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2 CHAPTER - 1 General Enzymology

Introduction

Enzymes are special molecules that catalyze biological transformations that cater
for almost all the needs of a living system. They are mostly proteins in nature with a few
exceptions of the self-splicing RNA molecules. The word “enzyme” means “in yeast”, a
term proposed by Kuhn in the beginning to indicate their association with yeast cells. It
is now however known that they are present in almost all living systems.

General Properties of Enzymes
1. Enzymes are recovered unaltered, in their native form after the reaction.

N

Enzymes enhance rate of reaction without any alterations in the chemical
equillibrium.

Enzymes may catalyse reaction in the reverse direction if the cell needs it.
Enzymes are high molecular weight, colloidal state and show slow rate of diffusion.
Enzymes are required in minute concentration for catalysis.

Enzymes have exceptionally high catalytic efficiency and specificity.

Nowurw

Enzymes are susceptible to varios environmental parameters.

It is a matter of great interest to know some facets of how enzymes were evolved
during the evolution of species before studying their chemistry, organization and
mechanism of action. The present chapter shall try to shed some light on the related
issues.

Evolution of Enzymes

The Russian scientist and biochemist A.I.Oparin was the first to suggest that a
long evolution of chemicals preceded the origin of life on earth. He proposed that the
primordial atmosphere of earth had water, methane and ammonia from which a colloidal
body called as coacervate resulted due to the series of changes. The coacervates were
not living but behaved much like them directed by the chemicals to natural selection
and reproduction by fragmentation.

Miller and Urey devised an apparatus to prove the synthesis of chemicals during
the prebiotic atmosphere.

Ammonia + Water + Methane = Chromatography After 2 weeks
[Spark-Charge Apparatus] 75000 volts .

Amino acids + Carbohydrates
Miller’s Experiment

Miller’s final solution contained many carbohydrates, amino acids and organic
compounds. This supported Oparin’s hypothesis.

Many scientists did similar kind of work during 1940s to 1960s. The modern
self-assembly theory states, protobiogenesis occurred due to the inherent property of
chemicals of self-assembly and organization due to the conversion of micro molecules
to macromolecules and probably occurred frequently on earth. Schmitt who synthesized
collagen from simple molecules gave the first clear-cut demonstration. The work of
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Lehninger, Frankel—Conrat, Ramchandran, Caspar has provided further support to
the hypothesis.

" Proteins were the first bio macromolecules synthesized during the pre biotic
period. Initially they were random and contained some enzymatic activity due to the
polymerization of diverse amino acids, by using the thermal energy available in the
environment and may have at some stage acted as an informational molecule for
synthesis of new proto proteins. These proto proteins upon contact with water underwent
self-assembly through inter and intra molecular forces to form protocells. The work of
Fox et.al on the synthesis of proteinoids and microspheres is an intelligent treatise that
clearly explains the evolution of macromolecules. The protenoids formed were found to
have some catalytic activity such as degradation of glucose, which could be lost on
heating them. Researchers developed many other models during the same period.

Over the period the slow evolution has resulted into the formation of the present
day efficient and highly complicated multi cellular, multi organ systems.

Thus it can be said that the evolution of enzymes is concurrent to the evolution
of life. They seem to have played a vital role in the process of evolution and development
of the cellular systems.

Organization Of Enzymes In Cells

Although system of many enzymes, works perfectly well in simple solution the
system of the cell is far more complex and not essentially homogenous. Moreover the
cell contains many sub cellular organelles, each of which carries out a specific set of
functions, each in turn requiring the role of specific enzymes. Microscopy, especially
the electron microscopy has played a great role in our understanding of the cellular
organization. Although the detailing of the structure of cell membrane and cytoplasmic
inclusions is out of the scope of this book, it is necessary to make a brief mention of
some basic facets of the system.

A typical cell is bounded with a cell membrane that is semi permeable and
broadly regulates what comes in and goes out of the cell. It is differentiated generally
into cytoplasm and nucleus. The cytoplasm is a viscous liquid in which the different
cell organelles are suspended. The organelles each in turn are membrane bound
structures that include the Golgi apparatus, mitochondria, mesosomes, ribosomes,
endoplasmic reticulum, vesicles and in plants, chloroplasts, glyoxysomes, etc. Each
organelle generally performs specific functions, for example mitochondria carries out
TCA, fatty acid oxidation, ETC and oxidative phosphorylation, ribosomes are involved
in protein synthesis, and hence each carries a special mix of enzymes within. It is
therefore clear that the cell is a highly organized system, and the study of intracellular
localization of the various enzymes is an important tool to know more about the
composition and function of the cell. It should be noted here that mere extraction of
enzymes from minced tissue does not give a clear-cut idea about the exact location
within the particular organelle. Yet another consideration required here is that not all
enzymes are restricted to particular organelles or cytoplasm but may be distributed in
cytoplasm and specific organelles as well. [For example malate dehydrogenase, or PEPCK]

When a particular enzyme is specifically present in a particular cell fraction
only it is called as a marker enzyme. [discussed a little later].
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Understanding The Localization Of Enzymes: Cellular Fractionation
There have been two approaches employed to study the intracellular localization
1. Micro-histo-chemical methods.
2. Differential centrifugation

1. Micro-Histo-Chemical Methods

The micro histo- chemical techniques depend upon the liberation of a staining
substance in the tissue sections after the enzymatic activity, followed by microscopic
examination of the stained tissue. They have been very helpful in localizing many
reactions and tissue or organ specific distribution of enzymes and biochemicals.
Techniques like micro dissection have been used for cells that are large enough. The
partition of the enzymes can be then compared. Hotler has presented a classic example
of the localization of succinate dehydrogenase, which is located in the mitochondria
and di peptidase, which is uniformly distributed.

2. Differential Centrifugation Technique

The most of our present day knowledge about localization of enzymes in cells
and organelles has been generated by use of cell fractionation and differential
centrifugation. Homogenization and mincing of the tissue is a prerequisite for subjecting
it to fractional separation. This allows the subjection of the crude extract to differential
centrifugal fields thereby isolating particular organelles, which can be further used for
isolating the enzymes contained in them. One of the most striking features, which have
presented themselves during such studies, is the indication that most of the times the
enzymes and coenzymes related to a particular pathway are localized within the same
particle [for example the enzymes of glycolysis are entirely located in the cytoplasm
while that of the oxidative phosphorylation are located in the mitochondria]. It is also
interesting to note that many of the essential coenzymes are largely concentrated in the
mitochondria. Schneider reports that about 50% of the total liver Co A, 65% of FAD,
some part of NAD and almost all the cytochromes a, b and c are located in mitochondria.

The lysosomes are related with the hydrolytic processes and so are the
microsomes. Microsomes contain about eight esterases. Some other enzymes are also
present in them.

Many enzyme systems are present in the ground plasm of the cell. The
supernatant also contains systems that bring about glycolysis, synthesis of glutamine
etc. a comparative study has indicated the following distribution of enzymes in rodent
livers.

Fraction Number Some Enzymes
1. Nuclear fraction Glycolytic enzymes, LDH, Nucleotidyl transferases etc.
2. Smooth & Rough Cholesterol biosynthesis, fatty acid elongation, drug
ER fraction metabolizing enzymes
3. Microsomal fraction Esterase,AlkalinePhosphatase, Sulphatase etc.

4. Mitochondrial fraction TCA and ETC enzymes etc.
S. Soluble enzymes LDH,Xanthine oxidase, Deaminase etc.
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Cell Fraction

2 4 5 | Soluble
Enzymes

Nuclear  Smooth and Microsomal  Mitochondrial
Fraction  Rough Fraction Fraction
Endoplasmic
Reticuluk
Fraction

Fig 1.1 Distribution of enzymes in liver extract

Fraction number Some enzymes

1. Nuclear fraction Glycolytic enzymes, LDH, Nucleotidyl
transferases etc.

2. Smooth & Rough ER fraction ’ Cholesterol biosynthesis, fatty acid
elongation, drug metabolizing enzymes

3. Microsomal fraction Esterase,AlkalinePhosphatase, Sulphatase
ete.

4. Mitochondrial fraction TCA and ETC enzymes etc.

5. Soluble enzymes LDH,Xanthine oxidase, Deaminase etc.

Nuclear Fraction

The nucleus is the largest sub cellular organelle. A typical liver cell nucleus has
a volume of about 5% of the total cell. The enzymes present in the nucleus are glycolytic
enzymes, pentosephosphate enzymes, LDH, malate dehydrogenase, arginase in the
soluble space, RNA nucleotidyl transferases, nucleoside triphosphatase, DNA nucleotidyl
transferases, NMN adenylyltransferase, bound to chromatin, RNA methyltransferases,
ribonucleases concentrated in the nucleolus and glucose-6-phosphatase and acid
phosphatase bound to the membranes.
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Mitochondrial Fraction

The mitochondrion is the powerhouse of the cell. The liver parenchymal cell
carries about 1000 - 1600 mitochondria. It is divided into the outer membrane, inner
membrane including the cristae, and the matrix. The enzymes distributed in the
mitochondria include D-3-hydroxybutyrate dehydrogenase, isocitrate dehydrogenase,
succinate dehydrogenase, glutamate dehydrogenase, urate oxidase, cytochrome oxidase,
acetyl coA acyl transferase, adenylate kinase, ribonuclease, thiosulphate-
sulphurtransferase, acid phosphatase, deoxyribonuclease, aryl sulphatases A&B, 3
galactosidase, -acetyl amino deoxy glucosidase,

Tissue Homogenate

‘ 1000g for 5-15 min

f
Pellet 1 ’
[Nucleus] Supernatant 1

10,000g
for 15 min

Pellet 2 I
[ Mitochondria + Supernatant 2

Lysosomes]
llakh g
for 1 to 2 hours

[
Pellet 3
[Microsomes]

Supernatant 3
[Ribosomes, solubles]

Microsomal Fraction

The microsomal fraction is isolated after the separation of the mitochondria and
lysosomes, and subjecting the supernatant to 100,000 g for 3 hrs of centrifugation. The
pellet obtained contains the microsomes, which have the enzymes including
Carboxylesterase, acetylcholinesterase, cholesterolesterase, alkaline phosphatase,
glucose-6-phosphatase, arylsulphatase etc.

Soluble Enzymes Present In Supernatant

The supernatant is obtained after the separation of the microsomal fraction
after the homogenate is subjected to the proper g*min combination. It comprises most
of the soluble phase from both the cytoplasmic and luminal sides of the endoplasmic
reticulum. It will also contain soluble contaminants from any disrupted sub cellular
organelles. It is not clear whether there are levels of organization within the cytosol or
whether it is a random mixture of proteins, nucleic acids and other molecules. It is
possible that at least some form of weak associations may exist within the cytoplasmic
enzymatic systems. In some cases definite associations like formation of a multi enzyme
system through physico-chemical bondings have been observed. The various enzymes
found in this fraction include Lactate dehydrogenase, isocitrate dehydrogenase, xanthine



Enzyme Biology 7

oxidase, glutathione reductase, aldolase, adenosine deaminase, hexosediphhosphatase,
phosphoglucomutase, glucokinase, leucine aminopeptidase, aconitase, purine nucleoside
phosphorylase. Etc.

Endoplasmic Reticulum

The endoplasmic reticulum is divided into rough endoplasmic reticulum and
the smooth endoplasmic reticulum. The smooth ER seems, to contain groups of enzymes
related to cholesterol biosynthesis, steroid hydroxylation, fatty acid elongation, drug-
metabolizing enzymes etc.

Compartmentalization of Enzymatic Pathways

In the intact cell there are many connections within the various pathways that
occur simultaneously since some of the substrates, coenzymes and cofactors as well as
the regulatory molecules and even some enzymes may be common to some of the
pathways.

This can be explained with the inter relationships between the pathways of
glycolysis, gluconeogenesis, and TCA with the metabolism of fat within the liver cells.
The sequence of glycolytic enzymes from phosphorylase to lactate dehydrogenase is
located in the cytosol. The reversal of glycolysis, gluconeogenesis uses the same enzymes
except for the three steps indicated below:

Step I
ATP + pyruvate + CO, + H,0 ¢—— Pyruvate Carboxylase —
ADP + Pi+  Oxaloacetate

GTP + Oxaloacetate ¢————— PEPCK —— GDP + CO, + Phosphoenolpyruvate

Step II

D-fructose 1,6- bisphosphate + H,O = bisphosphatase ——
D-fructose 6-phosphate + Pi

Step III
Glucose-6-phosphate + H,O = glucose-6-phosphatase——— D-glucose + Pi

Fructose bisphosphatase is located in the cytosol but glucose-6-phosphatase is
the enzyme of endoplasmic reticulum [microsomal fraction]. The alternative pathway
for conversion of glucose-6-phosphate [pentose phosphate pathway] also occurs in the
cytosol.

The TCA cycle and 3 - oxidation of fatty acids occurs in the mitochondria, all
enzymes being present in the mitochondrial matrix except the succinate dehydrogenase
which is bound to the inner surface of the inner mitochondrial membrane. The fatty
acids are synthesized from acetyl CoA using a specific carboxylase and fatty acid
synthetase complex present in the cytosol. The principal connections between the
pathways are through the redox cofactors, NAD*, NADP*, adenine nucleotides, and
metabolic Acetyl-CoA. Metabolic intermediates of one pathway may also be regulators
of other pathways [for example, citrate and acetyl CoA, are regulators for glycolysis.]
Acetyl CoA is the metabolite that serves as a link between these pathways. Now the
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acetyl CoA generating pathways exist in the mitochondria, therefore fatty acids for their
oxidation have to be activated and transferred into the mitochondrion from the cytosol.
This is brought out by the carnitine transferase system. Similarly the pyruvate generated
in the cytosol also has to enter the mitochondrion and this occurs by the pyruvate —
proton symport located in the mitochondrial membrane. The citrate produced in the
TCA can be brought out to the cytosolic compartment by a tricarboxylate transporter.
The reducing equivalents are transported across the membranes through special shuttle
systems. The malate—oxaloacetate and the malate aspartate shuttles are some such
examples.

