site. After bond cleavage at this site the T site is converted into the L (loose and ADP-occupied) site
where the products escape to recover the O state. The concerted switching of states in each of the sites results in
the hydrolysis of one ATP molecule. Sub-steps in the hydrolysis of one ATP molecule based on kinetic and inhibitor
studies are shown for a three-site mechanism. Thus, ATP binding in the open site (top) leads to transition state
formation and then bond cleavage in a closed site (bottom), followed by release from a partly open site as it opens
fully and releases ADP (middle) (reproduced with permission from Trends Biochem. Sci 2002, 27, 154-160. Elsevier)

binding-change mechanism. However, the idea of a
rotary switch was so novel that there were few serious
attempts to test it until over a decade later when in
1995 the first structures for bovine F; ATPase produced
by John Walker and co-workers appeared to support
Boyer’s model.

The structure of the F1 ATPase

As a peripheral membrane protein the water-soluble
F) unit is easily purified and the structure showed an
alternate arrangement of three o and three f subunits
based around a central stalk formed by two o helices
running in opposite directions derived from the vy
subunit. These two helices form a coiled-coil at the
centre of F; and the remaining part of the y subunit
protrudes from the (af); assembly and interacts with
polar regions of the ¢ subunit of F, (Figure 5.50).
The o and P subunits exhibit sequence identity of
~20 percent and show similar overall conformations

O

Bop ol

Bop

Figure 5.50 A space filling model of bovine F1-
ATPase from a side view (left) and from the membrane
(right) showing o subunits (red) and B subunits
(vellow) and the attached central stalk containing
the y, 3 and & subunits (blue, green and magenta,
respectively). The Brp, Bpp and Be subunits had AMP-
PNP, ADP and no nucleotide bound, respectively. The a
subunits are named according to the catalytic interface
to which they contribute
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Figure 5.51 The structure of AMP-PNP -a non-
hydrolysable derivative of ATP

arranged around the central stalk made up of the v,
d and ¢ subunits. F; was co-crystallized with ADP
and AMP-PNP (5'-adenylyl-imidophosphate, a non-
hydrolysed analogue of ATP; Figure 5.51). Only five
of the six nucleotide binding sites were occupied by
substrate. Each of the a subunits bound AMP-PNP and
exhibited identical conformation.

In contrast one B subunit bound AMP-PNP (Brp),
another bound ADP (Bpp) and the third subunit
remained empty (Bg). The structure provided com-
pelling evidence for three different modes of nucleotide
binding as expected from the Boyer model. Although
both o and P subunits have nucleotide binding sites
only those on the B subunits are catalytically important.

Each a and p subunit contains three distinct domains
(Figure 5.52). A B barrel located at the N-terminal
is followed by a central nucleotide-binding domain
containing a Rossmann fold. The P barrels form a
crown that sits on top of the central nucleotide-binding
domain. At the C terminal is a helix rich domain. The
conformation of the f subunit changes with nucleotide-
binding forming states associated with high, medium
and low nucleotide affinities. These three states are
most probably related to release of product (ATP),
binding of substrates (ADP and inorganic phosphate),
and formation of ATP, respectively. In an isolated state
the structure of the P subunit has the open form with
nucleotide binding causing transition to closed forms.
On the P subunit the principal residues involved in
ADP binding have been determined by examining the
crystal structure of this subunit in the presence of ADP-
fluoroaluminate (ADP-AIlF;) (Figure 5.53). Positively
charged side chains of arginine and lysine have a major
role in binding ADP-fluoroaluminate whilst the side
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N terminal region

Mucleotide
binding el
region o

C terminal region

Figure 5.52 An individual B subunit showing the
three distinct domains together with the bound
nucleotide - in this case ADP. The ADP is shown
in yellow, the barrel structure in dark green, the
nucleotide binding region in blue and the helix rich
region in violet (PDB:1BMF)

chain of Glul88 binds a water molecule and the amide
of Gly159 binds the second phosphate group of ADP.
Arginine 373 is part of the o subunit and contributes
to the binding site for ADP. ADP-fluoroaluminate
mimics the transition state complex with fluorine atoms
occupying similar conformations to the extra phosphate
group of ATP but acting as a potent inhibitor of
ATP synthesis. Significantly, the structure adopted by
the B subunit in the presence of ADP-AIF; is very
similar to the catalytically active conformation for
this subunit (Brp). These results further suggest that
once the substrate is bound only small conformational
changes are required to promote synthesis of ATP.
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Figure 5.53 Schematic representation of the nu-
cleotide-binding site of the B subunit of the
AlF;-F; complex, showing the coordination of
the aluminofluoride group. Possible hydrogen-bond
interactions are shown by dotted lines

The stoichiometry of the bovine mitochondrial F;
ATPase means that the single y, 8 and & subunits lack
symmetry, and in the case of the y subunit the intrinsic
asymmetry causes a different interaction with each of
the three catalytic § subunits of F;. This interaction
endows each f subunit with different nucleotide affinity
and arises from rotation of the central stalk. Rotation
of the y subunit driven by proton flux through the
F, region drives ATP synthesis by cycling through
structural states corresponding to the tight, open and
loose conformations.

Initial structures of F; ATPase showed disorder for
the protruding end of the y subunit from the (af);
hexamer. Examining enzyme inhibited with dicyclo-
hexylcarbodiimide (DCCD), a known stoichiometric
inhibitor of ATP synthesis that reacts specifically with
Glu 199 of the B subunit, resulted in improved order
and confirmed the orientation of the central pair of
helices of the y subunit, the structures of the § and
¢ subunits and their interaction with the F, region at
the end of the central stalk. The protruding part of the
central stalk is composed of approximately half of the
v subunit and the entire 8§ and & subunits. The over-
all length of the central stalk from the C-terminus of
the y subunit to the foot of the protruding region is
~11.4 nm. It extends ~4.7 nm from the (af); domain
thereby accounting for ‘lollipop’ appearance in electron
micrographs (Figure 5.48). The central stalk is the key
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rotary element in the catalytic mechanism. The y sub-
unit interacts directly with the ring of ¢ subunits located
in the membrane of F, and in the absence of covalent
bonding between c subunits and the stalk region this
interaction must be sufficiently robust to permit rota-
tion. In the y subunit, three carboxyl groups (yAsp 194,
yAsp 195 and yAsp 197) are exposed on the lower face
of the foot suggesting that they may interact with basic
residues found in loop regions of the c-ring.

It is established that all species contain a, b
and c subunits within the F, part of the enzyme
although there is currently no clear agreement on the
total number of subunits. In yeast ATP synthetase
at least thirteen subunits are found in the purified
enzyme. As well as the familiar a—e subunits of
F, and the a, b and ¢ subunits of F, additional
subunits called f and d are found in F, whilst OSCP,
ATP8 and h occur in F;. Using the yeast enzyme
the F; region was co-crystallized with a ring of
10 ¢ subunits and although the loss of c subunits
during preparation cannot be eliminated definitively
the lack of symmetry relations between the hexameric
collection of o/p subunits and the 10 ¢ subunits was
surprising. The structure of the c subunit monomer
was established independently by NMR spectroscopy
(Figure 5.55) and showed two helical regions that were
assumed to be transmembrane segments linked by
an extramembranous loop region. These loop regions
make contact with y and 8 subunits and represent sites
of interaction (Figure 5.56). Only the a and c subunits
are essential for proton translocation (Figure 5.57) with
Arg210, His245, Glul96, and Glu219 (a subunit) and
Asp61 of the c subunit implicated as essential residues.

Further refinement of the ATP synthetase structure
has shown a second, peripheral, stalk connecting the
F; and F, domains in the enzyme (Figure 5.58). The
second stalk visible using cryoelectron microscopy of
detergent solubilized F,F, from E. coli, chloroplast and
mitochondrial ATPases is located around the outside
of the globular F; domain and may act as a stator to
counter the tendency of the («f); domain to follow the
rotation of the central stalk.

With the structural model derived from X-ray
crystallography in place for the F; subunit a number
of elegant experiments established that rotation is the
link between proton flux and ATP synthesis. The
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Figure 5.54 The structures of the central stalk assembly with the individual subunits shown in isolation alongside.
The y subunit contains the long « helical coiled coil region that extends through the (af); assembly (top right). The
bovine ¢ subunit is very small (~50 residues in length) with one major helix together with a poorly organized helix
(bottom right). The 3 subunit contains an extensive B sheet formed from seven B strands together with a distinct
helix turn helix region (bottom left)
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idea of rotary switches is now no longer heretical Extramembranous laop

but is accepted as another solution by proteins to
the mechanistic problem of harnessing energy from
proton gradients.
Covalently linking the y subunit of F; to the C
terminal domain of the B subunit blocked activity :
whilst cross-linking to the a subunit was without effect.
Complementary studies introducing cysteine residues
into the structure of § and y subunits with the formation Transmembrane
of thiol cross links inhibited activity but reducing these helices
bonds followed by further cross-linking resulted in

the modification of a different B subunit. This could
only occur if rotation occurred within ATPases. Finally,
covalently joining the y, € and c subunit ring did not
inhibit ATP synthesis and suggested that the subunits
act in unison as a rotating unit. Direct observation of
rotation in the synthetase was obtained using actin
filaments attached to the 7y subunit. By following
the fluorescence of covalently linked fluorophores Figure 5.55 The structure of the c ring monomer

in a confocal microscope it was shown that ATP determined using NMR spectroscopy is a simple HTH
hydrolysis led to a 360° rotation of the filament in three structure (PDB:1A91)

; (@B
e N unit

transmambrane
region

Figure 5.56 The arrangement of the c ring with the F; catalytic domain in yeast ATP synthetase. The c ring of 10
monomers is shown in blue, the (af); unit is shown in red and orange and the y subunit in dark green. A view of
the F; F, ATPase from the inter-membrane space looking through the membrane region is shown on the right



152

uni-directional steps of 120°. The complex showed
rotation rates of ~130 Hz entirely consistent with a
maximal rate of hydrolysis of ATP of ~300 s~'.

a subunit

"

€ subunits
| _J"
| A
: #

[

HT

Figure 5.57 Hypothetical model for the generation
of rotation by proton transfer through the F, domain
of ATP synthase. The central cylinder (blue) consists of
¢ subunits; the external part (green) corresponds to a
single a subunit. The red line indicates the proton path
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ATP, the universal carrier of cell energy, is manu-
factured from ADP and phosphate by the enzyme ATP
synthase (or F{F, ATPase) using the free energy of an
electrochemical gradient of protons. This proton gradi-
ent is generated by the combined efforts of numerous
respiratory or photosynthetic protein complexes whose
catalytic properties include rapid electron transfer cou-
pled to movement of protons across membranes.

ATPase family

The F|F, ATPases comprise a huge family of enzymes
with members found in the bacterial cytoplasmic mem-
brane, the inner membrane of mitochondria and the
thylakoid membrane of chloroplasts. These enzymes
are usually classified as proton-transporting F type
ATPases to distinguish them from enzymes that hydrol-
yse ATP as part of their normal catalytic function.
Further classes can be recognized in these ATPases
through the use of alternative ions to the proton such as
Na™ or Li" ions. Minor changes to the a and c subunit
sequences alter the coupling ion specificity although the
primary mechanism remains very similar. In all cases
the ATPases are based around a large globular catalytic
domain that projects from the membrane surface but

Figure 5.58 Organization of ATP synthases. The bovine F; - ATPase (left) and the ATP synthase of E. coli (right).
(Reproduced with permission from Stock, D. et al. Curr. Opin. Struct. Biol. 2000, 10, 672-679. Elsevier)
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interacts with a hydrophobic complex that controls ion
translocation via rotary motion.