Membrane Enzymes Play Important Roles

The fluid mosaic model of membranes has been a big leap in understanding the
constituent proteins of the membranes and their functions. Studies with these have
strongly suggested the vectorial arrangement of the proteins in the membrane, however
some proteins span across the membranes. Many cells and cell organelles contain some
enzymes associated with them. Examples include aldolase, glyceraldehyde phosphate
dehydrogenase. The mitochondrial inner membrane contains the respiratory complexes
including the NADH reductase, the cytochrome oxidase, adenylate cyclase.

Permease

Electron
Transport Particles

Adenylase Cylase

Fig. 1.2 Membrane Bound Enzymes

‘ The glycerol phosphate dehydrogenase of the mitochondrial membrane is a part

of the glycerol phosphate shuttle that transports reducing equivalents. The enzyme is
located in the inner mitochondrial membrane and contains FAD. The cytoplasmic NADH
is used up in converting the dihydroxyacetone phosphate to glycerol 3 phosphate by
the cytoplasmic enzyme glycerol -3-phosphate dehydrogenase. The glycerol phosphate
then donates the reducing equivalents to the FAD attached to the membrane bound
glycerol -3- phosphate dehydrogenase. The FADH, is then transferred to the respiratory
chain.

Adenylate cyclase on the other hand catalyzes the synthesis of cyclic AMP from
ATP. The compound acts as a second messenger between the hormone and the ultimate
cellular response that is modified by it. It has to be noted here that many other
compounds like the cholera toxin manipulate the adenylate cyclases.
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The role of the membrane in relation to the enzymes bound to it may be either of
the following:

1. The membrane acts as an anchor for example in the case of amino peptidase
bound to the brush border of the intestine that enables the increased uptake
of amino acids after the hydrolysis of the oligopeptides.

2. For some enzymes the substrates and the products are less soluble in the
aqueous environment but they are fairly soluble in the hydrophobic
environment, this being especially true about the glyco lipid synthesizing
enzymes or the ubiquinone carriers.

3. The membrane serves as a medium for specific spatial arrangement of the
multi enzyme complexes, for example the acyl Co A desaturase system of the
endoplasmic reticulum.

4. They may act as a separating system that is involved in transport of substrate,
product or cofactors.

Table 1.1 Membrane Bound Enzymes

Membrane Bound Enzyme Location Function

Glycerol 3 Phosphate mitochondrial membrane Transfer of reducing
dehydrogenase equivalents [FADH]
Adenylate cyclase Cell membrane Synthesis of Camp
Glucose 6 phosphatase ER membrane Release of free glucose

Enzymes In Prokaryotes

The prokaryotes are small, mostly unicellular organisms that are usually devoid
of a well-developed intracellular membrane and organelle system, and particularly lack
a distinct nucleus. It is usually thought that the prokaryotic cells perform all the essential
functions with the help of their membranes. It can thus be said that the microbes
contain many enzymes bound to their membranes. Yet another important consideration
here is that these organisms are devoid of the supra cellular controls such as hormones
and neural controls and that makes them evolve a variety of regulatory systems that
accommodate the changes occurring in the environment and the need of the cells. The
prokaryotes normally can survive if the medium can provide their basic requirements
such as minerals, a carbon and nitrogen source, as well as the other growth requirements.
The processes are made easy by the use of regulatory mechanisms that modulate the
inducible enzymes & constitutive enzymes.

It should be remembered here that most enzymes are universal, that is,
irrespective of the fact, that they are produced by prokaryotes or eukaryotes most
enzymes are similar in composition and functions. A species specific or organ specific
types are however encountered, which alters the affinity and activity of enzymes.

Enzymes in Eukaryotes

The eukaryotic cells on the other hand are a more complex system. More so
because of the multi organ inter relationships, the complex phenomena that employ
neural and hormonal control mechanisms. The eukaryotic cells also contain well-defined
and distinct intracellular organelles each having specific functions and therefore have
a related milieu of enzymes and modulators.
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The eukaryotic cells employ the genetic as well as cellular levels of control of
both, the synthesis and activation of enzymes. The synthesis of enzymes is a continuous
process in every living organism. An increase in the number of molecules of each essential
enzyme must clearly take place whenever the quantity of living matter increases during
growth. In animals the intracellular protein is in a state of dynamic equilibrium, in
which the proteins are continually being broken and replaced by re synthesis. In the
case of certain animal enzymes there is a direct isotopic evidence of fairly rapid turnover.

The biosynthesis of enzymes is therefore an extremely important process, without
which life would soon come to a halt. The complete synthesis of an active enzyme
involves the building up of both the protein part and the prosthetic group if any. The
synthesis of enzymes normally takes place within the living organisms, but it can occur
in much simpler systems. It can take place in perfused organs or even in tissue slices in
vitro, in disrupted bacterial cells, and even [in certain cases] in cell free extracts from
animal tissues. The synthesis of enzymes in the living cell is under two different kinds
of control.

In the first place their production, like that of proteins in general, is under
genetic control, a given enzyme can only be formed if the corresponding gene is present
in the cell and if the gene is absent or damaged by mutation the enzyme will also be
absent.

In the second place the production of many enzymes is strongly influenced by
the presence of metabolites, usually, but not always, either substrates or products. The
mere presence of a gene does not guarantee that the corresponding active enzyme will
be produced in significant amounts, the presence of an “inducer” [most frequently, the
substrate of the enzyme or a related small molecular substance] may also be required.
The phenomenon of enzyme induction is specially marked and easy to demonstrate in
microbes but a number of cases of induction in animal tissues have been observed.
Two of these are,

1. The ten- fold increase in the alcohol dehydrogenase content of rat kidney as a
result of adding alcohol to the diet for a month, and

2. Increase in liver arginase in rats kept on a high protein diet and therefore
needing to convert large amount of arginine into urea.

The converse of the induction effect is “enzyme repression” which is a specific
inhibition of the formation of a particular enzyme caused by an accumulation of a
product of the reaction which it catalyses.

An important phenomenon in eukaryotes is the activation of enzymes by
modification of their inactive precursors, the conversion of the zymogenes into active enzymes.
This is true about many proteases, which have a target site away from their site of
synthesis. This is usually brought about by elimination of a leader sequence of a few
amino acids. This is especially true about the protein digesting enzymes like pepsin,
chymotrypsin, trypsin etc.

Multienzyme Complexes

The high specificity of enzymes and the diverse, multi step and multidirectional
movements of metabolism through the synchronization of the pathways involved require
a proximity and possibly binding of at least some enzymes, and/or coenzymes to bring
about effectively the formation of desired product [s]. Such a chemical aggregate of
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enzymes and/or coenzymes is termed as a multi enzyme complex. Many multi enzyme
~cinplexes are present throughout the living systems and some of them have been
isolated and characterized. The best studied include

(a) The pyruvate and a keto glutarate dehydrogenase complexes

(b) The fatty acyl synthetase complex

(c) The “U” and “A” complexes of pyrimidine de Novo synthesis.
A brief description of each of these is given below:

(a) The Pyruvate And Alpha Keto Glutarate Dehydrogenase Complexes

They exist in the mitochondria, and each comprises of three enzymes and five
coenzymes. The constituent enzymes differ but the coenzymes are same. [Table 1.2]
These multi enzyme complexes catalyze the conversion of the respective keto acid into
a Co A derivative, acetyl Co A in case of pyruvate dehydrogenase and succinyl Co A in
case of alpha keto-glutarate dehydrogenase complex.

A comparison in between the two complexes is given as:

Table 1.2: The keto Acid Dehydrogenase Complexes Compared

Point of comparison PDH Complex KDH Complex
Location Mitochondrial matrix Mitochondrial inner
membrane (?)
Product formed Acetyl Co A Succinyl Co A
Enzymes Pyruvate dehydrogenase, « ketoglutarate

dihydrolipoyltransacetylase, dehydrogenase,
succinyl transacetylase,
dihydrolipoyldehydrogenase dihydrolipoyl dehydrogenase

Coenzymes TPP, Lipoate, Co A, FAD, TPP, Lipoate, Co A, FAD,
NADH NADH

The reactions of the pyruvate dehydrogenase complex are written as:
. Pyruvate + TPP —E1 — hydroxy ethyl TPP

. Hydroxyethyl TPP + Lipoate ~E2 — acetyl lipoate derivative + TPP
Acetyl lipoate derivative + Co A —E2 — acetyl Co A + diydrolipoate
Dihydrolipoate + FAD —E3 — FADH, + Lipoate

FADH, + NAD*—— E3 — NADH + H* + FAD

ok D~

(b) The Fatty Acyl Synthetase Complex

The fatty acyl synthetase is a multi enzyme complex comprising of seven proteins,
six of which are enzymes and a central binding protein called as the acyl carrier protein.
The reactions of the fatty acyl synthetase complex occur in the cytoplasm. The complex
seems to exist as a dimer having dimensions of about 25 nm X 21 nm. The monomer
seems to have three domains; domain 1 has three enzymatic activities, 3- ketoacyl
synthase, Malonyl- transacetylase and acetyl transacylase. The domain 2 seems to have
four proteins, which include the acyl carrier protein, 3-hydroxy acyl dehydratase, enoyl
reductase, 3-ketoacyl reductase, while the third domain contains the thioesterase activity.
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The fatty acyl synthetase complex seems to synthesize two palmitate molecules at one
time. '

Table 1.3: Components Of Fatty Acyl Synthetase Complex

Protein Function

Acyl carrier protein Central protein and carrier of acyl groups
Transacetylase Transfer of acyl groups

Malonyl transferase Transfer of malonyl group from Co A
Ketoacyl synthase Condensation of acetyl and malony! groups
Ketoacyl reductase Reduction of b keto group

Hydroxyacyl dehydrogenase Removal of water from beta-hydroxy group
Enoyl reductase Formation of saturated acyl residue

(c) The multi Enzyme Complexes of The Pyrimidine Synthesis

There are two multi-enzyme complexes employed during the de Novo synthesis
of pyrimidines. The “A” complex comprises of the first three enzymes that sequentially
catalyze the reactions leading to the synthesis of dihydro orotate from carbon-di-oxide,
ammonia and phosphate. They are

(a) Carbamoyl phosphate synthetase

{b) Aspartate transcarbamoylase

(¢) Dihydro orotase

The complex has a molecular weight of about 210 Kdal. The second complex,
“U” comprises of two enzyme activities,

(A) Orotate phosphoribosyl transferase and

(B) OMP decarboxylase, .

It has a molecular weight of 51 Kdal. The uridylate thus synthesized is used for
the synthesis of other pyrimidines.

Marker Enzymes

The marker enzymes have been defined earlier as those enzymes are firmly bound
to specific organelle membranes. Their localization and occurrence has been a matter
of interest for various scientists. They have immensely contributed to the study of
metabolism, cellular or organellar localization of pathways, distribution of biochemicals
and the understanding of trans-membrane transport of molecules. Some of the important
marker enzymes are tabulated as,

Table 1.4: Marker Enzymes

Organelle Marker Enzyme

Cell membrane 5’ nucleotidase

Nucleus Deoxyribonuclease
Mitochondrion Succinate dehydrogenase
Microsomal fraction Glucose-6-phosphatase
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A brief discussion of two marker enzymes is given here.

The Succinate Dehydrogenase (Mitochondrial Marker)

This enzyme, tightly bound to the inner mitochondrial membrane is rather difficult
to extract from the membrane in soluble form. Many years of research have been required
to analyze its composition, properties and mechanism. Its reducible coenzyme FAD
functions as hydrogen acceptor in the reaction. The reduced enzyme can donate electrons
to various artificial electron acceptors, for example reducible dyes. The beef-heart
mitochondrial succinate dehydrogenase has a molecular weight of about 100,000 and
contains one molecule of FAD, 8 atoms of iron and 8 acid labile sulfur atoms.

The enzyme appears to have 2 subunits of 30000 and 70000 molecular weight.
The larger subunit of succinate dehydrogenase contains the FAD, 4 atoms of iron and
4 acid labile sulfur groups. The smaller subunit is an iron-sulfur protein containing 4
iron atoms and 4 acid labile sulfurs. The FAD is covalently bound and can be released
on tryptic digestion on the large sub unit [indicating that it is a prosthetic group firmly
bound to the polypeptide]. The FAD is attached via the methyl group of flavin moiety to
the imidazole nitrogen of histidine side chain. The iron atoms of both the sub units of
succinate dehydrogenase undergo a valency change [Fe II — Fe III] during the electron
transfer from succinate to the respiratory chain. The enzyme removes Trans hydrogen
atoms from succinate.

It seems to be an allosterically modulated enzyme since ATP, succinate and
phosphate and QH, act as its positive modulators, while low concentrations of
oxaloacetate inhibit the enzyme.

The Glucose — 6 — Phosphatase (microsomal marker)

The enzyme catalyses the most important step of gluconeogenesis, the formation
of free glucose from glucose-6-phosphate. It occurs in the liver predominantly however
some activity is seen in kidneys and intestinal epithelium. It requires Mg** as an essential;
cofactor and brings about the hydrolysis of the C6 phosphate. The reaction is exergonic
with a free energy difference of -3.3 Kcal. It is absent in muscles and brain.

It also acts on 2-amino, 2-deoxy glucose-6-phosphate.

Terms Used In Enzymology

1. Enzyme

The most comprehensive definition of enzyme can be written as “ a bio catalyst,
mostly protein in nature, which brings about biological transformations within a specified
range of physicochemical parameters and with specificity of action.

It was initially said that “ all enzymes are protein in nature but all proteins are
not enzymes”, but this was modified with the discovery of Ribozymes [RNA as enzyme]
in 1980s by Thomas Cech et.al.

Enzymes are usually large molecules with high molecular weight and take part
in the reactions by forming an ES complex.

2. Holoenzyme

A holo enzyme = apo enzyme + coenzyme + cofactor. Where holo enzyme
represents a fully active enzyme, example includes glucokinase, which converts glucose
into glucose — 6 — phosphate.
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Fig 1.2 Holoenzyme, Coenzyme And ES Complex

3. Apo Enzyme
It is defined as the protein part of the enzyme that can combine with specific
coenzymes and/or cofactors for catalytic activity.

4. Substrate

A substrate is defined as a substance upon which the enzyme specifically acts,
to convert it into product/[s]. For example, glucose is the substrate for hexokinase or
glucokinase.

5. ES Complex

In contrast to the chemical catalysts, enzymes take part in the reaction through
formation of a transition complex called as the ES complex. The complex is in equilibrium
with free E & S and slowly proceeds in forward direction to produce the products.

6. Product
The substance[s] formed after the ES complex dissociates is called as product[s].

7. Coenzyme

It is defined as a substance that is essential for activity of specific enzymes. It is
a small organic compound separable from enzyme by dialysis, in the absence of which
the activity of enzyme is either lost or markedly reduced. Examples of coenzymes include
ATP, NADH, FAD, TPP etc.

8. Cofactor

A cofactor is a small inorganic molecule or ion that is required in addition to the
coenzyme by many enzymes for their action. Many authors use the terms synonymously
but they can be differentiated on the basis of their nature and size. Consider the reaction
of hexokinase:

Glucose + ATP + Mg++ — 3 glucose 6 phosphate + ADP

Here glucose is substrate, ATP is a coenzyme, and Mg ion is a cofactor.

9. Activator

Certain enzymes require activation prior to their activity and this is brought
about by modulators that may be the substrates themselves or other small organic
molecules or ions. Such molecules or ions are called as activators. Chloride acts as an
activator for the enzyme amylase.
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10. Inhibitors

Any substance that negatively affects the enzymatic activity by drasticaily
reducing the rate of catalysis or completely stopping the reaction , is called as an inhibitor.
They are broadly of two types viz. Irreversible and reversible inhibitors.

11. Irreversible Inhibitors

They are also called as enzyme poisons. They bind to the active site residues
forming stable covalent bonds which completely and irreversibly decrease the rate of
reaction. Examples of irreversible inhibition include action of cyanide on Xanthine
Oxidase[1.2.3.2] and nerve gas on Cholinesterase[3.1.1.7 3.1.1.8].

12. Reversible inhibitors

They are substances that reversibly bind to free enzyme, ES complex or both
thereby temporarily reducing the rate of the enzyme catalysed reaction. This type of
inhibition is characterized by the modifications observed in the Lineweaver Burke plots
that show characteristic changes according to the type of inhibition.

Reversible inhibitions are of three types viz.: competitive, noncompetitive and
uncompetitive inhibition.

13. Competitive Inhibition

[tisinhibition caused by a substance that is a substrate analog, which competes
with the substrate for the active site of the enzyme. It forms an unproductive, reversible
El complex. It affects the Km alone and its effects can be overcome by increasing the
substrate concentration. The example of competitive inhibition is action of malenate on
succinate dehydrogenase.

14. Non-Competitive Inhibition

It is a substance that does not compete with the substrate but binds at some
other site with free enzyme or ES complex and usually EIS complex is formed which
breaks at the rate same as ES complex. The diagnostic feature of this type of inhibitor
is that Km does not change however the Vmax is altered | reduced]. Increasing the
substrate concentration does not eliminate the effect of the inhibitor. The examples of
non-competitive inhibitors include chelating agents that block the metal ions that are
required by enzymes for their activity.
[EDTA blocks Me++ and thus those enzymes that require them].

15. Uncompetitive Inhibitor

The uncompetitive inhibitor does not bind to the free enzyme or free substrate
but binds to the ES complex only, forming the ESI complex. The diagnostic feature of
this type of inhibitor is that it alters the Km and Vmax both by the same factor. In the
Lineweaver — Burke plots parallel lines [with the same slope are obtained with increasing
[I]. A classical example is that of inhibjtion of acetylcholinesterase by Pi.

16. Michaelis Constant (Km)

From the studies of Michaelis and Menten the curve obtained for the effect of
substrate concentration on reaction velocity was found to be a rectangular hyperbola.
The mathematical expression is given by the expression,
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V() = Vn'):lX[S]
Km +[S]

Where, V, = initial velocity, V. = maximal velocity, [S] = substrate conc. And

Km = Michaelis constant

From experimental observation it has been proved that Km represents [S] at
half-maximal velocity. In other words Km = Max/ 2 and it is characteristic of a given
enzyme — substrate pair and indicates the affinity between them. More the Km, less is
the affinity and lesser the Km more is the affinity between enzyme and substrate.

X

Y

T Vmax

Vo

Vmax/2 T e

Km —>(S) X
Figl.4: MM Plot V, Versus [S]

A typical Michaelis Menten plot obtained when initial velocity is plotted against
the substrate concentration, a rectangular hyperbola is obtained from which Vmax and
Km can be determined.

17. V. max Or Maximal Velocity
It indicates the maximal velocity of reaction at complete saturation of the enzyme
active sites. It is a constant for a given enzyme substrate.

18. Active Site

It is the three dimensional structure where the Active
substrate binds and the transformation takes place. It should Site
be understood that the contributing amino acids might not —
be sequential as per the primary sequence but those that are
far away from each other in the primary sequence. It is also Active
called as catalytic site or substrate binding site.The actual amino center
acid side chains  within the active site that are involved in Fig:1.5 Active Site Of
creating the substrate binding domain and catalytic activity An Enzyme
comprise the active center.

19. Activity of The Enzyme

It is expressed in units/ml or IU [ international units] or katals. A unit of enzyme
activity is defined as that amount which will catalyze the transformation of one micromole
of substrate per minute under defined conditions, [temp = 25° pH, [S], [E] etc are
optimal. A katal is defined as amount of enzyme that transforms 1 mole of substrate
per second.
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20. Specific Activity

The specific activity is expressed as units of enzyme /mg protein. The
determination of the specific activity of the pure enzyme involves the measurement of
the initial velocity and also the amount of enzyme [mg of protein/ml] that produces this
reaction velocity.

21. Molecular Activity

It is defined as the number of molecules of substrate transformed per minute
per molecule of enzyme. It is also called as turnover number.

22. Enzyme Specificity
The ability of an enzyme to react with one or substrates determines its specificity.
Generally three types are defined, viz. absolute, group and broad specificity.

23. Absolute Specificity

The ability of an enzyme to react with only a single substrate is called as absolute
specificity. The classical example is of glucokinase, which can react with only glucose
as its substrate. It does not react with any other hexose.

24. Group Specificity

Certain enzymes can react with a range of related compounds and this ability is
called as group specificity. The best example is of Hexokinase, which can bring about
the phosphorylation of hexoses,. Another example is of L — amino acid oxidases with
many amino acids of the L- configuration.

25. Broad Specificity

Some enzymes can react with seemingly varied substrates. Such enzymes are
said to have broad specificity. Example is of trypsin and chymotrypsin, which can react
with proteins, shorter peptides and esters etc.

26. Multi Enzyme Complexes

Certain metabolic pathways are catalyzed by a group of enzymes and coenzymes
that are physically linked or bonded to each other to form a complex aggregate. Such a
complex is known as a multi enzyme complex. Examples include Pyruvate and alpha
ketoglutarate dehydrogenase complexes and fatty acyl synthetase complex.

27. Marker Enzymes

Due to the compartmentalization of cells, certain enzymes are found bound or
located in certain cell organelles or fractions during differential centrifugation. These
are referred as marker enzymes since their presence and activity is used as a marker to
isolate the specific organelle during cell fractionation. Examples include, succinate
dehydrogenase for mitochondria and glucose 6 phosphatase for the microsomal fraction.

28. Inducible Enzymes

Certain enzymes are not present within the cells at all times but are synthesized
after the appearance of their respective substrate only. Such enzymes are called as
inducible enzymes. They usually undergo degradation after their use is over. Example
includes the enzymes of lactose degradation in E.coli.
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29. Inducer

A substance that is responsible for the synthesis of a particular inducible enzyme
is called as inducer. For example lactose acts as inducer for an enzyme b- galactosidase.

30. Repressor

It is a substance that prevents the formation of enzyme. It is many times
structurally related to the product or the product itself formed at the end of the reaction.
Examples include repression of argininosuccinate lyase by arginine, or aspartate kinase
by 1- lysine.

31. Constitutive Enzymes

Certain enzymes are always present in the cells, i.e. they are not synthesized
after the appearance of their substrates but are regulated by activation — deactivation
phenomena. Such enzymes are called as constitutive enzymes. Examples include
enzymes of the TCA cycle.

32. Enzyme Denaturation

The loss of the three dimensional structure of enzyme due to the action of physical
or chemical agents is known as enzyme denaturation. This usually results in partial or
complete loss of activity of the enzyme. Some of the agents that cause enzyme
denaturation include 8M urea, temperature, pH, and Covalent bond forming modifying

agents.
6%} Denaturation

Renaturatlon

Fig 1.6: Denaturation Of Enzyme

33. Renaturation Of Enzymes

Upon removal of the denaturating conditions, some enzymes can regain their
native, active conformation. This phenomenon is called as renaturation of enzymes.

34. Intracellular Enzymes

Enzymes located within the cells are called intracellular enzymes. They are usually
secreted in the active form. They are difficult to isolate and purify than extra cellular
enzymes. They can be present in the cytosol or intracellular organelles and therefore
often called as endo enzymes. Examples include enzymes of glycolysis, HMP shunt FAS
complex etc.

35. Extracellular Enzymes

They are secreted outside the cells where they are synthesized and usually their
site of action is away from their site of synthesis. They are synthesized and secreted as
inactive precursors and are easy to isolate and purify. They are also called as exo enzymes.
Examples include digestive enzymes like pepsin, trypsin, etc.
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36. Zymogens
They are inactive precursors of enzymes and usually contain many amino acids
more than the active form. They are also called as pro enzymes and need to be c

37. Isozymes

Certain enzymes exist in different tissues and differ slightly from each other in
amino acid content and activity. Such enzymes are called as isoenzymes. Example
includes isozymes of LDH, amylase etc. Isoenzymes are often used as a diagnostic aid

for differential diagnosis.

H = heart, M = muscle

g‘g Pure H Tetramer

(HXAD
L H3 M1 Tetramer
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Q@} M3 T Allosteric Active Site
H1 M3 Tetramer : ,
GO Site or 0

Regulatory Substrate
@‘@} Site or Binding Site

Pure M Tetramer Modulator Sits
Figl.7 Different forms of Lactate
Dehydrogenase isoenzymes.

Fig 1.8 Allosteric and Active
sites in enzyme.

38. Allosteric Enzymes

Enzymes that contain the other site [allos = other, stereos = site] for positive or
negative modulation are called as allosteric enzymes. They are usually of regulatory
nature and show sigmoidal kinetics. They comprise of sub units.

39. Oligomeric Enzymes

Enzymes having sub unit structures and that show positive and negative
cooperativity are called oligo meric enzymes. Most of the allosteric enzymes are oligomeric
in nature i.e. they contain more than one polypeptide in their structure. Examples
include aspartate transcarbamoylase[ATCase].

40. IlUB EC Number

With the discovery of thousands of enzymes, it became necessary to have a
universally acceptable system of classification and nomenclature for enzymes. In 1956
the International Union of Biochemists set up an enzyme commission to formulate the
rules for the same. The commission then gave a four digit numbering system for the
classification of the enzymes.

Example of a 4-digit number is 1.1.1.1 for alcohol dehydrogenase , [alcohol:NAD
oxidoreductase].



20 CHAPTER - 1 General Enzymology

41. Prosthetic Group

[t is a non-protein part firmly bound and integral constituent, present in some
enzymes. It cannot be dialyzed or easily separated from the polypeptide chain it is
associated with. Examples include FAD in dihydro lipoyl dehydrogenase, and biotin in
pyruvate carboxylase]

42. Anti Enzymes

The antibodies produced after injecting enzymes in the blood of animals are
called as anti enzymes. They are important tools to study differences between enzymes
obtained from different sources.

43. Metallo Enzymes

They are complexes of metals with enzymes .Many enzymes carry metal ions as
integral constituents in their structures and they are either involved in transfer of
electrons, reducing equivalents etc. examples include cytochrome oxidase that carries
Cu**.

44. Transit Time

In a multiple enzyme system the overall rate of reaction does not depend only on
the rates of the individual reactions but also on the time taken for the transfer of the
product of the previous reaction which acts as a substrate for the next enzyme. The
time taken for this transfer is referred as the transit time. The transit time is more in
unorganised enzyme systems than that of the multi enzyme complexes.

45. Immobilized Enzymes

Many times commercially important enzymes are isolated from their natural
sources and immobilized into an insoluble matrix or beads for their effective reutilization
and commercial exploitation. Such enzymes are called as immobilized enzymes.

46. Bi Substrate Reactions

Some enzymes require more than one substrate for their activity. Such reactions
can take place in two ways, viz. single displacement and double displacement. The
single displacement reactions are of two types, Random and ordered.

47. Single And Double Reciprocal Plots

The classical MM plots are of the rectangular hyperbola type and at later stages
do not satisfactorily explain the relationship of reaction velocity with the substrate
concentration. Many scientists have proposed transformations of the MM equation based
on which either single reciprocal [ex- Woolf plot] or double reciprocal [ex - Lineweaver
Burke plot] are obtained. They are frequently employed for interpretation of kinetic
data.

48. Ribozymes

The RNA molecules which exhibit tertiary structure can act as enzymes or show
catalytic activity specifically by catalyzing the transesterification and hydrolysis of
phosphodiester bonds in RNA molecules as well as also obey Michaelis Menten Kinetics
are called as ribozymes.
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49. Bifunctional Enzymes

When an enzyme has two different domains that perform specific and different
activities, the enzyme is called as a bifunctional enzyme. Example of such enzymes
includes the debranching enzyme that catalyzes two types of activities,

[a] Amylo transglucosidase activity.
[b] o - 1,6 glucosidase activity.

Transglucosidase
domain

al-6 2V

Glucosidase
domain
Debranching Enzyme

Fig: 1.9 Bifunctional Enzyme

50. Abzymes

Abzymes are defined as antibodies acting as enzymes. Antibodies are mostly
proteins or glycoproteins and may show enzymatic activity.

BRIEF HISTORY OF ENZYMOLOGY

The Early Period

Enzymology is a science of comparatively recent origin however the pace at which
it is expanding is a bit surprising. Originating from the basic sciences like chemistry,
physics and biology, it has now grown in an independent science and has touched
almost all the branches including the most recent applied sciences including
biotechnology, diagnostics and fermentation technology.