In all cells there are membrane proteins whose
function relies on the hydrolysis of ATP and the
coupling of this energy to the movement of ions such
as Na®, K* or Ca’* across membranes. Transport
proteins represent a major category of membrane
proteins and a number of different mechanisms exist for
transport. Transport across membranes is divided into
mediated and non-mediated processes. Non-mediated
transport involves the diffusion of ions or small
molecules down a concentration gradient. Transport
is closely correlated with solute solubility in the
lipid phase with steroids, anaesthetics, narcotics and
oxygen diffusing down a concentration gradient and
across membranes. Mediated transport is divided into
two categories. Passive-mediated transport also called
facilitated diffusion relies on the transfer of a specific
molecule from high concentration to low concentration.
Transport proteins involved in this mechanism of
transport have already been described in this chapter
and are exemplified by the B barrel porin proteins.
Unfortunately these proteins cannot transport substrates
against concentration gradients; this requires active
transport and the hydrolysis of ATP.

Nat—-K* ATPase is one member of a class of
membrane bound enzymes that transfer cations with
ATP hydrolysis providing the driving force. The
Na™—K* ATPases, a highly conserved group of integral
proteins, are widely expressed in all eukaryotic cells
and are very active with a measure of their importance
seen in the estimate that ~25 percent of all cytoplasmic
ATP is hydrolysed by sodium pumps in resting human
cells. In nerve cells, a much higher percentage of
ATP is consumed (>70 percent) to fuel sodium pumps
critical to neuronal function.

The Nat™—K* ATPase is a transmembrane protein
containing two types of subunit. An o subunit of
~110 kDa contains the ion-binding site and is respon-
sible for catalytic function whilst a B subunit, glyco-
sylated on its exterior surface, is of less clear func-
tion. Sequence analysis suggests that the o subunit
contains eight transmembrane helices together with
two cytoplasmic domains. In contrast the $ subunit
(M;~55 kDa) has a single transmembrane helix and
a much larger domain projecting out into the extra-
cellular environment where glycosylation accounts for
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~20 kDa of the total mass of the protein. The f sub-
unit is required for activity and it is thought to play
a role in membrane localization and activation of the
o subunit. In vivo the Nat—K* ATPase functions as a
tetramer of composition a,f,.

The Na™—K* ATPase pumps sodium out of the cell
and imports potassium with the hydrolysis of ATP at
the intracellular surface of the complex. The overall
stoichiometry of the reaction results in the movement
of 3 Na% ions outward and 2 K* ions inwards and is
represented by the equation

3Nat n) + 2K ouy + ATP + H,0 = 3Na* o)
+ 2K* (in) + ADP + P

The ATPase is described as an antiport where there is
the simultaneous movement of two different molecules
in opposite directions, and leads to the net movement
of positive charge to the outside of the cell. A uniport
involves the transport of a single molecule whilst
a symport simultaneously transports two different
molecules in the same direction (Figure 5.59).

In the presence of Nat ions ATP phosphorylates a
specific aspartate residue on the o subunit triggering
conformational change. In the presence of high levels
of K™ the dephosphorylation reaction is enhanced and
suggests two distinct conformational states for the
Nat-K* ATPase. These states, designated E; and E,,
differing in conformation show altered affinity and
specificity. On the inside of the cell the Nat—K*
ATPase (in the E; state) binds three sodium ions at
specific sites followed by ATP association to yield
an BE;—ATP-3Na™ complex. ATP hydrolysis occurs to
form an aspartyl phosphate intermediate E; ~ P—3Na™
that undergoes a conformational change to form the
E, state (E, ~P-3Na") and the release of bound
Na outside the cell. The presence of a ‘high energy’
phosphoryl intermediate (denoted by ~P) has led to
this class of membrane proteins being called P type
ATPases. As an E,-P state the enzyme binds two
K* ions from the outside to form the E,—P-2K*
complex. Hydrolysis of the phosphate group to reform
the original aspartate side chain causes conformation
change with the result that 2K ions are released on the
inside of the cell. The ATPase ion pump, upon release
of the potassium ions, forms the E; state capable
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Figure 5.59 Diagrammatic representation of uniport, symport and antiport systems used in processes of active

transport across membranes

of binding three Na't ions and restarting the cycle
again.

Study of the function of Nat—K™ ATPases has been
aided by the use of cardiac glycosides, natural products
that increase the intensity of muscular contraction
in impaired heart muscle. Abnormalities have been
identified in the function of Nat—K*% ATPases and
are involved in several pathologic states including
heart disease and hypertension. Several types of heart
failure are associated with significant reductions in
the myocardial concentration of Nat—K*™ ATPase
or impaired activity. Similarly excessive renal re-
absorption of sodium due to oversecretion of the
hormone aldosterone is associated with forms of

hypertension. Oubain is a naturally occurring steroid
and is still prescribed as a cardiac drug. Its action is
to block the efflux of Na™ ions leading to an increase
in their intracellular concentration (Figure 5.60). The
resulting increase in Na™ concentration causes a
stimulation of secondary active transport systems in
cardiac muscle such as the Na*t—Ca?* antiport system.
This pump removes Na* ions from the cell and
transports Ca?t to the inside. Transient increases
in cytosolic Ca’>" ion concentration often triggers
many intracellular responses one of which is muscular
contraction. The Ca?* ions stimulate cardiac muscle
contraction producing a larger than normal response
to aid cardiovascular output. Although of major

Eq-3Nat __ o E1-ATP-3Na* Eq~P-3Na*
1 ATP binding Formation of aspartyl
phosphate intermediate
- Transport of three
Inside Ma* ions
Transport of two Outside
K*ions
Hydrolysis of K* binding
E2-DK+ -—23pamyiphosphale po.poppc+ E2-P E3-P-Oubain

Figure 5.60 The active transport of Na™ and K* ions by the Na™-K* ATPase. Oubain (pronounced ‘wabane’) is a
cardiac glycoside promoting increased intracellular Na* concentration
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E,+ P
2 Hydrolysis of phosphate EZ

Figure 5.61 Scheme for active transport of Ca>" by SR Ca ATPase. The inside refers to the cytosol and the outside
represents the lumen of the sarcoplasmic reticulum of skeletal muscle cells. Similar Ca pumps exist in the plasma

membranes and ER

importance to the physiology of all cells detailed
studies of the Nat—K* ATPase protein and ultimately
the development of improved drugs is hampered by the
absence of a well-defined structure.

Fortunately, another prominent member of the P
type ATPases, the Ca’>T—ATPase from the sarcoplas-
mic reticulum (SR) of muscle cells, has been crys-
tallized to reveal some aspects of the organization
of transport proteins. SR Ca’* ATPase is amongst
the simplest proteins in this large family consisting
of a single polypeptide chain of ~110 kDa. Its bio-
logical function is to transport 2Ca’t ions against
a concentration gradient for every molecule of ATP
hydrolysed (Figure 5.61). Within the cytosol the con-
centration of Ca?t is ~0.1 wm — about 10000 times
lower than the extracellular or lumenal concentration
(~1.0—1.5 mm). When muscle contracts large amounts
of Ca®* stored in the SR are released into the cytosol
of muscle cells. In order to relax again after contrac-
tion the Ca concentration must be reduced by pump-
ing ions back into the SR against a concentration
gradient.

As an ion pump the Ca’* ATPase works compara-
tively slowly with a turnover number of ~60 Ca>* ions
per second. Pumps such as the Na®™—K* ATPase trans-
fer ions at rates of 10° s~! and in order to overcome

this rate deficiency for Ca’>* transfer the cell compen-
sates by accumulating large amounts of enzyme within
the SR membrane. The accumulation of enzyme in this
membrane leads to ~60 percent of the total protein
being Ca’t ATPase.

The structure of the SR Ca’>* ATPase reveals two
Ca?* ions bound in a transmembrane domain of 10
a helical segments. In addition to the transmembrane
region three cytosolic regions were identified as phos-
phorylation (P), nucleotide binding (N) and actuator
(A) domains. This last domain transmits conforma-
tional change through the protein leading to movement
of Ca across membranes. The organization of these
domains can be seen in the beautiful structure of Ca
bound SR-ATPase where ten transmembrane o helices
(M1-M10) segregate into two blocks (M1-M6 and
M7-M10), a structural organization consistent with the
lack of M7—M10 in simpler bacterial P-type ATPases
(Figure 5.62).

The lengths and inclination of the ten helices differ
substantially; helices M2 and M5 are long and straight
whilst others are unwound (M4 and M6) or kinked
(M10) in the middle of the membrane. The Ca ions are
located side by side surrounded by four transmembrane
helices (M4, M5, M6 and M8), with the ligands to
Ca’* provided at site I by side-chain oxygen atoms
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Figure 5.62 The structure of SR Ca-ATPase deter-
mined to a resolution of A. (PDB: 1EUL). The four
distinct domains are shown in different colours; trans-
membrane domain (blue), Actuator or A domain (yel-
low), phosphorylation or P domain (magenta) and the
nucleotide binding or N domain (green). Two bound Ca
ions are shown in red. In this view the lumen of the
SR is at the bottom whilst the cytosol is found at the
top containing the A, P and N domains

derived from Asn768, Glu771 (MS5), Thr799, Asp800
(M6) and Glu908 (MS8). Site II is formed almost
entirely by helix M4 with backbone oxygen atoms of
Val304, Ala305 and I1e307 together with the side-chain
oxygens of Asn796, Asp800 (M6) and Glu309 (M4)
providing the key ligands. The coordinating ligands
provided by residues 304, 305, 307 and 309 occur
in residues located either sequentially or very close
together in the primary sequence. Such an arrangement
is not compatible with regular helical conformations
and is only possible as a result of local unfolding of
the M4 helix in this region. In this context a proline
residue at position 308 almost certainly contributes
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to unfolding whilst the sequence PEGL is a key
motif in all ATPases. Although the position of the
Ca’* is clearly seen within the transmembrane region
the structure of the SR-CaATPase does not offer
any clues as to the route of ion conduction. There
were no obvious vestibules in the bound state, as
seen in porins, and conformational changes facilitate
transport of Ca ions across the membrane by coupling
events in the transmembrane domain with those in
the cytoplasmic domains. This involves Ca binding
and release, nucleotide binding as well as Asp351
phosphorylation and dephosphorylation.

Summary

Following the determination of the structure of the
bacterial photosynthetic reaction centre there has been a
progressive increase in the number of refined structures
for membrane bound.

Compared with the large number of structures
existing for globular domains in the protein databank
it is clear that the number of highly resolved (<5 A)
structures available for membrane proteins is much
smaller. This will change rapidly as more membrane
proteins become amenable to methods of structure
determination.

Peripheral or extrinsic proteins are associated with
the membrane but are generally released by mild dis-
ruptive treatment. In contrast, integral membrane pro-
teins remain firmly embedded within the hydrophobic
bilayer and removal from this environment frequently
results in a loss of structure and function.

Crystallization of membrane proteins requires con-
trolled and ordered association of subunits via the
interaction of exposed polar groups on the surfaces of
proteins. The process is assisted by the introduction of
amphiphiles that balance conflicting solvent require-
ments of membrane proteins.

The vast majority of proteins rely on the folding
of the primary sequence into transmembrane helical
structures. These helices have comparable geometry to
those occurring in soluble proteins exhibiting similar
bond lengths and torsion angles.