The study of the history and development of enzymology makes an interesting
reading. Various scientists from seemingly unrelated areas have developed genius
approaches and ideas that have largely contributed to our present day understanding
of the subject.

The brief review of the work of different scientists who have helped in
understanding the various facets of what enzymes are, how they work and their
commercial exploitation is discussed here.

Most modern authors accept that the origin of enzymology dates back to early
19" century. Dubrunfaut in 1830 prepared a malt extract from germinating barley
seeds. This extract had the power to form sugar from starch.

A Payen and J.F.Persoz in 1833 found that an alcohol precipitate of the malt
extract contained a thermo labile substance that converted starch into sugar. They
named it as diastase from the word diastasis, which means separation. It separated
soluble dextrins from the insoluble envelopes of starch grains.

In 1836, while investigating digestive processes, the German physiologist Theodor
Schwann isolated a substance responsible for albuminous digestion in the stomach
and named it pepsin, the first enzyme prepared from animal tissue.
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Theodor Schwann was the founder of the theory of modern histology, defining the
cell as the basic unit of animal structure. At the time he was an assistant at the
Anatomisch-Zootonischen Institut in Berlin. Three years later he became professor
of anatomy at the Catholic University of Louvain, in 1848 professor of physiology
and comparative anatomy at Liege, and in 1880 he retired from teaching.

Berzillius J J in 1837 postulated the catalytic nature of fermentation. In 1839
the eminent German chemist Jutus von Liebig developed a mechanistic explanation for
the role of yeast in the fermentation process. He viewed the yeast present in the
fermentation mixture as a decomposing matter that emitted certain vibrations, the
sugar atoms suffer a displacement; they rearrange themselves in such a way as to form
alcohol and carbon dioxide.

On the other hand, alcoholic fermentation was considered to a be spontaneous
reaction until 1858, when the French chemist and biologist Louis Pasteur proved in a
series of publications that fermentation occurs only in the presence of living cells - a
phenomenon correlated with life - a physiological act, as he called it. This divergence in
the understanding of the nature of yeast in the fermentation process caused heated
debate between Liebig and Pasteur.

In the year 1877, F.W.Kuhne coined the term ENZYME and distinguished them
from bacteria. While in the year 1893, Ostwald proved that enzymes are catalysts.

Emil Fischer in 1894 demonstrated the specificity of enzymes and proposed the lock
and key hypothesis. It was a brilliant attempt to explain the mechanism of enzyme
action.

The year 1897 saw the contributions of Bertrand, who coined the term
“coenzyme”, while H. Buchner & E. Buchner showed that cell free extracts of yeast can
ferment sugars, to form Carbon dioxide and ethanol.

During these early years, many scientists found similarity between the action of
enzymes and that of yeast in fermentations. Enzymes were thus named as ferments, a
name that is still in use in Germany.

Louis Pasteur: (1822-1895) His schooling up to Ph.D took place in Paris after which
he became an Assistant Professor in Chemistry at Strasborough in 1849. He developed
vaccines against anthrax and rabies. The Pasteur Institute was opened by the French
Government in 1888 to treat cases of rabies. He is also known for the Pasteurization
process that is now a routinely used in preservation of milk and wines.

He died in the year 1895.

Pasteur during his work on fermentation developed a firm belief that the processes
like fermentation were inseparable from cells. Only intact cells had the power to bring
about such processes. The views were not accepted by the other school of scientists
led by J.Liebig, who held that processes of fermentation and respiration were due to
the action of chemicals. The use of the terms like organized ferments and unorganized

ferments was done to denote Cells and Cell free extracts respectively.

Liebig died in 1873 and Pasteur in 1895 without the debate being concluded.
Subsequently, however, the German chemists Eduard Buchner and Hans Buchner
discovered in 1897 that a cell-free extract of yeast could cause alcoholic fermentation.
The ancient puzzle was solved; the yeast cell produces the enzyme, and the enzyme
brings about fermentation. The Liebig-Pasteur dispute was thus finally settled, by Hans
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and Eduard Buchner, who demonstrated, that cellfree yeast extract could convert giucose
into ethanol and carbon dioxide just like viable yeast cells. In other words, the conversion
_ was not attributable to yeast cells as such, but to their nonviable enzymes.

20" Century

In the year 1902, Emil Fischer & Hofmeister demonstrated that proteins are
polypeptides.

{[Fischer was the first to determine the molecular structures of glucose (or grape
sugar) and fructose and to synthesize them from glycerol in 1890.]

The year 1905 saw some more interesting contributions, Knoop deduced Beta
oxidation of fatty acids, while Harden & Young showed the requirement of phosphate in
alcoholic fermentation and isolated the first coenzyme, cozymase now known as NAD.
S. Sorenson in 1909, showed the effect of pH on enzyme action. He devised a pH scale,
which is now universally accepted and used.

Batelli & Stern in 1912, discovered dehydrogenases, in the same year, Carl
Neuberg proposed a chemical pathway for fermentation while Warburg postulated the
respiratory enzyme for the activation of oxygen, showed the requirement of iron in
respiration and demonstrated cyanide inhibition.

Wieland (1912-1922) showed the activation of hydrogen in dehydrogenation
reactions.

Fundamental enzyme kinetics dates back to 1903. At that time Victor Henri
concluded in Paris that an enzyme combines with its substrate to form an enzyme-
substrate compiex as an essential step in enzyme catalysis. Based on this idea, the
general theory of enzyme action was expressed mathematically by Leonor Michaelis of
Germany and Maud Lenora Menten of Canada in 1913. They postulated that the enzyme
E first combines with its substrate S to form an enzyme-substrate complex ES in a
relatively fast reversible reaction: E + S =ES. The latter complex then breaks down in a
second, slower reversible reaction to yield the reaction product P and the free enzyme:

ES=P+E.
In the year 1922, Otto Warburg devised mano metric methods to study

metabolism of living cells. Briggs & Haldane in 1925, made important refinements in
the theory of Michaelis and Menten.

Theodore Svedberg [1925-1930] contributed the development of Ultracentrifuge
and its use to estimate the molecular weight of Hemoglobin.

James Sumner [1926] first obtained crystals of an enzyme, urease from jackbean
and proved it to be a protein.

James Sumner : James Batcheller Sumner was born on 19t Nov.1887 at Canton.
He graduated from Harvard College in 1910 in Chemistry. He studied Biochemistry
under Prof.Otto Folin[1912-14] during which he obtained his Ph.D. He joined Cornell
Medical School in 1914 and remained there till 1929.He crystallized urease, the
first enzyme to be crystallized, in the year 1926. He received his Nobel Prize in 1946.
He died on 12% August 1955 of cancer.

Sumner’s research work at Cornell first centred on analytical methods, but despite
his hard work he was unable to obtain any interesting results. He then decided to
isolate an enzyme in pure form, an ambitious aim never achieved by anyone up to then,
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but a type of research suited to his scanty apparatus and meagre laboratory staff. In
particular, he worked with urease. His method for the isolation of enzyme is given
further in the book.

For many years his work was unsuccessful, but in spite of the discouragement
of colleagues who doubted whether any enzyme could ever be isolated in pure form he
continued. In 1921, when his research was still in its early stages, he had been granted
an American-Belgian fellowship and decided to go to Brussels to work with Jean Effront,
who had written several books on enzymes.

The plan fell through, however, because Effront thought Sumner’s idea of isolating
urease was ridiculous. Back in Ithaca, he resumed his work until finally, in 1926, he
succeeded. His isolation and crystallization of urease met with a mixed response; it was
ignored or disbelieved by most biochemists, but it brought him a full professorship in
1929 and the Nobel Prize in Chemistry in 1946.

In the same year, K. Linderstrem-Lang investigated many important detailed
chemical properties of proteins at the Carlsberg Laboratory in Copenhagen. The 1924
publication The Ionization of Proteins laid down a basic formalism for the production of
enzymes. The Lang theory is still the first approximation and remains in use for many
problems where the molecular structure is not known. Warburg in 1928-33 deduced
the iron — porphyrin nature of the respiratory enzyme. Around the same period isolation
and crystallization of trypsin and pepsin was done by John Northrop, who also proved
their protein nature.

John Northrop: John Howard Northrop was born in New York on 5% July 1891. He
entered Columbia University in 1908 to study Zoology and Chemistry, graduated in
1912, Master of Arts in 1913 and received a Ph.D. in Chemistry in 1915. He joined
the Rockefeller Institute in 1915 where he remained until 1949, when he was
appointed Professor of Bacteriology, University of California, and later as Professor
of Biophysics. He isolated crystalline pepsin in 1929 and with the same technique
isolated other proteases. He died in 1987.

Warburg & Christian discovered the “yellow enzyme” a flavo protein. 1933 was
another year, which saw enzymology growing by leaps and bounds. These were the
days when metabolic pathways were worked out, important discoveries and contributions
were made by H.A. Krebs & Kurt Hanseleit [discovery of the urea cycle], G.Embden &
Otto Meyerhoff [proposed intermediates of glycolysis and fermentation.] In the same
year Tiselius introduced electrophoresis for separation of proteins in solution. H.Krebs
in 1937 postulated the citric acid cycle while transamination reactions were studied in
the year 1938 by Kritzman et.al

George Beadle & Edward Tatum in 1940 proposed the one gene - one enzyme
hypothesis. C.Cori & F.Cori in 1941 elucidated the Cori cycle for lactic acid. The next
year, 1942, D.Mac Clean & [.M.Rowlands discovered hyaluronidase from mammalian
sperms. Chance in 1943, applied sensitive spectroscopic techniques, to Enzyme -
Substrate interactions. In the same year Leloir & Munoz demonstrated fatty acid oxidation
in cell free systems, while Lehninger showed the stoichiometry of fatty acid oxidation
and the requirement of ATP for it.

1950-1960: This decade was the beginning of a golden period for the development
of enzymology, contributions from various scientists in the fields of coenzymes, metabolic
sequences, protein and enzyme sequencing, development and advancements in
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biochemical techniques etc. were made by many intelligent workers and worth mentioning
are names that include, Linus Pauling, Richard Corey, [a- helix and beta pleated
structures of proteins], Zamecnik et al [ribonucleoproteins and protein synthesis]
Horecker, Dickens and Racker [elucidated the phoshogluconate pathway] Krebs &
Kornberg H L [discovered glyoxalate bypass] while Arthur Kornberg discovered DNA
Polymerase.

1960 - 1970: The 3D structure of the protein myoglobin was described by John
C Kendrew.from sperm whale, while the amino acid sequence of ribonuclease was
determined by W.Moore and S.Stein. The 3-D structure of lysozyme was presented by
Phillips et.al while Temin, Dulbecco and Baltimore elucidated reverse transcription in
1970. Werner Arber introduced DNA cutting by enzymes. The first major breakthrough
for microbial enzymes in the food industry came in the early 1960s with the launch of
a glucoamylase free of transglucosidase. It allowed starch to be broken down into glucose.
Since then, almost all glucose production has switched from traditional acid hydrolysis
to enzymatic hydrolysis. By way of example, compared to the old acid process the
enzymatic liquefaction process cut steam costs by 30%, ash by 50% and by-products
by 90%.

Since 1973, when Termamyl was introduced for the continuous starch
liquefaction process, the starch processing industry has grown to be the largest market
for enzymes after the detergent industry. In a concentrated solution of starch, hydrolysis
results in rapid viscosity reduction. Termamyl is consequently often referred to as the
liquefying amylase.

Enzymatic hydrolysis is used to form syrups through liquefaction, saccharification
and isomerization steps. 1974 saw the launch of the immobilized glucose isomerase
Sweetzyme, thereby signalling another successful breakthrough in the starch industry.
Sweetzyme is one of the few enzymes to be produced by continuous fermentation.

Yester years: Recombinant DNA technology has brought about a revolution in
the development of new enzymes. )

Although the recent developments have been more in the field of recombinant
DNA technology, or biotechnology, enzymology has been making its contribution in its
development. Some of the important topics that have attracted the attention of the
scientific community include Restriction enzymes [Hamilton Smith, Daniel Nathans]
Ribozymes [Sidney Altman & Thomas Cech in 1982] Polymerase chain reaction [Kary
Mullis in 1985].

In 1995,the introduction of more sophisticated techniques allowed the computer
modelling scientists at Novozymes to combine the molecular knowledge of enzyme 3D
structures with DNA sequence knowledge and use them together as the basis for making
new variants through site- directed protein engineering. The first product for which
site-directed mutagenesis was used was the bleach-stable enzyme Everlase™,
Enzymes have been given other useful properties using this technique, e.g. improved
heat stability, higher activity at low temperatures and reduced dependency on cofactors
such as calcium. One example is Termamyl SC for the starch and biofuel industry. In
the late 90s considerable effort was invested in developing a new fungal expression
system for the large-scale production of enzymes. In 2000 Novozymes was given the
green light by the regulatory authorities to produce enzymes in Fusarium venenatum,
an organism characterized as GRAS (Generally Recognized As Safe). Novozymes now
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has Bacillus subtilis and Bacillus licheniformis as its main bacterial hosts and Aspergillus
niger and Aspergillus oryzae, together with Fusarium venenatum, as its main fungal
enzyme production.

The Future of Enzymology

As one can note, with the increasing interdisciplinary approaches and
understanding it can now be said that enzymology has a great future ahead. It will take
a center stage in all the areas, as it can solidly contribute in:

* Diagnostics: Alteration in the enzymatic or iso enzyme activity has been
conveniently used for diagnosis and differential diagnosis. Take for example lactate
dehydrogenase. There are 5 isoenzymes of LDH, namely H4, M3H, M2H2, H3M & M4.
Each of these is present in specific tissues and the alteration of their activity as observed
in the graphical pattern is an indication of the possible tissue damaged. Or the acid
phosphatase is present as the prostatic and non-prostatic fractions.

Some of the commonly employed clinically important enzyme assays are tabulated
as,

Table 1.5: Clinically Important Enzymes

Enzyme Clinical Significance

Amylase Pancreatic disease and function

Acid phosphatase Prostate cancer

Alkaline phosphatase Hepatobiliary or Bone diseases
Alanine Transaminase [SGPT] Liver disorder

Aspartate Transaminase [SGOT)] Liver disorders, Myocardial infarction
Lactate dehydrogenase Myocardial infarction, liver diseases,

anemias, renal disorders, muscular
dystrophy, malignancy.

Creatine Kinase Myocardial infarction, muscular dystrophy,
hypothyroidism, pulmonary and vascular
diseases

Hydroxybutyrate dehydrogenase Heart muscle damage

Alternately enzymes are often used to diagnose qualitative and quantitative
presence of many important biochemicals. Some examples are given in the table,

Table 1.6 Enzymes Used In Diagnosis

Enzymes Used To Diagnose
Glucose oxidase Blood glucose level
Urease Blood urea
Alkaline phosphatase ELISA tests
Glucose6 phosphate dehydrogenase Glucometer strips

* Industrial fermentations: The immobilization of enzymes has opened up a
new erain the areas of industrial fermentations. Dairies, bakeries and single cell protein
production are some of the target areas where advances in enzymology have
revolutionised the processes and products.
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Cellulases, glucanases, amylases, proteases

Amyloglucosidase

Pectinases

Bromelain ficin, papain

Naringinase

For liquefaction, clarification and malting
processes in beer making

Production of sugar from starch for
substrate production in alcohol
manufacturing

Clarification of fruit juice in wine
industry

Beer haze removal

Removal of bitter taste

* Food processing: Enzymes are u

sed for an increasing range of applications:

bakery, cheese making, starch processing and production of fruit juices and other drinks.
Here they can improve texture, appearance and nutritional value and may generate
desirable flavors and aromas. Currently used food enzymes sometimes originate in
animals and plants [for example, a starch digestive enzyme, amylase, can be obtained
from germinating barley seeds] but most come from a range of beneficial microbes.

Table 1.7 Commercial Uses Of Enzymes

Baking Industry

Meat Processing

Protein and protein
products

Starch Industry

Fats and oil
processing

Vinegar production

Confectionary
industry

Paper industry

Rubber industry
Detergent industry

Alpha amylases

Amyloglycosidases

Proteases
Glucose oxidase

Trypsin, Pepsin, Papain

Proteases, trypsin,
aminopeptidases

Alpha amylase,
amyloglucosidases,
hemicellulases,
glucose isomerase.

Lipases

Alcohol dehydrogenase
and acetylating enzymes

Invertase
Amylase,
Catalase

Amylase, proteases,
lipases

Maltose production, production of white
bread etc.

Saccharification

Protein hydrolysis, Biscuit manufacturing
Stability of dough

Meat tenderizing

Breakdown of complex proteins to partial
digests and other products

Modification and conversion to dextrose
and fructose syrups, Manufacturing of low
scalorie sweetners from starch.

Hydrolysis of glycerides and esters
Production of white vinegar

Prevents crystallization of sugars and
chocolates

Starch degradation for sizing and coating
papers with lower viscosity products

Conversion of latex to foam rubber
Washing of clothes and crockery

The advantages of enzymes in food production are multiple. They include:

1. They can replace certain chemicals thereby adding to energy conservation,
better health and environmental conditions, easy digestibility and
biodegradability.

2. They are more specific in action than synthetic chemicals. Their use lowers
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production of wastes and thus pollution at the same time generating products
of higher purity and quality

3. They allow some processes to be carried out which would otherwise be
impossible. [for example the production of clear apple juice concentrate which
uses pectinase to reduce the cloudiness of the final product.]

Some uses of enzymes in commercial processes are given below,

* Dairy Industry: enzymes have been widely used in dairy industry. Some of
the enzymes and their uses are tabulated below

Tablel.8 Enzymes In Dairy Industry

Enzyme Application[s]

Rennet[protease] Cheese production

Lactase Lactose free milk and milk products
Lipase Flavoring of milk products

Protease Hydrolysis of whey proteins
Catalase Removal of hydrogen peroxide

* Pharmacy: Production of many high potency drugs may involve single step
manipulation of their precursors. Using enzyme-mediated modifications may bring about
many such processes. Terreni et.al have presented a research paper on one-pot synthesis
of cefazolin[antibiotic] from cefalosporin-C involving three consecutive bio
transformations catalyzed by D- amino acid oxidase, glutaryl acylase and penicillin-G
adylase.

* Fuel production: It is a well known fact that the fossil fuel stores are being
rapidly depleted and thus the search for alternative fuels [synthetic hydrocarbons, liquid
hydrogen, methane etc] and their production will become an essentiality in the near
future. Use of enzymes in such processes cannot be ignored. Researches are underway
to synthesize methane and octane from waste materials using immobilized enzyme
complexes.

* Alternate energy generation: Bioenergy has drawn the attention of many
scientists worldwide. Bioluminescence and related sectors are employing enzymatic
systems. For example the enzyme luciferase in Panus stypticus luminescence has been
shown to play a role in light emission. It requires the reduced NADH, an acceptor, and
possibly molecular oxygen to produce bioluminescence.

* Treatment and dISposal of sludge, agricultural wastes: Agricultural wastes
many times contain cellulose, hemicelluloses, lignin and pectin. They can be treated
and converted into useful products by using enzymes.

* Bio leaching: Originally bioleaching was based upon use of microbial strains
that had an ability to digest particular impurities or purify commercially important
ores. Nowadays however the immobilized enzymes have made it easier to process the
ores.

* Forensics: Enzymes are used to treat latent fingerprints for sensitivity
enhancement.[J.For.Sc:31,825 : (1986)]
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* Biotechnology: The restriction enzymes, ligases and enzymes used in the
polymerase chain reaction are the basic fundamental requirements of biotechnology, a
field that has a promising future. Plant and animal eugenics shall lead to a better crop,
better cattle and better survival abilities.

* Therapeutic uses of enzyme inhibitors: The understanding of the inhibiti n
of several enzymes by specific chemicals called as inhibitors has given rise to a new
possibility of their use as potential drugs to control metabolic diseases. Some such
examples include, use of zidovudine as inhibitor of reverse transcriptase of HIV, to
control AIDS, allopurinol in cases of gout as inhibitor of xanthine oxidase, sorbimil as
inhibitor of aldose reductase in diabetic retinopathy.

And all such processes and branches as our imaginations would permit and
limit. It is not very inappropriate to say that the future of mankind shall depend on the
intelligent use and reuse of the enzymes.

*o0 00
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Introduction

The enzymes are found distributed widely in the living systems and are a major
factor in the growth, maintenance and propagation of the living system. In fact any
alteration in these “little hinges” may lead to pathological condition and even death.
The initial days of development of enzymology were full of controversies about them
related to their structure, chemical nature, occurrence and functions. The Pasteur —
Liebig controversy has been already mentioned earlier.

Once it was understood that the enzymes have an ability to work in cell free
systems, serious attempts were being made about their isolation and purification.
Willstatter and his colleagues between 1920 and 1928 carried out the early attempts of
purification of enzymes. Dixon and Kodama attempted the purification of xanthine

oxidase.

The first enzyme to be crystallized was Urease in 1926 by Sumner. This was
followed by the purification and crystallization of proteases like trypsin and pepsin by
Northrop. The details will be discussed a little later.

Need Of Isolation Of Enzymes
In general isolation and purification of enzymes is required for the following reasons:
1. Itisrequired for the study about the various aspects of that particular enzyme.
2. Itis required for the identification of substrates and the substrate specificity of
the enzyme

3. It is required to assess the role of various coenzyme/cofactors on the rate of
the reaction.

4. It is required for the researches and as diagnostic components,
5. Itis required for therapeutic purposes.

6. It is required for development of commercially exploitable immobilized enzyme
systems for the industrial applications, fermentations and value addition
processes

7. It is required for leaching of commercially important ores.

8. Pure enzymes are also employed in forensics, food processing and for the
synthesis of anti enzymes which have a medicinal value.

9. The inhibition of enzyme studies can indicate potential inhibitors, which may
be used to treat metabolic and inheritable disorders.

Before the enzymes are isolated and purified certain general considerations are
important; some of which are discussed here.

Extra Cellular Enzymes Are Easy to Isolate Than The Intracellular Enzymes

Irrespective of the source, i.e. plant or animal tissue, extra cellular enzymes are
easily collected. Their collection usually does not require the destruction of tissues and
therefore reduces the expenses and time required for processes such as homogenization
or any other such processes.
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Many Enzymes are Present in Various Sources But Some Contain Them in Comparatively
Large Amounts:

Most of the enzymes are common to many organisms and are basic requirements
for the general metabolism. However different tissues contain different amounts of the
same enzyme and a comparison should be made to assess the quantitative contents of
the enzyme from which an ideal source can be identified.

The Enzyme Source Has to be Pre-Selected Before it is Commercially Exploited:

The early qualitative and quantitative studies are important before an ideal source
is finalized. Many times a host of pilot scale experiments are necessary to determine an
ideal source for the enzyme of interest. In some cases the seasonal variations in the
yields have to be worked out.

Plant and Microbial Enzymes are Generally Cheaper

Animal tissues are a costlier source for the commercial production of an enzyme
isolate. This is primarily because many times the complete animal has to be purchased
and slaughtered before a specific tissue or organ can be isolated and utilized as a
source of the enzyme. For example rennet required for cheese production required
procurement and slaughtering of tender calves to obtain the contents of their fourth
pouch which had to be obtained and processed immediately.

A Wide Range of Methods is Available for Isolation and Purification of Enzymes

These vary according to many criteria, which include the source of enzyme, its
availability, the economics of the processes, the time factor involved and the availability
and requirement of the instrumentation.

The topic of enzyme isolation and purification shall be dealt under following points:

(1) Identification of source of enzymes

(2) General handling procedures for source and crude extracts
(3) Methods for isolation

(4) Methods for purification

(5) Development of assays: qualitative and quantitative

(6) Stabilization and crystallization

(7) Criteria for purity

(8) Methods for preservation of isolated enzymes

(1) Identification of Source of Enzymes

The specificity of the action of enzymes is an important characteristic and their
localization in specific tissues and cells or cell organelles is based on their necessity
and utility there. Thus it is better to have some basic idea about the role of the enzyme
before its actual isolation and purification is employed. It should be understood however
that there are some differences within the similar enzymes isolated from different tissues.
In general an enzyme may be found in enough amounts where its substrate may exist
in sumptuous amounts. The amylases, for example are found in the germinating cereal
seeds, while the proteases shall be abundant in germinating pulsés.
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Table 2.1 Some common sources of enzymes

Enzyme Common source
Salivary amylase Salivary juice

Proteases Germinating pulses

B amylases Sweet potato

Lipases Germinating groundnut
o amylases Germinating cereals
Papain Papaya fruit

bromelain ficin Pineapple, Fig.

In the past few decades it has become a common practice to use the microorganisms
for isolating enzymes. They have the advantages of

¢ Growing on cheap media reducing cost of production
+ Fast growth leading to lesser time in isolation
+ Economic processes of recovery in case of extracellular enzymes.

Some of the commonly used microorganisms and enzymes obtained from them
are given in the following table.

Table 2.2 Some Microbial Sources of Enzymes

Enzyme Microbial source
Amylase Bacillus subtilis

Acid resistant amylase Aspergillus niger
Amyloglucosidase Rhizopus niveus
Cytochrome catalse Saccharomyces boraldi
Cellulase Trichoderma viride
Diastase Aspergillus oryzae
Glucose isomerase Bacillus coagulans
Glucose oxidase Aspergillus niger
Invertase Saccharomyces cerevisiae
Keratinase Streptomyces fradiae
Lipase Rhizopus nigricans
Laccase Coriolus versieolor
Microbial rennet Mucor species
Naringinase Aspergillus niger
Penicillinase Bacillus cereus
Pectinase Sclerotina libertina
Protease Streptomyces griseus
5’ Phosphodiesterase Penicillium citrionum




34 CHAPTER - 2 General Enzymology

In general the criteria for choosing a particular source for the commercial
production of enzyme of interest revolve around the following factors:

It Should Be Cheap

The microbial cells and plant materials are comparatively cheap although some
microbial cells may require specially formulated broth or medium for growth. But they
are ideal sources for extra cellular enzymes like the amylases, cellulases or proteases.
The plant materials, unless it is difficult to cultivate, form a major source. The germinating
seeds are many times used to produce amylases and proteases. Animal tissue is
comparatively costlier however the slaughterhouse wastes can be effectively used as a
source for serum enzymes.

It Should Be Readily Available

A locally available source is readily found when required as compared to one that
has to be transported from some other place. The transportation increases the cost,
and lessens the available time and if a particular source is rapidly perishable then it
will accrue losses in case of transportation and processing delays.

It Should Be Easy to Store And Handle

Many times the raw materials have to be procured in amounts more than that can
be immediately processed. In such cases the remaining materials have to be stored for
some period before it can be processed. The ideal source in such a case should be easy
to store and handle.

It Should Have a Comparatively Longer Shelf Life

When the situation of preprocessing storage of raw materials arises, an ideal raw
material has a longer shelf life. This reduces the possible losses that may occur due to
its perishability.

IT Should Contain The Enzyme Of Interest In Enough Quantity

The source should contain enough amount of the particular enzyme of interest.
This is important to make the isolation and purification processes economical. The
comparative studies made by research workers are important guidelines while one
chooses a particular source for the enzyme of interest.

It Should Not Generate Any Toxic Waste Products During Its Processing

It has been often seen that when animal tissue based sources are used for enzyme
isolation, the byproducts or wastes generated produce hazards if disposal is not proper.
This is primarily because a large part of the tissues has to be disposed and may be a
source of biochazard due to microbial and chemical action on the tissue waste.

2. General Handling Procedures For Source and Crude Extracts

Once the ideal source is identified and procured, it is many times necessary to
pre treat or pre process the same before the actual isolation process is implemented.
Many times however the raw material is available in the form of a crude extract or
solution, which needs to be processed before isolation and purification of the enzyme.
In case the source is a tissue it usually undergoes following processing methods:
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(i) Plant Tissue

In general the plant tissues used for enzyme isolation are leaves, however
sometimes tender whole plants, bark or roots may be used. The apical tissue or germinal
tissue often is the ideal source of enzymes of interest.