The major differences with soluble proteins lie
in the relative distribution of hydrophobic amino
acid residues.
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Table 5.10 Some of the membrane protein structures deposited in PDB; Most structures were determined using

X-ray crystallography

Resolution (A)

Function

Protein PDB
Rhodopsin family and G-protein coupled receptors
Bacteriorhodopsin (EM) 2BRD
(X-ray) 1C3W
Halorhodopsin 1E12
Rhodopsin 1F88
Sensory rhodopsin II 1H68
Photosynthetic and light harvesting complexes
R. viridis reaction centre 1PRC
R. sphaeroides reaction centre 1PSS
Light harvesting chlorophyll 1 KZU
complexes from R. acidophila
Photosystem I from S. elongatus 1JBO
Photosystem II from S. elongatus 1FE1
Bacterial and mitochondrial respiratory complexes
Cytochrome oxidase (aas) from P. 1AR1
denitrificans

Cytochrome oxidase (basz) from T. 1EHK
thermophilus

Cytochrome oxidase from bovine 10CC
heart mitochondria

Bovine heart mitochondria bc; 1BGY
complex

Chicken heart cytochrome bc; 1BCC
complex

S. cerevisiae cytochrome bc 1EZV
complex

3.5
1.55
1.8
2.8

2.1

2.3
3.0
2.5

2.5
3.8

2.8

24

2.8

2.8

3.2

23

Light driven proton pump

Visual cycle transducing light energy
into chemical signals

Primary charge separation initiated by a
photon of light

Gathering light energy and focussing
photons to the photosynthetic
reaction centre

Primary photochemistry

Oxygenic photosynthesis

Catalyses terminal step of aerobic
respiration

Electron transfer complex that oxidizes
ubiquinonols and reduces
cytochrome ¢

(continued)
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Table 5.10
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(continued)

Protein PDB

Resolution (A)

Function

Other energy transducing membrane proteins
ATP synthase (F; c10) S. cerevisiae 1E79

Fumarate reductase complex from 10LA

Wolinella succinogenes

B barrel membrane proteins of porin family

Porin from R. capsulatus 2POR
Porin from R. blastica 1PRN
OmpF from E. coli. 20MF
PhoE from E. coli. 1PHO
Maltoporin from S. typhimurium 2MPR
Maltoporin from E. coli 1IMAL
OmpA from E. coli. (NMR) 1G90
(X-ray) 1BXW
lon and other channel proteins

Calcium ATPase from SR of rabbit 1EUL
Toxins

a-haemolysin from S. aureus 7AHL
LukF from S. aureus 3LKF

39 Membrane portion forms proton
channel

2.2

1.8 Semi-selective pore proteins

2.0

24

3.0

2.4

3.1

2.5

2.6 Controls Ca flux in sarcoplasmic
reticulum

1.9 Channel forming toxin

1.9 Homologous in structure and function

to a-haemolysin

Membrane proteins such as toxins or pore proteins
are based on P strands assembling into compact, bar-
rel structures that assume great stability via inter-strand
hydrogen bonding.

Sequencing proteins assists in the definition of trans-
membrane domains via identification of hydrophobic
side chains. Proteins containing high proportions of
residues with non-polar side chains such as Leu, Val,
Ile, Phe, Met and Trp in blocks of ~20-30 residues
are probably membrane bound.

The structures of bacteriorhodopsin revealed seven
transmembrane helices of ~23 residues in length
correlating with seven ‘blocks’ in the primary sequence

composed predominantly of residues with non-polar
side chains.

The seven transmembrane helix structure is a
common architecture in membrane proteins with G-
protein coupled receptors sharing these motifs.

Methods developed for crystallization of the bacte-
rial reaction centre from R. viridis proved applicable to
other classes of membrane proteins including respira-
tory complexes found in mitochondrial membranes and
in aerobic bacteria. These complexes generate proton
gradients vital for the production of ATP and represent
the ‘power stations’ providing energy for all cellu-
lar processes.
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The structure of Ca ATPase reveals the coordinated
action of cytosolic and membrane located domains in
Ca transport across the membrane and points the way
to understanding the movement of charged ions across
impermeant lipid bilayers.

ATP is produced by ATP synthase a large enzyme
composed of a peripheral F; complex together with a
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smaller membrane bound region (F,). These domains
form a rotary motor where the flux of protons
through F, drives rotation of ¢ subunits via trans-
mission to a central stalk (y, d and e subunits)
that mediates conformational changes at the cat-
alytic centres in (of); subunits promoting ATP
formation.

Problems

1. Having determined the nucleotide sequence of a puta-
tive membrane protein describe how you would use
this data to obtain further information on this protein.

2. List the post-translational modifications added to
proteins to retain them within or close to the
lipid bilayer. Give an example protein for each
modification.

3. Find the membrane-spanning region in the following
sequence: ......... GELHPDDRSKITKPSESIITTIDS
NPSWWTNWLIPAISALFVALIYHLYTSEN. . ... ..

4. How many residues are required to span a lipid bilayer
if they are all form within a regular o helix? How
many turns of a regular a helix are required to cross
the membrane once?

5. Using the crystal structure for the bacterial reaction
centre estimate the average length of the transmem-
brane helices. Are there any differences and if so how
do you account for them?

6. Describe the advantages and disadvantages of using
the erythrocyte membrane as a model for studying
membrane protein structure and organization.

7. Use protein databases to find membrane protein
structures determined at resolution below 0.3 nm and
those between 0.3 and 0.5 nm.

8. Gramicidin is a small polypeptide of 15 residues that
adopts a helical conformation. This molecule has been
observed to act as an ionophore allowing K% ions to
cross the membrane. How might this occur?






The diversity of proteins

The incredible diversity shown by the living world
ranges from bacteria and viruses to unicellular organ-
isms, eventually culminating with complex multicel-
lular systems of higher plants, including gymnosperms
and angiosperms, and animals such as those of the ver-
tebrate kingdom. However, the living world is based
around proteins made up of the same 20 amino acids.
There is no fundamental difference between the amino
acids and proteins making up a bacterium such as
Escherichia coli to those found in higher vertebrates.
As a result the principles governing protein structure
and function are equally applicable to all living sys-
tems. This pattern of similarity is not surprising if
one considers that all living systems are related by
their evolutionary origin to primitive ancestors that had
acquired the basic 20 amino acids to use in the syn-
thesis of proteins. Higher levels of complexity were
acquired by evolutionary divergence that led to a sub-
tle alteration in primary sequence and the generation
of new or altered functional properties. Although the
exact nature of the ‘first’ ancestral cell is unclear along
with details of self-replicating systems advances have
been made in understanding the origin of proteins.

Prebiotic synthesis and the origins
of proteins

The origin of life represents one of the greatest puzzles
facing scientists today. What originally seemed to be

Proteins: Structure and Function by David Whitford
© 2005 John Wiley & Sons, Ltd

an impossible problem has gradually become better
understood via experimentation. In order to synthesize
proteins it is first necessary to make amino acids
containing carbon, hydrogen, oxygen and nitrogen, and
occasionally sulfur. The source of all carbon, hydrogen,
oxygen and nitrogen would have been the original
atmospheric gases of carbon dioxide, nitrogen, water
vapour, ammonia, and methane, but not atmospheric
oxygen since this was almost certainly lacking in early
evolutionary periods. When this series of events is
placed in a time span we are describing reactions that
occurred more than 3.6 billion years ago.

In a carefully designed experiment Stanley Miller
and Harold Urey showed that simulating the primitive
conditions present on the Earth around 4 billion years
ago could result in the production of biomolecules. This
study involved adding inorganic molecules to a closed
system under a reducing atmosphere (lacking oxygen).
The gaseous mixture of mainly ammonia, hydrogen and
methane simulated the early Earth’s atmosphere. The
whole mixture was refluxed in a closed evacuated sys-
tem with the water phase representative of the ‘oceans’
of the early earth analysed at the end of an experiment
lasting several days (Table 6.1). Subjecting the system
to electrical discharge (lightning) and high amounts of
ultraviolet light (Sun) formed biomolecules, including
the amino acids glycine, alanine and aspartate. The for-
mation of hydrogen cyanide, aldehydes and other cyano



162

R
|
Os _R
S¢” 4+ HON + HO  —— NS e?C
H M
OH
Aldehyde Hydrogen Cyanide Amino acid

Figure 6.1 Prebiotic synthesis of amino acids from
simple organic molecules

Table 6.1 Yields of biomolecules from simulating
prebiotic conditions using a mixture of methane,
ammonia, water and hydrogen

Biomolecule Approximate yield (%)
Formic acid 4.0
Glycine 2.1
Glycolic acid 1.9
Alanine 1.7
Lactic acid 1.6
B-Alanine 0.76
Propionic acid 0.66
Acetic acid 0.51
Iminodiacetic acid 0.37
a-Hydroxybutyric acid 0.34
Succinic acid 0.27
Sarcosine 0.25
Iminoaceticpropionic acid 0.13
N -Methylalanine 0.07
Glutamic acid 0.051
N -Methylurea 0.051
Urea 0.034
Aspartic acid 0.024
a-Aminoisobutyric acid 0.007

Shown in red are constituents of proteins (after Miller, S.J. & Orgel,
L.E. The Origins of Life on Earth. Prentice-Hall, 1975).

compounds was also important since these simple com-
pounds undergo a wide range of further reactions. The
general reaction is summarized by a simple addition
reaction between aldehydes and hydrogen cyanides in
the presence of water (Figure 6.1), although in practice
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Figure 6.2 An example of the apparatus used by
Urey and Miller to demonstrate prebiotic synthesis of
organic molecules
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the reaction may form a nitrile derivative in the atmo-
sphere followed by hydrolysis in the ‘ocean’ to yield
simple amino acids.

Performing this type of experiment with dif-
ferent mixtures of starting materials yielded addi-
tional biomolecules, including adenine. Variations on
this basic theme have suggested that although the
Earth’s early atmosphere lacked oxygen the pres-
ence of gases such as CO, CO, and H,S were
vital for prebiotic synthesis. The presence of sul-
fur enhances the number and type of reactions that
could occur. More recently, examination of ocean
floors has revealed the presence of deep sea vents
sometimes called ‘smokers’ or fumaroles. These vents
release hot gases and minerals from the Earth’s
crust into the ocean and are also prime sites for
organic synthesis. This suggests that many potential
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sites and sources of energy were available for prebi-
otic synthesis.

The next barrier to the evolution of life involved
the formation of polymers from precursors. The genetic
systems found in cells today are specialized polymers.
They are able to direct the synthesis of proteins from
messenger ribonucleic acid (mRNA), the latter rep-
resenting the information present in deoxyribonucleic
acid (DNA). In addition these polymers are capable
of directing their own synthesis in a macromolecular
world of DNA/RNA and protein.

DNA — RNA — protein

These systems are self-replicating and their evolution
represents one of the greatest hurdles to be overcome
in the development of living systems. Replicating DNA
requires proteins to assist in the overall process whilst
the scheme above demonstrates that protein synthesis
requires DNA and RNA. This creates a paradox often
called the ‘chicken and egg’ puzzle of molecular
biology of which came first.

The recent demonstration that RNA molecules have
catalytic function analogous to conventional enzymes
has revolutionized views of prebiotic synthesis. Cat-
alytic forms of RNA called ribozymes mean that RNA
molecules, in theory, at least have the means to direct
their own synthesis and to catalyse a limited num-
ber of chemical reactions. For this reason a preva-
lent view of molecular evolution involves a world
dominated by RNA molecules that gradually evolved
into a system in which proteins carried out catalysis,
whilst nucleic acid performed a role of information
storage, transfer and control. The details of this transi-
tion remain far from complete but supportive lines of
evidence include: (i) the existence of different forms
of RNA such as rRNA, mRNA, tRNA and genomic
RNA; (ii) molecules such as nicotinamide adenine
dinucleotide (NAD), adenosine tri- and diphosphate
(ATP/ADP), and flavin adenine dinucleotide (FAD)
found universally throughout cells are composed of
adenine units analogous to those occurring in RNA;
(iii) tRNAs have a tertiary structure; (iv) ribosomes
represent hybrid RNA—protein systems where cataly-
sis is RNA based; and (v) the enzyme RNaseP from E.
coli catalyses the degradation of polymeric RNA into
smaller nucleotide units in a reaction where RNA is
the active component.
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A major objection to the view of an ‘RNA world’
has been the comparative instability of RNA (especially
when compared to DNA). RNA is easily degraded
and it is difficult to see how stable systems capa-
ble of replication and catalysis evolved. Additionally
the synthesis of polymers of RNA under conditions
similar to those found early in the earth’s history
has proved remarkably difficult. Despite these prob-
lems most researchers view RNA as a likely inter-
mediate between the ‘primordial soup’ and the sys-
tems of replication and catalysis found in modern
cell types.