Plant Tissue ——p Harvest ——p Dry » Powder ——p Use
- " /
i ;f Macerate with ideal solvent —p Filter or Centrifuge ———p Use

The tissue is harvested, cleaned and often after the removal of unrequired parts
may be processed as such or subjected to shade drying. The partially or fully dried
tissue may be then powdered and stored for some time before it is used for the actual
isolation process. Sometimes dry powders of seeds and other tissues are used (for example
jack bean meal is used for isolation of urease) and in such cases the powders are
produced and stored in bottles which can be kept at room temperature for along period.

(ii) Microbial Cells

The microbial cells are often cultured in liquid media (broths) or on solid media
(agar plates) before they are used as a source for the enzymes. If the enzyme is extra
cellular, then the broth is centrifuged at a proper “g” value for a specified time to allow
the sedimentation of the microbial cells and particulate impurities if any, while the
enzyme remains in the supernatant. The supernatant is then used as the crude extract.

Microbial cells — Cultivation — Centrifuge —» Use Supernatant for extracellular
in enrichment enzymes
media l

Sedimented Pellet of cells —» Physiochemical treatments
(Enzyme extraction)

Use extracts for intracellular enzymes (crude)

In case the enzyme is of intracellular localization, the isolated cells of the
microorganisms are subjected to homogenization or any feasible physical or chemical
method that disrupts its cell wall/ membrane to allow the collection of its cytoplasm as
the crude extract.

(iii) Animal Tissue

In case of the animal tissue, which mostly serves as a source of intracellular
enzymes, the tissue after isolation has to be kept in cold (icebox) or deep freeze conditions
until it is minced and homogenized. The homogenate is often subjected to differential
centrifugation before a crude extract is generated. This is mainly to eliminate all sub
cellular fractions that may not contain the enzyme and to separate that organelle which
contains the enzyme of interest.

(iv) Handling of Crude Extracts

In case of the crude extracts, there are two primary procedures that have to be
performed. The first is straining or filtration to remove all particulate matter and
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sediments. The second is a primary assay to ensure that the enzyme of interest is
present and active. Although a qualitative assay would suffice to determine the presence
of the enzyme, many times a pilot quantitative assay is performed and taken as the
primary reading on the basis of which the fold purification is determined.

(3) Methods of Isolation

A number of methods have been used for breaking open cells and extracting the
cellular contents including the sub cellular organelles. Some of these are briefly described
here.

(A) Grinding With Abrasives

Plant tissues or microbial tissue with cell wall is often subjected to grinding with
an abrasive material such as alumina or sand. The shear and strain causes the disruption
of the cell wall leading to the collection of cell sap as a crude homogenate. Simple
pestle- mortar systems or mixers and grinders are used to bring about the desired

[=7

Fig 2.1 Grinding with abrasives

(B) Alternate Freezing And Thawing

This is based on the fact that upon freezing water molecules form ice which expand
in size multifold and cause a strain on the cell membrane leading to its disruption.
Thawing which causes the melting of ice follows this leading to formation of a crude
homogenate.
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Fig. 2.2 Alternate freezing and thawing

Long periods of Bending
The cells, when subjected to long periods of blending are broken due to the
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mechanical forces of collision against the walls of the blender generating a crude
homogenate.

Rmsionic i
Homogenization Filtration through Crude
(Long period muslin cloth Extract
Blending)

Fig. 2.3 Long periods of blending

(D) Addition Of Glass Beads During Blending

Addition of glass beads or acid washed sand is often employed to increase the
mechanical shear which makes the process more effective. Waring blenders are often
used in the process. Sometimes instruments with speed adjustments are also employed.

4 n)
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Enzyme Solution

Tissue Cell i
| Cell Debris

L/'/V Beads

v

Blending

Glass or
Sand Beads

’ Fig.2.4: Blending with beads

(E) Use Of Appropriate Hydrolytic Enzymes

A different approach has been used with many animal tissues. They are subjected
to the action of appropriate enzymes (including lysozyme). Proteases and lipases are
conveniently used to cause localized removal of membrane particles leading to formation
of holes or pores through which the cell sap and organelles can be brought into solution.



38 CHAPTER - 2 General Enzymology

@

@)8
N Incubation
Odd \

bO Cell (Enzyme Source and \C‘ell
Lysozyme) Lysate

Crude
/ Homogenate

v

(%'
(R

Fig 2.5: Use of hydrolyzing enzymes.

(F) Homogenization by Potter- Elvehjem Homogenizer or a High-Speed Blender

The Potter-Elvehjem homogenizer comprises of a glass tube which perfectly fits
on a Teflon pestle which is connected to a high-speed motor. The tissue to be homogenized
is minced and mixed with appropriate quantity of isotonic solution and then subjected
to homogenization at a very high speed (about 600rpm) for about 5 to 10 minutes.

'To Power Supply

Stand

Fig 2.6: Potter Elvehjem Homogenizer.

(G) Use Of Hypotonic Solutions:

Suspension of cells in hypo tonic solutions leads to absorption of water by them
and their swelling leading to a turgor pressure that is great enough to.cause the cells to
burst. Usually sucrose solutions or KCI solutions are employed.
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hypotonic
solution

&850
burst cells due to
water imbibition

cells

Fig 2.7: Use of hypotonic solution, for lysis of cells during isolation of enzymes.

(H) Ultrasonic Vibrations

The cells are subjected to ultrasonic vibrations that
result in their disruption and formation of a homogenate.The
cells are subjected to ultrasonic vibrations that result in
their disruption and formation of a homogenate.

() Alteration Of pH Of The Solution

Subjecting the cells to an altered pH environment
causes the cell membrane proteins to coagulate leading to Fig 2.8: Ultrasonicator
formation of pores through which the cell sap oozes out as
a homogenate.

(J) Organic Solvents

The membranes are lipoprotein bi layers and appropriate organic solvents such
as acetone, chloroform, ether, etc. are often employed to dissolve the lipid constituents
leading to formation of pores. The cell cytoplasm then flows out as a crude homogenate.

Dissolved Lipids
in Organic Layer

Cytoplasmic
Contents in aqueous

Crude
Homogenate

Fig 2.9: Use of Organic Solvents

(4) Methods For Purification

Once the crude homogenate is obtained, the aim of a purification procedure
should be to isolate a given enzyme of interest with the maximum possible yield based
on fold purification. In addition the preparation should possess the maximum ability of
catalysis. In other words it should be free from contamination of other inactive and .
active proteins.
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In the early days of enzyme purification, formation of crystals was taken to be a
proof of purity but recent advances have enabled us to determine impurities in crystalline
preparations. It is therefore necessary to determine the purity by using other methods
and criteria that may or may not include the measurement of catalytic activity.

The general strategy for use of methods of purification and their sequence is
dependant upon the source of enzyme, instrumentation available, the time span of the
procedures and the economics of the processes. In other words different methods may
be chosen by different workers as per their convenience to achieve the purification of a
desired enzyme. Some of the methods that are routinely used for enzyme purification
are summarized in table 2.3.

Table 2.3 Methods for purification of enzymes

Property Method Scale
Size or mass
Centrifugation Large or small
Gel filtration Generally small
Dialysis or ultra filtration Generally small
Charge
lon exchange chromatography Large or small
Electrophoresis ‘ Generally small
Isoelectric focussing Generally small
Solubility
Change in pH Generally large
Change in ionic strength Large or small
Decrease in dielectric constant Generally large
Specific binding sites
Affinity chromatography Generally small
Affinity elution Large or small

The term large scale is used to indicate that the amount of protein greater than
about 100 mg can be handled at that particular step in the purification procedure. The
details of each method are briefly discussed here. It should be remembered however
that the choice of methods and sequence is entirely dependent upon the workers using
them.

(A) Methods Depending On Size Or Mass

The methods depend upon the general principle that the molecules, sediment at
different speeds related to their sizes or masses. Some of the frequently employed methods
include:

(1) Centrifugation

Large molecules such as enzymes can be sedimented by the high centrifugal
fields (up to 300,000g) generated by an ultra centrifuge. Although the rate at which any
particular enzyme will sediment depends on a variety of factors including the size and
shape of the molecule and the viscosity of the solution, it is found that in general the
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higher the molecular weight, the greater the rate of sedimentation. This method is not
widely used in purification procedures to separate one enzyme from another because
only small volume (few ml) can be dealt within ultra centrifuges operating at high
centrifugal fields. However centrifugation is very widely used to remove precipitated or
insoluble material in the course of isolation, for e.g. to remove cell debris after
homogenization or to collect enzyme which has been precipitated by the addition of
salts.

Density gradient or zonal centrifugation is a widely used and versatile procedure
for separating not only proteins and other type of macromolecules but also organelles
and viruses. In the most common procedure, a continuous density gradient of sucrose
is first prepared in a plastic centrifuge tube by a device that mixes concentrated sucrose
solution and water in decreasing ratio as the tube is filled, so that the density of the
medium is greatest at the bottom of the tube. The mixture of macromolecules to be
resolved is layered on the top of the gradient. Centrifugation of the tube in a horizontal
position in a rotor at a high speed causes each type of macromolecule to sediment down
the density gradient at its own rate, determined by its particle weight, density and
shape in the form of separate bands or zones. Usually centrifugation is stopped before
equilibrium is reached. The position of the protein bands can be located optically or by
draining of the content of the tube carefully through a pinhole in the bottom and analyzing
successive small samples. Alternatively the plastic tube can be frozen and then cut into
thin slices for analysis.

It is diagrammatically represented as follows:
Mixture of
enzymes

20%

Sucrose
Gradient

60%
Fig 2.10: Density gradient

(2) Gel Filtration

Gel filtration or gel permeation chromatography is a separation method dependent
upon molecular size. The method is also known as molecular sieve, or molecular exclusion
chromatography. Its excellent reproducibility, comparatively short time and relatively
inexpensive equipment make it far widely used separation method. It is based on the
following simple principle,

A column of gel beads or porous glass granules is allowed to attain equilibrium
with a solvent suitable for the molecules to be separated. If the mixture of molecules of
different size is placed on the top of such an equilibrated column the large molecules
pass through the interstitial spaces between the beads. This is because the pores of the
gel have smaller diameter than what is needed for the large molecules to enter. Large
molecules therefore move down the column with little resistance. The small molecules
however can enter the pores and are thereby effectively removed from the stream of the
eluting solvent. These molecules are thus retarded. The degree of retardation of a
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molecule is proportional to the time it spends inside the gel pore that is a function of
the molecule’s size and the pore diameter. The molecules having diameter equal to or
larger than the pore diameter do not enter the gel and are said to be excluded. The
techniques used are column chromatography or thin layer chromatography.
An ideal gel should have the following characteristics:
. (i) The gel material should be chemically inert
(ii) It should preferably contain vanishingly small number of ionic groups.
(iii) Gel material should provide a wide choice of pore and particle sizes
(iv) A given gel should have uniform pore and particle size
(v) The gel matrix should have high mechanical rigidity.
Some routinely used gel materials include

(a) Cross- linked dextrans (sephadex):
For proteins and most of the bio molecules, sephadex is by far the most popular
of all the gels. Dextrans are cross-linked by epichlorhydrin. A schematic representation

of its structure is given in fig 2.11
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penetrate and are excluded

Fig 2.11: Separation by use of sephadex-beads

(b) Polyacrylamide gels:

Polymerization of acrylamide in bead form results in the formation of
polyacrylamide. The gels are used to separate molecules having a molecular weight up
to 300,000 Dalton. However at such large pore size they lack mechanical rigidity and
become compressed in the column. Although they can be used in the pH range of 2-11,
they are unstable to bases due to hydrolysis of amide groups. The cross- linking agent
is bisacrylamide and the reaction is brought about in the presence of ammonium per
sulfate. The gels are insoluble in water and common organic solvents.
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(c) Agarose gels:

They are produced from agar. The gels are hydrophilic and almost completely free
of charged groups. They have greater pore sizes and can be conveniently used to separate
molecules having a molecular weight of a few million Dalton. They are compatible with
all aqueous buffers and completely stable within pH range 4-10. Freezing temperatures
and temperatures more than 30 degrees alter the gel structure.

(d) Styragel:

The styragel is a cross-linked polymer of polystyrene used for completely non-
aqueous separations. It can be prepared in a wide range of porosities and the gel structure
is unaffected by temperatures as high as 150 degrees. It can be used with solvents like
carbon tetra chloride, trichloro- benzene, cresol, tetrahydrofuran, chloroform and
dimethylsulfoxide etc. it is unstable with water, acetone and alcohols.

(e) Controlled pore glass beads:

Borosilicate glass beads are also often used. They give very high flow rates due to
their total rigidity. They are treated with hexamethyldisilazane to overcome the problem
of protein adsorption. They have a molecular exclusion limit between 3000 to 9 million
Dalton.

(3) Dialysis or Ultra filtration:

A dialysis membrane such as cellophane can be used to separate the globular
proteins or molecules with a molecular weight of around 20,000 Dalton. The pore size
can be changed by various mechanical and chemical treatments. The method is routinely
used to separate small organic molecules, salts and organic solvents from the crude
extracts. The volume handling capacity is generally low. The process cannot be employed
to separate enzymes from each other. Ultra filtration on the other hand is a modification
of the dialysis procedure in which small molecules and ions pass through a dialyzing
membrane under the influence of applied pressure (usually Nitrogen gas at 4 atm.
Pressure). This leads to concentration of enzyme solution, which is useful in reducing
the volume of the extract sample during the purification procedure.