The fossil record evidence shows that bacteria-like
organisms were present on earth 3.6 billion years ago.
This implies that the systems of replication present
today in living cells had already evolved. The ‘RNA-
directed world” was therefore a comparatively short
time interval of ~0.5 billion years!

Having evolved a primitive replication and catalysis
system based on RNA the simple amino acids could
be used in protein biosynthesis. It is very unlikely
that all amino acids were present in the primordial
soup since some of the amino acids are relatively
unstable especially under acidic conditions, and this
includes the side chains of asparagine, glutamine,
and histidine. In addition the amino acids found in
proteins represent a very small subset of the total
number of amino acids known to exist. This might
suggest that the present class of amino acids evolved
over millions of years to reflect a blend of chemical
and physical properties required by proteins although
it was essentially complete and intact 3.6 billion
years ago.

Evolutionary divergence of organisms
and its relationship to protein
structure and function

The precise details of the origin of life involving the
generation of a self-replicating system and its evolu-
tion into the complex multicellular structures found
in higher plants and animals are unclear but the fos-
sil record shows that primitive bacteria were present
on earth in the pre-Cambrian period nearly 3.6 bil-
lion years ago. These fossilized cells resemble a
class of bacteria found on present day Earth called
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cyanobacteria. Although it is surprising that bacteria
leave fossil records cyanobacteria often form a signif-
icant cell wall together with layered structures called
stromatolites (Figure 6.3). These structures form a mat
as cyanobacteria grow trapping sediment and helping
the fossilization process. Cyanobacteria are prokary-
otic cells, lacking a nucleus and internal membranes,
capable of both photosynthetic and respiratory growth
and are represented today by genera such as Nostoc,
Anacystis and Synechococcus.

Less ambiguously and more importantly the fos-
sil record demonstrates progressive increases in com-
plexity from the simple prokaryotic cell lacking a
nucleus to more complicated structures similar to mod-
ern eukaryotic cells. Eukaryotic cells became multi-
cellular and evolved by specialization towards specific
cellular functions (Figure 6.4). These cells increased in
structural complexity by internal compartmentalization
with genome organization becoming more complex
along with the variety of biochemical reactions catal-
ysed within these cells. Whilst the fossil record aided
our understanding of evolution one of the best methods
of deciphering evolutionary pathways has come from
comparing protein and DNA sequences.
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Figure 6.3 Microfossil of filamentous bacterial cells.
The fossil shown alongside an interpretive drawing is
from Western Australia and rocks dated at ~3.4 x 10°
years (Reproduced with permission from Voet, D., Voet,
J.G. and Pratt, C.W. Fundamentals of Biochemistry. John
Wiley & Sons, Ltd, Chichester, 1999)
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In a protein of 100 amino acid residues there are
20'% ynique or possible sequences. It is clear that bio-
logical sequences represent only a small fraction of
the total number of permutations. Protein sequences
often show similarities with these relationships gov-
erned by evolutionary lineage. Over millions of years
a sequence can change but it cannot cause complete
loss of function unless gene duplication has occurred.
If mutation provides new enhanced functional activities
any selective advantage conferred on the host organism
possessing this protein will lead to improved survival
and gene perpetuation.

Protein sequence analysis

Protein sequencing

The sequencing of DNA has advanced so rapidly that
this method is now by far the most common and
effective way of determining the sequence of a protein.
By translating the order of nucleotide bases along a
DNA sequence one can simply derive the sequence
of amino acid residues. However, there are occasions
when it becomes important to sequence a protein
directly and this might include determining the extent
of post-translational processing or arranging peptide
fragments in a linear order.

Protein sequencing is an automated technique
carried out using sophisticated instruments (sequena-
tors) and based on methods devised by Pehr Edman
(it is often called Edman degradation). The unknown
polypeptide is reacted under alkaline conditions (pH
~9) with phenylisothiocyanate (PTC) where the free
amino group at the N-terminal forms a phenylthio-
carbamoyl derivative, which is hydrolysed from the
remaining peptide using anhydrous trifluoroacetic acid
(Figures 6.5 and 6.6). PTC makes the first peptide
bond less stable and easily hydrolysed. Residue rear-
rangement in aqueous acidic solution yield a phenylth-
iohydantoin (PTH) derivative of the N-terminal amino
acid that is identified using chromatography or mass
spectrometry (Figure 6.7). The significance of this
series of reactions is that the N-terminal amino acid is
‘tagged’ by attaching PTC but the remaining polypep-
tide chain (now containing n — 1 residues) remains
intact and can undergo further reactions with PTC at
its new N-terminal residue. The Edman degradation
is a repetitive, cyclical, series of reactions, although
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Figure 6.5 The reaction of the N-terminal amino acid
residue with phenylisothiocyanate in the first step of
the Edman degradation
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Figure 6.6 Hydrolysis of the phenylthiocarbamoyl
derivative of the peptide to yield a protein of n —1
residues and a free ‘labelled” amino acid

as with most repetitive procedures, errors accumu-
late and progressively degrade the accuracy of the
whole process. Errors include: random breakage of
the polypeptide chain producing a second free amino
terminal residue; incomplete reaction between PTC
and the N-terminal amino acid leading to its appear-
ance in the next reactive cycle; and side reactions
that compete with the reaction between PTC and
the polypeptide chain. Sequenators are very sensitive
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Figure 6.7 Re-arrangement of the PTC-derivative to
form a phenylthiohydantoin (PTH) derivative of the
N-amino acid

instruments capable of sequencing picomole amounts
of polypeptide. Usually an upper limit on the length of
the polypeptide chain that can be sequenced directly
is about 70 residues. Since most proteins contain
far more than 70 residues the sequencing procedures
relies on ‘chopping’ the polypeptide chain into a
series of smaller fragments that are each sequenced
independently.

Generation of smaller peptide fragments involves
using hydrolytic enzymes that cleave the polypeptide

Table 6.2 Enzymes or reagents for generating peptide
fragments suitable for sequencing

Enzyme/reagent Cleavage site

Trypsin -Arg -1-Yaa or Lys -1-Yaa-

Endoprotease Arg-C -Arg -1-Yaa

Chymotrypsin -Phe -1-Yaa, -Tyr -1-Yaa, -Trp
-1-Yaa

Clostripain -Arg -1-Yaa

Asp-N -Xaa-1-Asp

Thermolysin -Xaa-1-Leu, -Xaa-1-Ile,

-Xaa-1-Val, -Xaa-1-Met,
-Asp -1-Yaa, -Glu -1-Yaa
-Met -1-Yaa

V-8 protease
Cyanogen bromide

(CNBr)

In many cases the above enzymes show wider specificity. For
example chymotrypsin will cleave other large side chains particularly
Leu and care needs to be exercised in interpreting the results of
proteolytic cleavage. In other instances the identity of Xaa/Yaa
can influence whether cleavage occurs. For example Lys-Pro is not
cleaved using trypsin.
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at specific sequences or by the use of cyanogen
bromide that splits polypeptide chains after methionine
residues (Table 6.2).

After purification of the individual fragments the
shorter peptides are sequenced, although the major
problem is now to deduce the respective order of each

Table 6.3 Fragments derived by digestion of unknown
protein with Asp-N and trypsin

Digestion with trypsin

Mass Peptide sequence
4905.539 ITKPSESIHITTIDSNPSWW
TNWLIPAISALFVALIYHLYTSEN
2205.928 EQAGGDATENFEDVGHSTDAR
1511.749 FLEEHPGGEEVLR
1412.717 TFIIGELHPDDR
1186.599 YYTLEEIQK
1160.646 STWLILHYK
738.403 VYDLTK
650.299 AEESSK
599.290 HNNSK
476.271 ELSK
317.218 AVK
234.145 SK

Digestion with Asp-N

Mass Peptide Sequence
4100.113 AEESSKAVKYYTLEEIQK
HNNSKSTWLILHYKVY
3621.805 DSNPSWWTNWLIPAISA
LFVALIYHLYTSEN
2411.184 DLTKFLEEHPGGEEVLREQAGG
1825.981 DARELSKTFIIGELHP
1789.007 DRSKITKPSESIITTI
825.326 DATENFE
615.273 DVGHST
134.045 D
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peptide. This problem is resolved by repeating the
digestion of the intact protein with a second enzyme
that reacts at different sites producing fragments whose
relationship to the first set is established by sequencing
to determine an unambiguous order of residues along
a polypeptide chain. The principle of this method
is demonstrated with an ‘unknown’ protein of 133
residues and its digestion with two enzymes; trypsin
and Asp-N (Table 6.3 and Figure 6.8). Trypsin shows
substrate specificity for lysine and arginine residues
cleaving peptide bonds on the C terminal side of these
residues whilst Asp-N is a protease that cleaves before
aspartate residues.

To verify the primary sequence a total amino acid
analysis is usually performed on the unknown protein
by complete hydrolysis of the protein into individual
amino acid residues. Quite clearly the total amino acid
composition must equate with the combined number of
amino acids derived from the primary sequence.

Amino acid analysis consists of three steps: (i)
hydrolysis of the protein into individual amino acids;
(ii) separation of the amino acids in this mixture; and
(iii) identification of amino acid type and its quan-
tification. Hydrolysis of the protein is normally com-
plete after dissolving a small amount of the sam-
ple in 6 M HCI and heating the sample in a vac-
uum at 110°C for 24 hours. The peptide bonds are
broken leaving a mixture of individual amino acids.
This approach destroys the amino acid tryptophan
completely whilst cysteine residues may be oxidized
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and partially destroyed by these conditions. Simi-
larly, acid hydrolysis of glutamine and asparagine
side chains can form aspartate and glutamate and it
is not usually possible to distinguish Asn/Asp and
Glu/Gln in protein hydrolysates. For this reason protein
sequences may be written as GIx or Asx represent-
ing the combined number of glutamine/glutamate and
asparagine/aspartate residues.

Separation is achieved by cation exchange chro-
matography (Figure 6.9) using resins, supported within
stainless steel or glass columns, containing nega-
tively charge groups such as sulfonated polystyrenes.
The negatively charge amino acids such as aspartate
and glutamate elute rapidly whilst the flow of pos-
itively charged amino acids through the column is
retarded due to interaction with the resin. By alter-
ing the polarity of the eluting solvent the interac-
tion of hydrophobic amino acids with the column is
enhanced. Amino acids with large hydrophobic side
chains, for example phenylalanine and isoleucine, elute
more slowly than smaller amino acids such as alanine
and glycine.

To enhance detection the amino acids are reacted
with a colored reagent such as ninhydrin, fluores-
cein, dansyl chloride or PTC. If this procedure is per-
formed prior to column separation the absorbance of
derivatized amino acids as they elute from the col-
umn is readily recorded at ~540 nm or from their
fluorescence. Due to the high reproducibility of these

* 20 * 40 *
Unknown AEESSKAVKYYTLEEIQKHNNSKSTWLILHYKVYDLTKFLEEHPGGEEVL : 50
Unknown DLTKFLEEHPGGEEVL 50
60 * 80 * 100
Unknown REQAGGDATENFEDVGHSTDARELSKTFIIGELHPDDRSKITKPSESIIT 100
Unknown REQAGG DVGHST D : 100
* 120 *
Unknown TIDSNPSWWTNWLIPAISALFVALIYHLYTSEN 133
Unknown DSNPSWWTNWLIPAISALFVALIYHLYTSEN 133

Figure 6.8 The figure shows the unknown protein whose primary sequence can be deduced from sequencing smaller
fragments derived by digestion with trypsin (top line) and Asp-N (bottom line). For clarity alternate fragments
derived using trypsin are shown in red and purple whilst the Asp-N fragments are shown in magenta and green
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Figure 6.9 Elution of protein hydrolysate from a cation
with a fluorescent tag to aid detection (after Hunkapiller,

profiles the amino acids of each type can be identified
and their relative numbers quantified.

DNA sequencing

DNA sequencing methods are now routine and the
recent completion of genomic sequencing projects tes-
tifies to the efficiency and accuracy of these techniques.
The first genome sequencing projects were completed
in the early 1980s for viruses and bacteriophages such
as $X174 as well as organelles such as mitochondria
that contain small circular DNA genomes. However
in the last decade massive DNA sequencing projects

exchange column. The amino acids were derivatized first
M.W. et al. Science 1984, 226, 339-344)

were initiated and have resulted in vast numbers of
primary sequences. In 2001 the human genome project
was completed as a ‘first draft’ and the genomes
of many other prokaryotic and eukaryotic organisms
have been sequenced. This list includes the com-
pletion of the genome of the fruit fly Drosophila
melanogaster as well as the genomes of many bac-
teria including pathogenic strains such as Haemophilus
influenzae, Helicobacter pylori, Yersinia pestis, Pseu-
domonas aeruginosa, Campylobacter jejuni, as well
as E. coli strain K-12. This has been complemented
by completion of the genomes of Saccharomyces
pombe and cerevisiae (the fission and baker’s yeast,
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respectively), the nematode worm Caenorhabditis ele-
gans and the plant genome of Arabidopsis thaliana.
Unfortunately it remains largely true that we have no
idea about the structure or function of many of the
proteins encoded within these sequenced genomes.

Nowadays it is common to determine the order of
bases along a gene and in so doing deduce the primary
sequence of a protein. After locating the relevant
start codon (ATG) it is straightforward to use the
genetic code to translate the remaining triplet of bases
into amino acids and thereby determine the primary
sequence of the protein. There are many computer
programs that will perform these tasks using the
primary sequence data to derive additional properties
about the protein. These properties can include overall
charge, isoelectric point (plI), hydrophobicity and
secondary structure elements and are part of the
bioinformatics revolution that has accompanied DNA
and protein sequencing.

For eukaryotes translation of the order of bases
along a gene is complicated by the presence of
introns or non coding sequences. The recognition
of these sites or the use of cDNA derived from
processed mRNA allows protein sequences to be
routinely translated. In databases it is normal for DNA
sequences of eukaryotic cells to reflect the coding
sequence although occasionally sequences containing
introns are deposited.

Gene sequencing is an automated technique that
involves determining the order of only four components
(adenine, cytosine, guanine, and thymine, i.e. A, C,
G and T) compared with 20 different amino acids.
With fewer components it becomes critical to correctly
establish the exact order of bases since a mistake,
such as an insertion or deletion, will result in a
completely different translated sequence. DNA is
amplified to produce many complementary copies of
the template using the polymerase chain reaction (PCR)
a process that exploits the activity of thermostable
DNA polymerases. The PCR technique is divided
into three steps: denaturation, annealing and extension
(Figure 6.10). Each step is optimized with respect
to time and temperature. However, the process is
generally performed at three different temperatures of
~96, ~55 and ~72 °C with each phase lasting for about
30, 30 and 120 s, respectively.
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Figure 6.10 General principle of primer-directed DNA
synthesis by polymerases. The PCR extends this process
in a cyclical series of reactions since the polymerase is
thermostable and withstands repeated cycles of high
temperature

DNA polymerase activity extends new strands from
primers (15-25 bases in length) that are complemen-
tary to the two template strands (Figure 6.11). A poly-
merase commonly used in these studies is that iso-
lated from Thermus aquaticus and often referred to
as Tag polymerase. The double helix is dissociated at
high temperatures (~96°C) and on cooling the sus-
pension primers anneal to each DNA strand (~55°C).
With a suitable supply of nucleotide triphosphates
(dNTPs, Figure 6.12) new DNA strand synthesis by
the polymerase occurs rapidly at 72 °C forming two
complementary strands. After one cycle the PCR dou-
bles the number of copies and the beauty of the process
is that it can be repetitively cycled to provide large
amounts of identical DNA. It can be seen that start-
ing with one copy of DNA leads after thirty rounds
of replication to 2°° copies of DNA — all identical to
the initial starting material." This procedure is used to
amplify DNA fragments as part of a cloning, muta-
genesis or forensic study but it can also be used to
sequence DNA.

If PCR techniques are carried out with dNTPs and
a small amount of dideoxy (ddNTPs) nucleotides then
chain termination will result randomly along the new
DNA strand. Dideoxynucleotides were first introduced
by Frederick Sanger as part of a sequencing strategy
based on the absence of an oxygen atom at the

!Only with ‘proofreading” DNA polymerases. Taq polymerase is not
proof reading and exhibits an error rate of ~1 in 400 bases.
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Figure 6.11 The use of PCR-based methods for amplification and replication of template DNA
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Figure 6.12 The base and sugar components of NTPs.
In this case the deoxyadenosine and dideoxyadenosine
(note absence of hydroxyl at C3’ position)

C3’ position of the ribose ring. The effect of the
missing oxygen is to prevent further elongation of the
nucleotide chain in the 5'—3’ direction via an inhibition
of phosphodiester bond formation.

When small amounts of the four nucleotides are
present as ddNTPs random incorporation will result in
chain termination (Figure 6.13). On average the PCR
will result in a series of DNA fragments truncated
at every nucleotide, each fragment differing from
the previous one by just one base in length. Quite
clearly if we can establish the identity of the last
base we can gradually establish the DNA sequence.
The second step of DNA sequencing separates these

DNA fragments. To aid identification each ddNTP is
also labelled with a fluorescent probe based on the
chromophores fluoroscein and rhodamine 6 G. Each
of the four dideoxy nucleotides is tagged with a
different fluorescent dye that has an emission maxima
(Mmax) that allows the final base to be discriminated.
Dye-labelled DNA fragments are separated according
to mass by running through polyacrylamide gels
or capillaries. Today the most sophisticated DNA
sequencing systems use capillary electrophoresis with
the advantages of high separation efficiency, fast
separations at high voltages, ease of use with small
sample volumes (~1 1), and high reproducibility.
‘Labelled” DNA exits the capillaries and laser-induced
fluorescence detected by a charge coupled device
(CCD) is interpreted as a fluorescence profile by a
computer leading to routine sequencing of over 1000
nucleotides with very low error rates (Figure 6.14).

Sequence homology

Advances in both DNA and protein sequencing have
generated enormous amounts of data. This data repre-
sents either the order of amino acids along a polypeptide
chain or the order of bases along a nucleotide chain and
contains within this ‘code’ significant supplementary
information on proteins. With the introduction of power-
ful computers sequences can be analysed and compared
with each other. In particular computational analysis has
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Figure 6.13 Chain termination of an extending DNA sequence by incorporation of dideoxynucleotide triphosphates

(ddNTPs)

allowed the recognition of sequence similarity. For any
sequence there is a massive number of permutations and
similarity does not arise by chance. Instead sequence
similarity may indicate evolutionary links and in this
context the term homology is used reservedly. Protein
sequences can be similar without needing to invoke an
evolutionary link but the term homology implies evo-
lutionary lineage from a common ancestor. Both DNA
and protein sequences can show homology. In order

to establish that protein sequences are homologous we

have to establish rules governing this potential similarity.

Consider the partial sequences
-D-E-A-L-V-S-V-A-F-T-S-I-V-G-G-
-D-E-A-F-T-S-1-V-G-G-M-D-D-P-G-

This represents a small section of the polypeptide
chain (15 residues) in each of two sequences. Are they

il MA I

Figure 6.14 A small section of the computer-interpreted fluorescence profile of a DNA sequence. A is denoted by
the green trace, C in blue, G in black and T by the red trace. Sequence anomalies arise when ‘clumps’ of bases are
found together, for example, a block of T residues and may require user intervention
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similar and if so how similar or are they different?
An initial inspection ‘by eye’ might fail to establish
any relationship. However, closer examination would
reveal that the two sequences could be ‘aligned’ by
introducing a gap of seven residues into the second
sequence. When the sequences are re-written as

D-E-A-L-V-S-V-A-F-T-S-I1-V-G-G-
D-E-*-*-* *_%_*_* T.§.1.V-G-G-M-D-D-P-G

a good alignment exists for some of the residues and
significantly these residues are identical. Clearly to
some observers this is significant similarity (8 out of
15 residues are identical) whilst to others it could be
viewed as a major difference (7 residues are missing
and information is lacking about the similarity of the
last 5 residues in the second sequence!). What is needed
is a way of quantifying this type of problem.

Alignment of protein sequences is the first step
towards quantifying similarity between one or more
sequences. As a result of point mutations or larger
mutational events sequences change giving proteins
containing different residues. This obscures relation-
ships between proteins and one reason for comparing
and aligning sequences is to deduce these relationships.
For newly determined sequences this allows identifica-
tion to previously characterized proteins and highlights
a shared common origin.

In Chapter 3 the tertiary structures of haemoglobin o
and B chains were superimposed to reveal little differ-
ence in respective fold (Figure 3.43). This suggested
an evolutionary relationship as a result of ancestral
gene duplication. Structural homology, supported by
significant sequence homology between o and p chains,
reveals a level of identity between the two chains of
over 40 percent (62/146) (Figure 6.15).
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Domains are key features of modular or mosaic
proteins. Sequence alignments reveal that gene dupli-
cation leads to a proliferation of related domains in
different proteins. As a result, proteins are related
by the presence of similar domains — one example is
the occurrence of the SH3 domain in proteins that
share little else in common except the presence of this
motif. SH3 (or Src Homology 3) domains are small,
non-catalytic, modules of 50—70 residues that medi-
ate protein—protein interactions by binding to proline-
rich peptide sequences. The domain was discovered in
tyrosine kinase as one module together with SH1 (tyro-
sine kinase) and SH2 (phosphotyrosine binding). The
domain is found in kinases, lipases, GTPases, structural
proteins and viral regulatory proteins.

Alignment methods offer a way of pictorially repre-
senting similarity between one or more ‘test” sequences
and a library of ‘known’ sequences derived from
databases. In addition alignment methods offer a route
towards quantifying the extent of this similarity by
incorporating ‘scoring’ schemes. A number of different
approaches exist for aligning sequences. A prevalent
approach is called a ‘pairwise similarity’ and involves
comparing each sequence in the database (library)
with a ‘test’ sequence (Figure 6.16). The observa-
tion of ‘matches’ indicates sequence similarity. A sec-
ond level of comparison involves comparing families
of sequences with libraries to establish relationships
(Figure 6.17). This approach establishes ‘profiles’ for
the initial family and then attempts to fit this profile to
other members of the database.

A third approach is to use known motifs found
within proteins. These motifs are invariant or highly
conserved blocks of residues characteristic of a protein
family. These motifs are used to search databases
for other sequences bearing the corresponding motif.

04
BH<

Figure 6.15 The sequence of the a and B chains of haemoglobin. Identical residues are shown in red whilst

conserved residues are shown in yellow
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Figure 6.16 Pairwise similarity search of the databank using single ‘query’ sequence
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Figure 6.17 The use of a profile established from aligned proteins to improve quality of matches

Table 6.4 A selection of the characteristic motifs used to identify proteins

Motif sequence Protein family Example

CX,CH Class I soluble c type cytochromes Bacterial cytochrome c551
F(Y)LOVMK)X,HPG(A)G Cytochrome bs family Nitrate reductase
CX7L(FY)XsF(YW)XR(K)XgCXCX,C Ribosomal proteins L3 protein
A(G)X4GKS(T). ATPases ATP synthetase
CX,CX;LAVMEYWCO)XgHX3H Zn finger-DNA binding proteins TFIIIA

LKEAEXRAE Tropomyosin family Tropomyosin

Motifs are simply short sequences of amino acid residues within a polypeptide chain that facilitate the identification of related proteins. The residues in
parenthesis are alternative residues that make up the consensus motif. The X indicates the number of intervening residues lacking any form of consensus. The
number of intervening residues can show minor variations in length.
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Figure 6.18 A query sequence is used with a domain-based database to identify similar proteins containing

recognized domains

Diagnostic motifs occur regularly in proteins with whole
databases devoted to their identification (Table 6.4).
Many protein families have conserved sequence motifs
and it is often sufficient to ‘query’ the database only with
this motif to identify related proteins (Figure 6.18).