Enzyme
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Small Organic 0
Molecule 0 .
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Fig 2.12: Dialysis and Ultrafiltration
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(B) Methods Depending Upon Charge:

The methods depend upon the fact that enzymes carry charged side chains which
give the molecule a net charge and that the mobility of a charged molecule under an
electrical field or in a charged environment depends on the charges carried by it. Some
of the routinely used methods include the following:

(1) lon —=Exchange Chromatography:

Ion exchange may be defined as the reversible exchange of ions in solution, with
ions, electrostatically bound to inert support medium. The electrostatic force of attraction
in turn depends upon the relative charge, the radius of the hydrated ions, and the
degree of non-bonding interactions. The technique generally employs ion-exchange
columns. There are two types of ion-exchangers, anion exchangers and cation
exchangers. The medium is an inert support medium that is covalently bound to a
positive(anion exchanger) or negative(cation exchanger) functional groups. The ions
electrostatically bound to the exchanger are referred to as counter ions. This technique
is extremely useful in the separation of charged compounds and even uncharged
compounds that can be tagged with charged group or a variance of pH.

lon Exchanger packed Sample layered Sample percolates
in column —————p» over the top — ¥ and exchange occurs

Eluted using appropriate <¢———— Enzyme protein (ions)of interest
Methods, solvents or pH change binds to the exchanger

The sample containing the ionic species to be separated is allowed to percolate
through the exchanger for such a length of time as will be sufficient for the attainment
of equilibrium, E—Y + X €==-» E—X + Y, where E is an exchanger and X and Y are
exchangeable ions. The exchanger and the counter ions are oppositely charged. In case
the ion to be exchanged is cation, then the neutral and anionic molecules will not bind
at all and shall be washed away out of the column. The exchanged ions (X) bound can
then be eluted either by percolating the medium with increasing concentration of Y, or
in other case the change in pH, favorable for the elution of X. This principle is also
applicable for separation of proteins and nucleic acids which are capable of possessing
both positive and negative charges. The amphoteric nature of macromolecules
particularly proteins, can be exploited for purification purposes by using ion exchange
chromatography. For example the desired protein may be made to behave as a cation
by lowering the pH of the protein mixture (the pH is lowered to a limit where most of the
other proteins in the mixture behave as anions). This preparation if chromatographed
on a cation exchanger will remove many of the anionic protein species. This process will
remove many of the unwanted proteins from the starting mixture and resultant mixture
is rich for the desired protein. If the pH of this resultant mixture is now increased the
desired protein will exist predominantly as an anion (the pH is increased to a limit
where most other proteins in the mixture still behave as cations). If the preparation is
now chromatographed on an anion exchanger, many cationic proteins will be lost. It
should thus be clear that anion and cation exchange chromatography used sequentially
can afford a large degree of purification. Routinely used ion exchange resins:
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Table 2.2: Ion-exchange resins

Type Nature Trade name
Strong cation Sulfonated polystyrene Dowex 50
Amberlite IR 120

Sulfopropyl cellulose SP- Sephadex

Weak cation Condensed acrylic acid Amberlite IRC 50
Carboxymethyl! cellulose CM-Sephadex

Strong anion Polystyrene with —-CH2NMe3ClI Dowex IAmberlite
Diethyl(2 hydroxypropyl) IRA 400QAE Sephadex
quarternary amino cellulose

Weak anion Polystyrene with secondary Dowex 3 Amberlite IR 45
amine
Diethylaminoethyl cellulose DEAE-Sephadex
Diethylaminoethy! agarose DEAE-Sepharose

(2) Electrophoresis:

Electrophoresis is the migration of charged particles or molecules in a medium
under the influence of an applied electric field. Upon suspension in an aqueous solvent
almost all particles including bio molecules such as enzymes acquire either positive or
negative charges. The acquisition of such charges depends upon the nature of the particle
/ molecule and the solvent. These groups determine the net charge density of the protein
molecule, which makes it move in an electric field in a direction, and at a velocity
dependant upon the sign and quantity of this net charge density. Even if two molecules
have the same charge, they might not migrate together because if there is difference in
their molecular weights they will have different charge: mass ratio. The electrophoretic
mobility is affected by following factors:

The Sample:

Charge/mass ratio of the sample dictates the electrophoretic mobility. The mass
consists of the size and shape of the molecule.

I Charge: The higher the charge, greater is the mobility, the charge however
depends on the pH of the medium

II Size: The bigger the molecule the greater are the frictional and electrostatic
forces exerted upon it by the medium. Large particles thus move slower than small
particles.

IIT Shape: Rounded contours generate lesser frictional and electrostatic retardation
compared to sharp contours.

Other Factors:

These include the electric field, the medium, the buffer etc. For details the readers
are advised to go through books on biophysics or physical chemistry.

The routine techniques employed include:
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{A) The Moving Boundary Electrophoresis:

In this technique a buffered solution of macromolecules is placed under a layer of
pure buffer solution in a U- shaped observation cell. The pH of the buffer is so chosen
that all the macromolecules bear a net negative charge. The movements of
macromolecules, consequent to generation of electric field between the electrodes will
then be towards an anode. As they do so they migrate from the macromolecule solution
to the pure buffer or into the zone of macromolecule free buffer and form a boundary or
front. As aresult of this there is a sharp change in the refractive index of the solution at
this boundary. The refractive index changes along the electrophoretic cell, when
measured by appropriate optical devices yield electrophoretic patterns that show the
direction and relative rate of migration of the major molecules in the sample. In recent
years however it has been superceded by techniques collectively known as zone
electrophoresis.

(B) Zone Electrophoresis:

Zone electrophoresis is the name given to the separation technique employing
stabilizing media most of which are gels such as agar, starch and polyacrylamide. Upon
separation the molecules are immobilized by fixation in different zones. The molecules
are then detected by staining them on the supporting medium. Other methods to detect
the separated molecules are

1. visualization by ultraviolet light.

2. detection by virtue of enzymatic reaction.

3. detection by radioactivity if the molecules are radiolabeled.

4. Elution of separated components from the medium and further detection.

Zone electrophoresis can also be utilized as a large scale or preparative method
whereby large amounts of a component can be purified for further characterization.

Based on the support medium, the techniques are classified as

Paper electrophoresis

Gel electrophoresis

Cellulose acetate electrophoresis

Specialized techniques including the disc gel, gradient gel, high voltage, two-
dimensional electrophoresis etc.

Protein Migration

=

o
o

4

. Buffer solution with
Initial proteins having net
boundary negative charge

Fig.2.13: Electrophoresis
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(3) Isoelectric Focussing:

This technique was discovered by H.Svensson in Sweden and has a high-resolution
power. A simple comparison would help establish its superiority. While paper
electrophoresis resolves plasma proteins into 6 bands, isoelectric focussing resolves it
into at least 40 bands. Protein molecules may have a net positive charge in an acid
solution because most amino groups carry a positive net charge and most carboxylic
groups are protonated and electrically uncharged. With a gradual increase in pH, the
number of carboxyl groups carrying a negative charge increases, while the number of
positively charged group decreases. At a certain pH value, the isoionic point, the net
charge of the protein molecule is zero. The number and types of protolytic groups and
their dissociation constants thus determine the isoionic point of a molecule. Although
there is considerable variation in the isoionic point of protein, they are generally in the
pH range of 3-11. In conventional electrophoresis, the pH between anode and cathode
is constant and the positively charged ions migrate towards the cathode and negative
ions migrate to the anode.

In isoelectric focussing, on the other hand, a stable pH gradient is arranged, the
pH increases gradually from anode to cathode. A protein introduced into this system at
a point where the pH is lower than its isoionic point will possess a net positive charge
and will migrate in the direction of the cathode. Due to the presence of the pH gradient,
the protein will migrate to an environment of successively higher pH values, in turn,
will influence the ionization and net charge of the molecule. Finally the protein will
encounter a pH where its net is zero and will stop migrating. This is the isoelectric point
of the protein. The consequence of this is that every protein will migrate to and focus at
its respective isoelectric point in a stable pH gradient, irrespective of its origin in the
apparatus at the time the current was applied. Thus the point of application and volume
of the protein solution are not critical. Diffusion, which is an obstacle with every other
method of electrophoresis, is not a problem with this technique because focussing effect
works against diffusion. Thus once a final stable focussing is reached the resolution
will be retained even if the experiment is continued for a long time.

The pH gradient is established with the help of carrier ampholytes. They are special
buffer substances that possess following properties:

(i) They should have a certain buffering capacity at their isoelectric point.

(if) They should have a conductance at their isoelectric point.

(iii) They should have low molecular weight so that macromolecules can be
separated from them easily after electrofocussing.

(iv) They should be soluble in water. This hydrophilic character will also prevent
their binding to hydrophobic regions of the proteins.

(v) Ideally they should have a low light absorption at 280 nm. This would permit
the detection of proteins after electrofocussing by measurements at 280 nm.

Electrofocussing also needs provision for stabilization of separating protein zones
against convective flow in the solution. Three ways are in use that include

(a) Density Gradient:

Density gradients suitable for electrofocussing can be made with many uncharged
solutes, which can be dissolved in water to a concentration that will increase the density
sufficiently. The compounds should not react with proteins and should have a low
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content of heavy metals. They should be of high purity. Sucrose is the most preferred
compound however other compounds like mannitol, sorbitol, ethylene glycol, dextran
and ficoll may be used.

(b) Gels:

In electrofocussing the gel serves only as an anticonvectant and not as a molecular
sieve. Obviously the gel concentration should be low to provide large diameter pores.
For large proteins, MW exceeding 200 KD, lower concentration of acrylamide might be
used in combination with agarose. Acrylamide is the preferred gel for electrofocussing.
Agarose starch gels are not preferred as in these gels pH gradient drifts considerably
during prolonged experiment.

(C) Zone Convection Electrofocussing

The apparatus is made up of two rectangular boxes, the upper one being the
cover, The upper surface of the lower box is corrugated with ridges, separated by
depressions corresponding to the ridges of the cover. Thus they fit in with each other
leaving a space of few millimeters in between, producing a narrow wave like channel
like a series of interconnected broad U tubes. The carrier ampholyte solution is filled in
this space with the electrodes situated at the two ends.

A cnolant liquid is allowed to flow through the hollow channels built into both the
boxes to maintain a constant temperature. When the current is on a density gradient is
formed in each depression of the bottom part by the solute. When proteins become
immobile at their isoelectric pH, the density increases locally and the proteins settle
down in the depressions of the bottom part. They can be separated as fractions after
the completion of the experiment without contamination by neighboring fractions.

Separation Of Carrier Ampholytes From Proteins

The average MW of ampholytes is about 800 where as the protein has a MW of
10,000 or more. Dialysis or gel filtration can be effectively used for their separation.
Sometimes other methods like ammonium sulfate precipitation; ion exchange
chromatography and partition chromatography may be used.

(C) Methods Based On Change In Solubility

The solubility of a compound in a given solvent depends on the balance of the
forces between solute and solute and those between solute and solvent. If the former
predominate, the compound will be insoluble where as if the latter are predominant,
the compound will be soluble. In the course of enzyme purification it is possible to alter
the balance between these forces and hence precipitate the enzyme of interest or remove
contaminating enzymes. Three of the most important ways of changing the solubility of
enzymes are, (1) to change the pH, (2) to change the ionic strength, (3) to decrease the
dielectric constant. These methods can be applied on a large scale and are often used in
the initial stage of a purification procedure.

(1) Change in pH

An enzyme is least soluble at its isoelectric point since at this pH the repulsive
electrostatic forces within the enzyme molecules cease to exist. Under such condition
the enzyme molecules tend to precipitate. Adjustment of the pH to the proper value can
therefore be used to precipitate the enzyme. It is important to note that the enzyme of
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interest should be rendered completely inactive due to this procedure. This process
isolates Adenosinetriphosphatase from beef heart.

The method is sometimes employed to remove impurities, as in case of the isolation
of adenylate kinase.

Isolation of adenylate kinase from pig muscle: The enzyme, when

isolated from pig muscle gives crystals large enough to be used for x-ray
crystallography and is exceptionally stable at low pH. The general procedure
includes following steps.

1

2.

Minced muscle is treated with 0.01M KCl and strained through cheesecloth
to obtain an extract.

The pH is adjusted to 3.5 and after 5 min is readjusted to 7.0. The solution
is centrifuged.

. Supernatant is loaded on phospho-cellulose column and enzyme is eluted

with AMP.

. Fractions are thecked for activity and pooled, followed by ammonium sulfate

precipitation.

. Precipitate is redissolved in small volume and subjected to gel filtration.

Crystallization is brought out at 62% ammonium sulfate.All the steps are
performed at 0-5 degree.

(2) Change in lonic Strength:

The proteins often precipitate on addition of high amount of salts. This is also
called as salting out of proteins. The theoretical basis for this is not clearly understood
however it is assumed that at high salt concentrations, the concentration of water is
greatly reduced leading to a decrease in the solute- solvent interactions and in turn the
solubility of proteins. Many salts have been employed for “salt fractionation” or salting
out the enzymes. The most widely used and preferred salt is ammonium sulfate due to
its following advantages:

It is cheap
It is highly soluble in water
It does not cause any harmful effects on the enzyme to be purified.

It is a weak acid and the fold purification achieved is about 10 times. It is best
used in the initial stages of purification.

The enzymes glyceraldehyde phosphate dehydrogenase and fructose bis
phosphate aldolase have been isolated and purified by using ammonium sulfate

fractionation.

Purification of glyceraldehyde phosphate dehydrogenase from

rabbit muscle: The enzyme is easy to purify due to its abundant occurrence
and contains tightly bound NAD+. It is soluble in high concentrations of
ammonium sulfate (up to 70% saturation) which is the basis of the
purification procedure given below.

1.

The minced muscle is mixed with 0.05 molar EDTA/NH4+ at pH 8.4 and
centrifuged at1000g for 20 min.
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2. The pH of extract is adjusted to 7.4, solid ammonium sulfate is added up
to 50% saturation and centrifuged.

3. The supernatant is added with more ammonium sulfate till saturation is
70% and is centrifuged.

4. Additional ammonium sulfate up to 72% saturation is added and
precipitate is collected. It is dissolved in buffer and refractionated with
ammonium sulfate

5. The enzyme is allowed to crystallize.

(3) Decrease in Dielectric Constant:

Addition of water —miscible organic solvents will decrease the dielectric constant
of a solution and hence increase electrostatic forces. This leads to the alteration in
solute-solute and solute-solvent interaction generally leading to precipitation of large
molecules such as enzymes. The choice of solvent is crucial, as many enzymes are
rendered inactive due to the action of organic solvents. Working at low temperatures is
advisable, as many solvents are volatile and hazardous at high temperatures. The
commonly used solvents include ethanol, butanol, acetone etc.