The best forms of sequence alignment are derived
via computational methods known as dynamic program-
ming that detect optimal pairwise alignment between
two or more proteins. The details of computational pro-
gramming are beyond the scope of this book but the
procedure compares two or more sequences by look-
ing for individual characters, or a series of character
patterns, that are in the same order in each sequence.
Identical or similar characters are placed in the same col-
umn, and non-identical characters can be placed in the
same column either as a mismatch or opposite a ‘gap’ in
the other sequences. Irrespective of the approach used to
derive alignments a query sequence is compared with all
sequences within a selected database to yield a ‘score’
that indicates a level of similarity. An optimal alignment
will result in the arrangement of non-identical characters
and gaps minimized to yield identical or similar charac-
ters as a vertical register. The art of these methods is to
create a feasible scoring scheme, and the identity matrix
or matrices based on physicochemical properties often
fail to establish relationships, even for proteins known
to be related.

The most important improvement in scoring schemes
came from methods based on the observed changes

in amino acid sequence in homologous proteins. This
allowed mutation rates to be derived from their evo-
lutionary distances and was pioneered by Margaret
Dayhoff in the 1970s. The study measured the fre-
quencies with which residues are changed as a result
of mutation during evolution and involved carefully
aligning (by eye) all proteins recognized to be within
a single family. The process was repeated for differ-
ent families and used to construct phylogenetic trees
for groups of proteins. This approach yielded a table
of relative frequencies describing the rate of residue
replacement by each of the nineteen other residues
over an evolutionary period. By combining this table
with the relative frequency of occurrence of residues in
proteins a family of scoring matrices were computed
known as point accepted mutation (PAM) matrices.
The PAM matrices are based on estimated mutation
rates from closely related proteins and are effective at
‘scoring’ similarities between sequences that diverged
with evolutionary time. In the PAM 250 matrix the
data reflects aligned protein sequences extrapolated to
a level of 250 amino acid replacements per 100 residues
per 100 million years. A score above 0 indicates that
amino acids replace each other more frequently than
expected from their distribution in proteins and this
usually means that such residues are functionally equiv-
alent. As expected mutations involving the substitution
of D > E or D > N are relatively common whilst tran-
sitions such as D > R or D > L are rare.
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An alternative approach is the BLOCKS database
based on ungapped multiple sequence alignments that
correspond to conserved regions of proteins. These
‘blocks’ were constructed from databases of families
of related proteins (such as Pfam, ProDom, InterPro
or Prosite). This has yielded approximately 9000
blocks representing nearly 2000 protein families. The
BLOCKS database is the basis for the BLOSUM
substitution matrices that form a key component of
common alignment programs such as BLAST, FASTA,
etc. (BLOSUM is an acronym of BLOcks SUbstitution
Matrices.) These substitution matrices are widely used
for scoring protein sequence alignments and are based
on the observed amino acid substitutions in a large
set of approximately 2000 conserved amino acid
patterns, called blocks. The blocks act as identifiers
of protein families and are based around a greater
dataset than that used in the PAM matrices. The
BLOSUM matrices detect distant relationships and
produce alignment that agrees well with subsequent
determination of tertiary structure. In general if a test
sequence shares 25—30 percent identity with sequences
in the database it is likely to represent a homologous
protein. Unfortunately, when the level of similarity falls
below this level of identity it proves difficult to draw
firm conclusions about homology.

Structural homology arising from sequence
similarity
With large numbers of potential sequences for proteins

the number of different folded conformations might
also be expected to be large. However, the tertiary
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or folded conformations of proteins are less diverse
than would be expected from the total number of
sequences. Protein folds have been conserved during
evolution with conservation of structure occurring
despite changes in primary sequence.

In most cases structural similarities arise as a
result of sequence homology. However, in a few
instances structural homology has been observed where
there is no obvious evolutionary link. One family
of proteins that clearly indicates both sequence and
structural homology is the cytochrome c family.
Vertebrate cytochrome c isolated from mitochondria,
such as those from horse and tuna, share very similar
primary sequences (only 17 out of 104 residues are
different) and this is emphasized by comparable tertiary
structures (Figure 6.20). The conservation of structure
is expected as both horse and tuna proteins occupy
similar functional roles. Yeast cytochrome c also
exhibits homology and a similar tertiary structure but
a reduced level of sequence identity to either horse
or tuna cytochrome c (~59 out of 104 residues are
identical) reflects a more distant evolutionary lineage
(hundreds of millions of years). In bacteria a wide range
of ¢ type cytochromes are known all containing the
heme group covalently ligated to the polypeptide via
two thioether bridges derived from cysteine residues.
The proteins are soluble, contain between 80 and 130
residues, and function as redox carriers.

If the sequences of cytochrome c, from Rhodobacter
rubrum, cytochrome c-550 from Paracoccus denitrifi-
cans and the mitochondrial cytochromes c from yeast,
tuna and horse are compared only 18 residues remain
invariant (Figure 6.19). These residues include His

Horse il DV 2K KK CAQCEITVEs=oo=cos KGG KTGPNLHG 1I9G I ey ---.“NK¢-- TWKEE
Tuna Hll DV K KK CAQEIRITVE==so=o=s NGG KVGPNLWG E YSY ---  SK -- VWNEN
Yeast : GSAK GATL :KTRCLQCH'"/Z=-=-===--- KGGP KVGPNLHGI HS E YSY --- IKKN--VLWDEN

P.denitrif : GDAAKGEKEF-NKCKACHMVQAPDGTDIVKGG--KTGPNLYGVVGRKIASEEGFKYGDGILEVAEKNPDLVWTEA
R.rubrum : GDAAAGEKV-SKKCLACHTFD-------- QGGANKVGPNLFGVFENTAAHKDNYAYSESYTEMKAKG- -LTWTEA
Horse H Y EEKYI====== - - IIKMF CKITERE I L K NE
Tuna : Y EIKKY o= -- KM IF K G ODLWVAYLKs! S-
Yeast : NMSIHYRT PRI An— == — —— -- KMAFG L KEKD N' IT L K CE-

P.denitrif
R.rubrum

DLIEYVTDPKPWLVEKTGDSAAKTKMTFK-LGKNQA--DVVAFLAQNSPD
: NLAAYVKNPKAFVLEKSGDPKAKSKMTFK-LTKDDEIENVIAYLKTLK- -

Figure 6.19 Sequence homology between the cytochromes c of horse, tuna, yeast, R. rubrum and P. denitrificans.
Shown in red are identical residues between the sequences whilst yellow residues highlight those residues that are
conserved within the horse, tuna and yeast eukaryotic sequences. Only 18 out of 104 residues show identity
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Figure 6.20 The structures of cytochrome c¢ from different source organisms. The structures shown for five
cytochrome c were obtained from (a) tuna (PDB: 3CYT), (b) yeast - the iso-1 form (PDB:1YCC), (c) P. denitrificans
(PDB:155C), (d) R. rubrum cytochrome c, (PDB:1C2R), and (e) horse (PDB:1CRC). The insertions of residues in the
bacterial sequences can be seen in the additional backbone structure shown in the bottom left region of the molecule
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18, Met80, Cysl14 and Cysl7 and are critical to the
functional role of cytochrome c in electron transfer.
Consequently their conservation is expected. There is
very little sequence similarity between cytochrome c;
and horse cytochrome ¢ but an evolutionary lineage is
defined by tracking progressive changes in sequence
through micro-organisms, animal and plants. In this
manner it is clear that cytochrome c represents the sys-
tematic evolution of a protein designed for biological
electron transfer from a common ancestral protein. A
more thorough analysis of the sequences reveals that
although changes in residue occur at many positions
the majority of transitions involve closely related amino
acid residues. For example, near the C terminus of each
cytochrome c a highly conserved Phe residue is usu-
ally found but in the sequence of P. denitrificans this
residue is substituted with Tyr.

Irrespective of the changes in primary sequence for
these cytochromes c considerable structural homology
exists between all of these proteins. This homology
extends from the protein found in the lowliest prokary-
ote to that found in man. It is only by comparing inter-
mediate sequences between cytochrome c, and horse
cytochrome c that evolutionary links are established
but structural homology is a strong indicator that the
proteins are related. As a caveat although structural
homology is normally a good indicator of relationships
it is not always true (see below) and must be supported
by sequence analysis.

The serine proteases are another example of struc-
tural homology within an evolutionarily related group
of proteins. This family of enzymes includes famil-
iar proteins from higher organisms such as trypsin,
chymotrypsin, elastase and thrombin and they have
the common function of proteolysis. If the sequences
of trypsin, chymotrypsin and elastase are compared
(Figure 6.21) they exhibit an identity of ~40 percent
and this is comparable to the identity shown between
the haemoglobin o and P chains. The three-dimensional
structure of all of these enzymes are known and they
share similar folded conformations with invariant His
and Ser residues equivalent to positions 57 and 195
in chymotrypsin located in the active sites along with
the third important residue of Asp 102. Together these
residues make up the catalytic triad and from their
relative positions other members of the family of ser-
ine proteases have been identified. The similarity in

Figure 6.21 The structures of chymotrypsin, trypsin
and elastase shown with elements of secondary
structure superimposed. Chymotrypsin (blue, PDB:
2CGA), elastase (magenta, PDB: 1QNJ) and trypsin
(green, PDB: 1TGN). Shown in yellow in a cleft or
active site are the catalytic triad of Ser, His and Asp
(from left to right) that are a feature of all serine
protease enzymes

sequence and structure between chymotrypsin, elastase
and trypsin indicates that these proteins arose from
gene duplication of an ancestral protease gene with
subsequent evolution accounting for individual differ-
ences.

By following changes in sequence for different pro-
teins in a family an average mutation rate is calcu-
lated and reveals that ‘house-keeping’ proteins such as
histones, enzymes catalysing essential metabolic path-
ways, and proteins of the cytoskeleton evolve at very
slow rates. This generally means the sequences incor-
porate between 1 and 10 mutations per 100 residues
per 100 million years. Consequently to obscure all
evolutionary information, which generally requires
~250-350 substitutions per 100 residues, takes a con-
siderable length of time. As a result of this slow
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Table 6.5 Rate of evolution for different proteins (adapted from Wilson, A.C. Ann. Rev. Biochem. 1977, 46, 573-639)

Protein Accepted point Protein Accepted point
mutations/100 mutations/100
residues/10% years residues/10% years
Histone H2 0.25 Insulin 7
Collagen a; 2.8 Glucagon 23
Cytochrome c 6.7 Triose phosphate isomerase 53
Cytochrome bs 9.1 Lactate dehydrogenase M chain 7.7
Lysozyme 40 a-lactalbumin 43
Ribonuclease A 43 Immunoglobulin V region 125
Myoglobin 17 Haemoglobin o 27
Histone H1 12 Haemoglobin p 30

rate of evolution ‘house-keeping’ proteins are excel-
lent tools with which to trace evolutionary relation-
ships over hundreds of millions of years. Higher rates
of evolution are seen in proteins occupying less criti-
cal roles.

Mutations arising in DNA are not always converted
into changes in protein primary sequence. Some
mutations are silent due to the degeneracy inherent in
the genetic code. A nonsense mutation results from
the insertion of a stop codon within the open reading
frame of mRNA and gives a truncated polypeptide
chains. The generation of a stop codon close to the
start codon will invariably lead to a loss of protein
activity whilst a stop codon located relatively near to
the original ‘stop’ sight may well be tolerated by the
protein. Missense mutations change the identity of a
residue by altering bases within the triplet coding for
each amino acid. From the standpoint of evolutionary
analysis it is these mutations that are detected via
changes in primary sequences.

Proteins with different structures and functions
evolve at significantly different rates. This is seen most
clearly by comparing proteins found in Homo sapiens
and Rhesus monkeys. For cytochrome c the respective
primary sequences differ by less than 1 percent of their
residues but for the a and B chains of haemoglobin
these differences are at a level of 3—5 percent whilst
for fibrinopeptides involved in blood clotting the differ-
ences are ~30 percent of residues. This emphasizes the

need to use families of proteins to extrapolate rates of
protein evolution. Systematic studies have determined
rates of evolution for a wide range of proteins of dif-
ferent structure and function (Table 6.5) with mutation
rates expressed as the number of point mutations per
100 residues per 10® years.

Conotoxins are a family of small peptides derived
from the Conus genus of predatory snails. These snails
have a proboscis containing a harpoon-like organ that
is capable of injecting venom into fish, molluscs and
other invertebrates causing rapid paralysis and death.
The venom contains over 75 small toxic peptides that
are between 13 and 35 residues in length and disulfide
rich. The toxins have been purified and exhibit vary-
ing degrees of toxicity on the acetylcholine receptor of
vertebrate neurones. The peptides represent a molec-
ular arms race whereby rapid evolution has allowed
Conus to develop ‘weapons’ in the form of toxins of
different sequence and functional activity. As potential
prey adapt to the toxins Conus species evolve new tox-
ins based around the same pattern. Whereas proteins
such as histones show evolutionary rates of change
of ~0.25 point mutations/100 residues/10% years the
conotoxins have much higher rates of change estimated
at ~60—180 point mutations/100 residues/10® years.
This pattern is supported by analysis of other toxins
such as those from snake venom where typical muta-
tion rates are ~100 point mutations/100 residues/10%
years.



PROTEIN SEQUENCE ANALYSIS 179

The rapid development of molecular cloning
techniques, DNA sequencing methods, sequence com-
parison algorithms and powerful yet affordable com-
puter workstations has revolutionized the importance
of protein sequence data. Thirty years ago protein
sequence determination was often one of the final steps
in the characterization of a protein, whilst today one
premise of the human genome mapping project is that
sequencing all of the genes found in man will uncover
their function via data analysis. There is no doubt that
this premise is beginning to yield rich rewards with the
identification of new homologues as well as new open
reading frames (ORFs), but in many cases sequence
data has remained impervious to analysis.

The above examples highlight structural homol-
ogy that has persisted from a common ancestral
protein despite the slow and gradual divergence of
protein sequences by mutation. Occasionally structural
homology is detected where there is no discernable
relationship between proteins. This is called convergent
evolution and arises from the use of similar structural
motifs in the absence of sequence homology. In sub-
tilisin and serine carboxypeptidase II a catalytic triad
of Ser-Asp-His is observed (Figure 6.22) that might
imply a serine protease but the arrangement of residues
within their primary sequences are different to chy-
motrypsin and these proteins differ in overall structure.
It is therefore very unlikely that these three proteins

Subtilisin Chymotrypsin Serineg
Carboxypeptidase Il
Asp32
His&s7
Hisg4
Asp102
Lau128
Gly127
Ser195
Ser2
Ser214
Trp215
I Gly216 Asp338
His397

Figure 6.22 The positions of the catalytic triad
together with hydrophobic residues involved in sub-
strate binding in unrelated serine proteases. Subtilisin,
chymotrypsin and serine carboxypeptidase IT

could have arisen from a common ancestor of chy-
motrypsin or a related serine protease since the order

Table 6.6 Potential examples of convergent evolution in proteins

Protein 1 Protein 2

Functional motif

Subtilisin
Carboxypeptidase II

Chymotrypsin

Triose phosphate

isomerase possess  barrel. Luciferase, pyruvate kinase
and ribulose 1,5 bisphosphate
carboxylase-oxygenase (rubisco)
Carbonic Carbonic anhydrase (f) form plants.
anhydrase (o)
Thermolysin Carboxypeptidase A

As many as 17 different groups of enzymes

Catalytic triad of Ser/Asp/His residues in the
proteolysis of peptides

TIM barrel fold of eight parallel f strands forming
a cylinder connected by eight helices arranged
in an outer layer of the protein

Zn ion ligated to protein and involved in catalytic
conversion of CO, to HCO3™

Zn ion ligated to two imidazole side chains and
the carboxyl side chain of Glu. Also
coordinated by water molecule playing a crucial
role in proteolytic activity.
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of residues in the catalytic triad differs as do other
structural features present in each of the enzymes. This
phenomenon is generally viewed as an example of con-
vergent evolution where nature has discovered the same
catalytic mechanism on more than one occasion (see
Table 6.6).

The term convergent evolution has been applied
to the Rossmann fold found in nucleotide binding
domains consisting of three B strands interspersed
with two o helices with a common role of bind-
ing ligands such as NADT or ADP. In many pro-
teins these structural elements are identified, but lit-
tle sequence homology exists between nucleotide-
binding proteins. The sequences reflect the production
of comparable topological structures for nucleotide-
binding domains by different permutations of residues.
Are these domains diverged from a common ances-
tor or do they result from convergent evolution? The
large number of domains found in proteins capable
of binding ATP/GTP or NAD/NADP suggests that it
is unlikely that proteins have frequently and inde-
pendently evolved a nucleotide-binding motif domain.
It is now thought more likely that the Rossmann
fold evolved with numerous variations arising as a
result of divergent evolution from a common and
very distant ancestral protein. The B barrel exem-
plified by triose phosphate isomerase is also widely
found in proteins and may also represent a simi-
lar phenomenon.

Protein databases

A number of important databases are based on the
sequence and structure information deposited and
archived in the Protein Data Bank. These databases
attempt to order the available structural informa-
tion in a hierarchical arrangement that is valuable
for an analysis of evolutionary relationships as well
as enabling functional comparisons. In the SCOP
(Structural Classification of Proteins) database all of
the deposited protein structures are sorted accord-
ing to their pattern of folding. The folds are eval-
uated on the basis of their arrangement and in par-
ticular the composition and distribution of secondary
structural elements such as helices and strands. Fre-
quently construction of this hierarchical system is
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based on manual classification of protein folds and
as such may be viewed as subjective. Currently,
non-subjective methods are being actively pursued in
other databases in an attempt to remove any bias
in classification of protein folds. The levels of orga-
nization are hierarchical and involve the classes of
folds, superfamilies, families and domains (the indi-
vidual proteins).

Domains within a family are homologous and have a
common ancestor from which they have diverged. The
homology is established from either sequence and/or
functional similarity. Proteins within a superfamily
have the same fold and a related function and therefore
also probably have a common ancestor. However,
within a superfamily the protein sequence composition
or function may be substantially different leading
to difficulty in reaching a conclusive decision about
evolutionary relationships. At the next level, the fold,
the proteins have the same topology, but there is
no evidence for an evolutionary relationship except a
limited structural similarity.

The CATH database attempts to classify protein
folds according to four major hierarchical divisions;
Class, Architecture, Topology and Homology (see
Figure 6.23 for an example). It also utilizes algo-
rithms to establish definitions of each hierarchical
division. Class is determined according to the sec-
ondary structure composition and packing within a
protein structure. It is assigned automatically for most
structure (>90 percent) with manual inspection used
for ‘difficult’ proteins. Four major classes are recog-
nized; mainly o, mainly f and a—f protein domains
together with domains that have a very low secondary
structure content. The mixed a—f class can be fur-
ther divided into domains with alternating o/f struc-
tures and domains with distinct o rich and P rich
regions (a + PB). The architecture of proteins (A-level
hierarchy) describes the overall shape of the domain
and is determined by the orientations of the indi-
vidual secondary structural elements. It ignores the
connectivity between these secondary structures and
is assigned manually using descriptions of secondary
structure such as B barrel or f—a—f sandwich. Sev-
eral well-known architectures have been described in
this book and include the f propellor, the four-helix
bundle, and the helix-turn-helix motif. Structures are
grouped into fold families or topologies at the next
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4
flavodoxin B-lactamase
(4fxn) (1mblA1)

Figure 6.23 The distinguishing of flavodoxin and B
lactamase; two /B proteins based around a B sandwich
structure

level of organization. Assignment of topology depends
on the overall shape and connectivity of the secondary
structures and has started to be automated via algo-
rithm development. A number of topologies or fold
families have been identified, with some, such as the
B two-layer sandwich architecture and the a—f three-
layer sandwich structures, being relatively common.
The H level of classification represents the homolo-
gous superfamily and brings together protein domains
that share a common ancestor. Similarities are iden-
tified first by sequence comparisons and subsequently
by structural comparisons. Hierarchical levels of orga-
nization are shown at the C, A and T states for a/f
containing proteins.
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Gene fusion and duplication

The preceding sections highlight that some proteins
share similar sequences reflected in domains of similar
structure. The a + B fold of cytochrome bs first
evolved as an electron transfer protein and then
became integrated as a module found in larger multi-
domain proteins. The result was that ligated to a
hydrophobic tail the protein became a membrane-
bound component of the endoplasmic reticulum fatty
acid desaturase pathway. When this domain was joined
to a Mo-containing domain an enzyme capable of
converting sulfite into sulfate was formed, sulfite
oxidase. Joining the cytochrome to a flavin-containing
domain formed the enzyme, nitrate reductase. Proteins
sharing homologous domains arose as a result of
gene duplication and a second copy of the gene.
This event is advantageous to an organism since large
genetic variation can occur in this second copy without
impairing the original gene.

The globin family of proteins has arisen by gene
duplication. Haemoglobin contains 2o and 2f chains
and each a and B chain shows homology and is
similar to myoglobin. This sequence homology reflects
evolutionary origin with a primitive globin functioning
simply as an oxygen storage protein like myoglobin.
Subsequent duplication and evolution allowed the
subtle properties of allostery as well as the differences
between the o and P subunits. During embryogenesis
other globin chains are observed (§ and ¢ chains)
and fetal haemoglobin contains a tetramer made up
of a,y, subunits that persists in adult primates at a
level of ~1 percent of the total haemoglobin. The 3
chain is homologous to the B subunit and leads to the
evolution of the globin chains in higher mammals as a
genealogical tree, with each branch point representing
gene duplication that gives rise to further globin
chains (Figure 6.24).

Secondary structure prediction

One of the earliest applications of using sequence
information involved predicting elements of secondary
structure. If sufficient numbers of residues can be
placed in secondary structure then, in theory at least,
it is possible to generate a folded structure based on
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Myoglobin

PrimitivelGlobin

Figure 6.24 Evolution of the globin chains in
primates. Each branch point represents a gene
duplication event with myoglobin evolving early in
the evolutionary history of globin subunit

the packing together of helices, turns and strands.
Secondary structure prediction methods are often based
on the preference of amino acid residues for certain
conformational states.

One algorithm for secondary structure prediction
was devised by P.Y. Chou and G.D. Fasman, and
although superior methods and refinements exist today
it proved useful in defining helices, strands and turns
in the absence of structural data. It was derived from
databases of known protein structures by estimating
the frequency with which a particular amino acid was
found in a secondary structural element divided by the
frequency for all other residues. A value of 1 indicates a
random distribution for a particular amino acid whilst
a value greater than unity suggests a propensity for
finding this residue in a particular element of secondary
structure. A series of amino acid preferences were
established (Table 6.7).

The numbers in the first three columns, P,, Pg P,
are equivalent to preference parameters for the 20
amino acids for helices, strands and reverse turns
respectively. From this list one can assign the residues
on the basis of the preferences; Ala, Arg, Glu, Gln,
His, Leu, Lys, and Met are more likely to be found in
helices; Cys, Ile, Phe, Thr, Trp, Tyr and Val are likely
to be found in strands while Asn, Asp, Gly, Pro and
Ser are more frequently located in turns. The algorithm
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Table 6.7 Propensity for a given amino acid residue
to be found in helix, strand or turn

Residue P, Pg P Residue P, Pg Py

Ala 141 072 082 Leu 134 122 0.57
Arg 121 0.84 090 Lys 1.23 0.84 0.90
Asn 0.76 048 134 Met 130 1.14 0.52
Asp 0.99 039 124  Phe 1.16 133 0.65
Cys 066 140 054 Pro 034 031 134
Gln 1.27 098 0.84 Ser  0.57 096 1.22
Glu 1.59 0.52 1.01 Thr 076 1.17 0.90
Gly 043 058 1.77 Tip 1.02 135 0.65
His 1.05 0.80 0.81 Tyr 074 145 0.76
Ile 1.09 1.67 0.47 Val 090 1.87 0.41

(After Chou, P.Y. & Fasman, G.D. Ann. Rev. Biochem 1978, 47, 251-276;
and Wilmot, C.M. & Thornton, J.M. J. Mol. Biol. 1988, 203, 221-232).

A value of 1.41 observed for alanine in helices implies that alanine occurs 41
percent more frequently than expected for a random distribution

of Chou and Fasman pre-dated the introduction of
inexpensive computers but contained a few simple
steps that could easily be calculated (Table 6.8). In
practice the Chou—Fasman algorithm has a success rate
of ~50-60 percent, although later developments have
succeeded in reaching success rates above 70 percent.
A major failing of the Chou—Fasman algorithm is
that it considers only local interactions and neglects
long-range order known to influence the stability of
secondary structure. In addition the algorithm makes
no distinction between types of helices, types of turns
or orientation of p strands.

The availability of large families of homologous
sequences (constructed using the algorithms described
above) has revolutionized methods of secondary struc-
ture prediction. Traditional methods, when applied to a
family of proteins rather than a single sequence have
proved much more accurate in identifying secondary
structure elements. Today the combination of sequence
data with sophisticated computing techniques such as
neural networks has given accuracy levels in excess of
70 percent. Besides the use of advanced computational
techniques recent approaches to the problem of
secondary structure prediction have focussed on the
inclusion of additional constraints and parameters to
assist precision. For example, the regular periodicity of
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Table 6.8 Algorithm of Chou and Fasman

Step Procedure

1 Assign all of the residues in the peptide
the appropriate set of parameters

2 Scan through the peptide and identify
regions where four out of 6 consecutive
residues have P, > 1.0

This region is declared to be an o helix

3 Extend the helix in both directions until a
set of four residues yield an average
Py < 1.00. This represents the end of
the helix

4 If the segment defined in step 3 is longer
than 5 residues and the average value of
P, > Py for this segment it can also be
assigned as a helix

5 Repeat this procedure to locate all helical
regions
6 Identify a region of the sequence where 3

out of 5 residues have a value of
Pg > 1.00. These residues are in a B
strand

7 Extend the sheet in both directions until a
set of four contiguous residues yielding
an average Pg < 1.00 is reached. This
represents the end of the  strands

8 Any segment of the region located by this
procedure is assigned as a B-strand if
the average Pg > 1.05 and the average
value of Py > P, for the same region

9 Any region containing overlapping helical
and strand assignments are taken to be
helical if the average P, > Pg for that
region. If the average Pg > P, for that
region then it is declared a § strand

the o helix of 3.6 residues per turn means that in pro-
teins many regular helices are amphipathic with polar
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residues on the solvent side and non-polar residues
facing the inside of the protein. Recognition of a peri-
odicity of i, i+ 3, i+4, i+ 7, etc. in hydrophobic
residues has proved particularly effective in predicting
helical regions in membrane proteins.

Genomics and proteomics

The completion of the human genome sequencing
project has provided a large amount of data concerning
the number and distribution of proteins. It seems likely
that the human genome contains over 25000 different
polypeptide chains, and most of these are currently
of unknown structure and function. Genomics reflects
the wish to understand more about the complexity
of living systems through an understanding of gene
organization and function. Advances in genomics
have provided information on the number, size and
composition of proteins encoded by the genome.
It has highlighted the organization of genes within
chromosomes, their homology to other genes, the
presence of introns together with the mechanism
and sites of gene splicing and the involvement
of specific genes in known human disease states.
The latter discovery is heralding major advances in
understanding the molecular mechanisms of disease
particularly the complex interplay of genetic and
environmental factors. Genomics has stimulated the
discovery and development of healthcare products by
revealing thousands of potential biological targets for
new drugs or therapeutic agents. It has also initiated the
design of new drugs, vaccines and diagnostic DNA Kkits.
So, although genomic based therapeutic agents include
traditional ‘chemical’ drugs, we are now seeing the
introduction of protein-based drugs as well as the very
exciting and potentially beneficial approach of gene
therapy.

However, as the era of genomics reaches maturity
it has expanded from a simple definition referring to
the mapping, sequencing, and analysis of genomes
to include an emphasis on genome function. To
reflect this shift, genome analysis can now be divided
into ‘structural genomics’ and ‘functional genomics’.
Structural genomics is the initial phase of genome
analysis with the end point represented by the high-
resolution genetic maps of an organism embodied
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by a complete DNA sequence. Functional genomics
refers to the analysis of gene expression and the use
of information provided by genome mapping projects
to study the products of gene expression. In many
instances this involves the study of proteins and a
major branch of functional genomics is the new and
expanding area of proteomics.

Proteomics 1is literally the study of the proteome
via the systematic and global analysis of all proteins
encoded within the genome. The global analysis of
proteins includes specifically an understanding of
structure and function. In view of the potentially
large number of polypeptides within genomes this
requires the development and application of large-
scale, high throughput, experimental methodologies to
examine not only vast numbers of proteins but also
their interaction with other proteins and nucleic acids.
Proteomics is still in its infancy and current scientific
research is struggling with developing methods to deal
with the vast amounts of information provided by the
genomic revolution. One approach that will be used
in both genomic and proteomic study is statistical and
computational analysis usually called bioinformatics.

Bioinformatics

Bioinformatics involves the fusion of biology with
computational sciences. Almost all of the areas
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described in the previous sections represent part of
the expanding field of bioinformatics. This new and
rapidly advancing subject allows the study of biological
information at a gene or protein level. In general, bioin-
formatics deals with methods for storing, retrieving and
analysing biological data. Most frequently this involves
DNA, RNA or protein sequences, but bioinformat-
ics is also applied to structure, functional properties,
metabolic pathways and biological interactions. With a
wide range of application and the huge amount of ‘raw’
data derived from sequencing projects and deposited in
databanks (Table 6.9) it is clear that bioinformatics as a
major field of study will become increasingly important
over the next few decades.

Bioinformatics uses computer software tools for
database creation, data management, data storage, data
mining and data transfer or communication. Advances
in information technology, particularly the use of the
Internet allows rapid access to increasing amounts of
biological information. For example, the sequenced
genomes of many organisms are widely available at
multiple web sites throughout the world. This allows
researchers to download sequences, to manipulate
them or to compare sequences in a large number of
different ways.

Central to the development of bioinformatics has
been the explosion in the size, content and popularity

Table 6.9 A selection of databases related to protein structure and function; some have been used frequently

throughout this book to source data

Database/repository/resource

URL (web address)

The Protein DataBank.

Expert Protein Analysis System (EXPASY)
European Bioinformatics Institute

Protein structure classification (CATH)
Structural classification of proteins (SCOP)
Atlas of proteins side chain interactions.
Human genome project (a tour!)

An online database of inherited diseases
Restriction enzyme database

American Chemical Society

http://www.rcsb.org/pdb
http://www.expasy.ch/

http://www?2.ebi.ac.uk
http://www.biochem.ucl.ac.uk/bsm/cath
http://scop.mrc-lmb.cam.ac.uk/scop
http://www.biochem.ucl.ac.uk/bsm/sidechains
http://www.ncbi.nlm.nih.gov/Tour
http://www.ncbi.nlm.nih.gov/Omim
http://rebase.neb.com

http://pubs.acs.org
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of the world wide web, the most recognized component
of the internet.

Initially expected to be of use only to scien-
tists the world wide web is a vast resource allow-
ing data transfer in the form of pages containing
text, images, audio and video content. Pages, linked
by pointers, allow a computer on one side of the
world to access information anywhere in the world
via series of connected networks. The pointers refer
to URL’s or ‘uniform resource locators’ and are the
basic ‘sites’ of information. So, for example, the pro-
tein databank widely referred to in this book has a
URL of http://www.rcsb.org. The ‘http’ part of a web
address simply refers to the method of transferring
data and stands for hypertext transfer protocol. Hyper-
text is the language of web pages and all web pages
are written in a specially coded set of instructions
that governs the appearance and delivery of pages
known as hypertext markup language (HTML). Finally,
the web pages are made comprehensible (interpreted)
by ‘browsers’ — software that reads HTML and dis-
plays the content. Browsers include Internet Explorer,
Netscape and Opera and all can be used to view ‘on-
line content’ connected with this book. In 10 years the
web has become a familiar resource.

The development of computers has also been
rapid and has seen the introduction of faster ‘chips’,
increased memory and expanded disk sizes to provide
a level of computational power that has enabled the
development of bioinformatics. In a trite formulation
of a law first commented upon by Gordon Moore,
and hence often called Moore’s law, the clock speed
(in MHz) available on a computer will double every
18 months. So in 2003 I am typing this book
on a 1.8 GHz-based computer. Although computer
speeds will undoubtedly increase there are grounds for
believing rates of increase will slow. Searching and
manipulating large databases, coupled with the use of
complex software tools to analyse or model data, places
huge demands on computer resources. It is likely that in
the future single powerful computer workstations with
a very high clock speed, enormous amounts of memory
and plentiful storage devices will become insufficient
to perform these tasks. Instead bioinformatics will have
to harness the power of many computers working either
in parallel or in grid-like arrays. These computers
cumulatively will allow the solution to larger and more

185

complex problems. However, today bioinformatics is
an important subject in its own right that directs
biological studies in directions likely to result in
favourable outcomes.

One of the results of genome sequencing projects is
that software tools can be developed to compare and
contrast genetic information. One particular avenue that
is being pursued actively at the moment is the pre-
diction of protein structure from only sequence infor-
mation. The determination of three dimensional pro-
tein structures is an expensive, time consuming and
formidable task usually involving X-ray crystallogra-
phy or NMR spectroscopy. Consequently any method
that allows a ‘by-pass’ of this stage is extremely attrac-
tive especially to pharmaceutical companies where the
prime objective is often product development. One
approach is to compare a protein sequence to other
proteins since sequential homology (identity >25 per-
cent) will always be accompanied by similar topology.
If the structure of a sequentially homologous protein
is known then the topology of the new protein can
be deduced with considerable certainty. A more likely
scenario, however, is that the sequence may show rel-
atively low levels of identity and one would like to
know how similar, or different, the three dimensional
structures might be to each other. This is a far more
difficult problem. Comparative modelling will work
when sequentially homologous proteins are compared
but may fail when the levels of identity fall below a
benchmark of ~25 percent. Additionally some proteins
show very similar structures with very low levels of
sequence homology.

A second approach is the technique of ‘threading’.
This approach attempts to compare ‘target sequences’
against libraries of known structural templates. A
comparison produces a series of scores that are ranked
and the fold with the best score is assumed to be the one
adopted by the unknown sequence. This approach will
fail when a new ‘fold’ or tertiary structure is discovered
and it relies on a representative database of structures
and sequences.

The ab initio approach (Figure 6.25) ignores
sequence homology and attempts to predict the folded
state from fundamental energetics or physicochem