(d) Methods Based on Specific Binding Sites:

The characteristic property of specificity associated with enzymes can be employed
to purify them. There are two methods based on the stage of use of affinity. (1) Affinity
chromatography uses the affinity, at the stage of adsorption of the enzyme of interest,
on to an ion exchanger and (2) Affinity elution uses the specificity at the stage of
desorption. They are briefly discussed below:

(1) Affinity Chromatography:

The technique exploits the capacity for specific, non-covalent binding of enzymes
with other molecules called ligands. Most of the times a substrate analogue (a molecule
that resembles the substrate but does not cause fruitful reaction) specific for the enzyme
of interest is bound to a solid and inert matrix (like agarose). When the mixture is
loaded on the top of the column, only the desired enzyme will bind to the immobilized
substrate analogue and shall retard. All other enzymes and proteins will pass down
and out of the column.

X
X pe Ligand Altered
o, Enzyme of conditions
° interest from column
o —_— _—
Enzymes o °
and 9 ~
n -

nI -

Protein

mixture  Unwanted
molecules
passdown

Enzyme of
interest collected

Fig.2.14: Affinity technique, adsorption of enzyme on column.
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If the conditions are altered, the enzyme bound to the ligand shall dissociate and
be eluted. The fractions can be collected and checked for the enzymatic activity. The
enzyme collected by this technique is fairly pure. Some important standard matrix-
ligand systems are given below

Table 2.3 Matrix -ligand systems for protein purification.

Matrix- ligand system Nature of ligand Used for isolation of

Cibacron — blue —agarose | Dye resembling nucleotides Kinases, dehydrogenases,
DNA polymerases, nitrate
reductases, blood coagulation

factors
Heparin-agarose Heparin (natural anticoagulant)| DNA polymerase, bone
collagenase etc.
Polynucleotide agarose Oligo dT m-RNA, transcription factors,
other DNA binding proteins
Lysine agarose Lysine Plasminogen, ribosomal RNAs
Protein A agarose Cell wall protein of 1gG
Staphylococcus aureus
Lectin- sepharose Lectins like concanavalin Glycoproteins and
A or wheat germ lectins polysaccharides.

A number of problems are associated with the use of this technique for purification

of enzymes. These include:

1. Attaching a suitable substrate analogue to the matrix is a difficult task.

2. Linking of the ligand to the matrix may interfere with the binding property of
the enzyme leading to partial or complete loss of specificity. Use of spacer arms
may be necessary.

3. The strength of the enzyme-ligand binding is a crucial factor. If it is too weak
then retardation of enzyme will not be satisfactory, while too strong interaction
will pose the problem of elution.

4. Enzymes catalyzing bi-substrate reactions create special problems. It is
necessary to study and pay particular attention to the elution techniques
involved. In case of liver alcohol dehydrogenase, it gets bound to AMP analogue
bond with the matrix but its elution requires the use of NAD and pyrazole.
Pyrazole is a competitive inhibitor of the enzyme.

(2) Affinity Elution:
It is a complimentary technique to affinity chromatography. It is used with partially
purified enzyme mixtures and is more advantageous than affinity chromatography as:
a. The complex reactions of binding the substrate analogue are eliminated.

b. The columns are cheaper because ion exchangers are cheaper than affinity
matrices.

The best example of use of affinity elution is, the separation of enzymes of the
glycolytic sequence in a single multiple operation scheme. A partially fractionated mixture
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of the enzymes (formed by saturation by ammonium sulfate up to 45-65 %) is loaded on
a CM- cellulose column at pH 6.5 Elution with phosphoenol pyruvate yields pyruvate
kinase, while elution with fructose-bis-phosphate yields aldolase. The molarity of the
eluting solution is also important.

Variations In Affinity Techniques

The techniques of affinity based enzyme separations are increasingly required
however they suffer two major disadvantages:

1. The techniques are costly because of the high cost of affinity matrices, costly
ligands and long incubation time along with the complications of process.

2. They could not be used at the initial stages of purification, primarily because a
host of contaminants in the extract tend to clog the system rendering it useless.

Variations have however been worked out to counter these problems. Some of
them are briefly mentioned below

(a) Affinity Cross-Flow Ultra filtration

The technique uses micro porous membranes with a pore size of 3-5 mm. They
are made of cellulose acetate, polytetrafluoroethylene (PTFE) or polyvinylidene. Prepared
activated membranes are now commercially available.

When the mixture is incubated with the membrane, it retains the protein-ligand
complex while the unwanted material passes through the membrane pores. A change of
buffer can be used to release the protein from the complex. The flow rates are usually
high and greatly improve the steps such as washing and elution. It is important to note
that the ligand used should be very specific and the material of the membrane should
have minimum non-specific adsorption.

(b) Affinity Precipitation

The technique uses polymers that are soluble under particular conditions and
precipitate on change in any condition like pH, ionic strength, temperature or addition
of an agent such as a metal ion.

A proper ligand is bound to the polymer and this ligand - polymer complex is
kept in solution. When the mixture of proteins or enzymes is added to this solution the
enzyme of interest binds with this and after a proper incubation time a change in any
condition mentioned above is brought about causing the precipitation of the complex.
The precipitate is separated and subjected to change in buffer leading to easiness in
isolation of the desired enzyme. The technique is cheaper as it eliminates the costly
matrices and ligand binding reactions; moreover it can directly be used at the first step
of purification.

(c) Matrix less Affinity Separations

This is a variation of the earlier technique that does not require any ligand or
matrix. This is illustrated from the following example. The wheat germ lectin has an
affinity for N acetyl glucosamine. Conventionally to separate the wheat germ lectin one
would have to use an insoluble matrix to which N acetyl glucosamine has been covalently
bound. But instead of such a matrix, polymer of N acetyl glucosamine, chitin is a natural
constituent of the exoskeleton of arthopods. It can be partially deacetylated to form
chitosan. Chitosan can act as a polymer that can remain in solution or suspension
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based on alteration of conditions. This polymer also has an affinity for wheat germ
lectin. The technique is to incubate wheat germ extract with chitosan at pH 5.5where
the chitosan exists as a solution. After the incubation time is completed, the pH is
changed to 8.5 at which the chitosan- wheat germ complex precipitates. This complex
is separated and redissolved by altering the pH to 5.5. After this a simple gel filtration
can separate the chitosan and wheat germ lectin.

(E) Some Other Methods Of Enzyme Purification

Although most of the methods mentioned earlier are routinely used for the isolation
of enzymes, some other methods have been used. A brief mention of these is given here.

(1) Fractional Precipitation By Heat

This treatment is a valuable tool to eliminate much of the unwanted protein
contamination, hence is useful as the primary step in purification. Each enzyme has a
characteristic and sharp destruction temperature. By heating the mixture for a definite
time to a temperature just below the destruction temperature, it is possible to coagulate
much of the unwanted protein that can be centrifuged off and eliminated. The fact that
in presence of substrate, an enzyme is able to withstand a higher temperature by about
10 degrees than in its absence can be effectively used to eliminate even more proteins
that are contaminants. The system generally comprises of three water baths, one at the
desired temperature, other a few degrees higher and one colder. The solution is kept in
a round bottom flask, about half filled and is first transferred to the hottest bath, with
a continuous swirling to avoid overheating of a particular part. The temperature is
monitored with a thermometer and immediately on reaching the desired value, the
flask is transferred to the second bath (with the desired temperature) where it is kept
for the necessary time period. After this the flask is transferred to cold and the contents
are rapidly cooled with the help of swirling. It is then left in cold till precipitation occurs
after which centrifugation is done. The process has to be strictly monitored and the
time of heating is between 10-15 min.

(2) Fractional Adsorption On Calcium Phosphate Gels

Fractional adsorption is a widely used method and the chief adsorbents include
calcium phosphate gel and alumina Cy gel. The pH is about 5.5 and the electrolyte
concentration is low. Usually a mixture treated with dialysis is used for adsorption.
This lowers salt concentration and thus reduces interference in adsorption.

The procedure is simple. Small successive portions of the gel are added to the
enzyme solution, followed by mixing, spinning down and removal of each portion before
adding the next. The procedure is followed by activity tests on small samples withdrawn
from the main solution. Calcium phosphate gel has the advantage that initially the
other proteins are removed followed by a sudden removal of the enzyme leaving an
inactive solution with many proteins.

A slightly alkaline buffer is used for the elution of the adsorbed enzyme from
active fractions. Usually phosphate buffer at pH 7.6 is used. If this fails to elute the
enzyme it is repeated till further removal of contaminants is done. The final elution is
done by using phosphate containing 10% ammonium sulfate.

The volume of the elutant should not be large and high-speed stirrers may be
used to increase efficiency.
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{3) Additional Methods:

Some other methods, which are not so popular now, include chromatography on
hydroxyapatite, hydrophobic chromatography, and precipitation by polyethylene glycol
and concentration by freeze-drying. Heavy metal salts can also be used for purification
of enzymes. They result in enzyme precipitation and form characteristic crystals. The
heavy metals are then carefully removed by using chelating agents. In recent years use
of western blotting technique has also become a common tool for enzyme isolation.

In Western Blotting the mixture is subjected to SDS-PAGE and then transferred
on a membrane from the gel. The membrane is bound with specific antibodies against
the desired enzyme protein and therefore after the incubation only the enzyme binds
with the antibody. This is then reacted with a second antibody that is tagged with an
enzyme that enables a color mediated detection of the complex.

Some representative techniques employed initially for enzyme isolation
These are discussed in brief,

(A) Sumner’s Method For Isolation Of Urease
The method which Sumner and collegues have used to obtain the crystals is
extremely simple. It consists of the following,
1. Extract finely powdered, fat-free jack bean meal with 31.6 per cent acetone
2. Allow the material to filter by gravity in an ice chest.
3. After standing overnight the filtrate is centrifuged and the precipitate of
crystalline urease is obtained.
4. The precipitate is stirred with cold 31.6 per cent acetone and centrifuged again.
S. The crystals can be now dissolved in distilled water and centrifuged free from
insoluble and inactive matter that has passed through the filter during the
filtration.
6. Of the urease extracted from the meal as much as 47 per cent may be present
in the crystals.
7. If one uses coarsely ground jack bean meal that has not been freed from fat
the crystals are still obtained, but in traces only.

8. The process described above has been repeated many times since first
discovering the crystals and has always had success.

(B) Northrop’s Procedure For Isolation Of Pepsin
The procedure primarily uses ammonium sulfate precipitation followed by
magnesium sulfate precipitation. In the later stages sodium acetate and sulfuric acid
are used. A brief description is given as follows,
1. Contents of the fourth pouch are emptied after slaughter and immidiately filtered
at 6degreesC for 48 hours. The filtrate is designated as solution 1.(volume approx.
S litres)
2. Solution 1 is saturated with ammonium sulfate, decanted and filtered with
suction. The precipitate is dissolved in 200 ml of N/500 hydrochloric acid. This
is solution 2.
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3. Solution 2 is cooled to -10 degrees C. To this 300 ml of cold acetone is added
mixed and centrifuged. The supernatant is solution 3.

4. Solution 3 is cooled to ~10 degrees C and to this 500 ml of cold acetone is added.
The solution is filtered and the ppt is dissolved in 300 ml of N/ 500 hydrochloric
acid. This is solution 4.

5. To the solution 4, 1 volume of saturated magnesium sulfate solution is added
and mixed. It is centrifuged and the precipitate is dissolved and 100ml of N/ 500
hydrochloric acid is added. This gives solution 5.

6. 1 volume of saturated magnesium sulfate is added to solution 5. It is mixed and
centrifuged. The precipitate is dissolved and 100 ml of N/500 HCl is added. This
gives solution 6.

7. The procedure is repeated again and 70 ml of N/500 HCl1 is added to obtain
solution 7.

8. The procedure is repeatedfor one moretime and 75ml of N/500 HCL is added.
This gives solution 8 with a volume of about 80ml.

9. 240 ml of solution 8 equivalent to about 15 liters of gastric juiceis mixed with 1
volume of staurated magnesium sulfate and then centrifuged. The precipitate is
about 3 grams.

10. To this precipitate, add 10 ml of N/ 10 sodium acetate and titrate it to pH 3. Add
N/2 sulfuric acid till a dark viscous liquid with a slight ppt is obtained. To this
add 1 volume of saturated magnesium sulfate and filter the suspension with
suction. The precipitate is dissolved in 8 ml of N/10 sodium acetate solution.
The solution is yellow and clear. This is titrated to pH 3 and N/2 sulfuric acid is
added. It is allowed to stand for 18 hrs at 6 degrees C. The solution is then
filtered with slow suction. The precipitate is dissolved in minimum quantity of
water at 45 degrees C. It is slowly cooled and allowed to crystallize. The crystals
appear in about an hour as yellow colored crystals.

11. They are kept at 20 degrees C for 24 hours and then filtered. The yield is about
0.1 gm. They may be later dissolved in about 20ml of N/ 10 sodium acetate and
used as enzyme solution.

Choice Of Methods Of Purification

The readers are by now aware that there are many methods that can be used for
purification of enzymes. It should be noted that no single procedure is good enough to
give 100% pure enzyme isolate. The choice of methods and their sequence of use are
dependent on various criteria. They are briefly discussed below:

(A) The Volume Of The Crude Extract

Usually when an enzyme is isolated and purified the initial volume of the
homogenate or crude extract is considerably large. It is known that many purification
procedures have a volume restriction. Ideally in the initial stages, salt fractionation or
solvent fractionation is often employed. For those enzymes that are heat stable the heat
precipitation method may be used. Chromatographic techniques in the column mode
are sometimes used.
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(B) The Instrumentation Required

Many laboratories do not have updated and sophisticated instruments and in
such case, the fractionation methods are a practically feasible alternative. These have
an advantage of simple instrumentation and cheapness although the purification may
not be great. Saturation with ammonium sulfate and precipitation by acetone are the
preferred techniques. Dialysis is sometimes used.

(C) The Time Period Available

Some techniques like matrix less affinity separation are rapid and so are the
salting out methods. Other methods may be time consuming. The time factor available
with the worker is of great importance, based on which he may choose the methods

(D) The Economics Of The Process Involved
Some processes are financially expensive while other are labor intensive. It is
necessary to choose methods that balance between the two.

(E) The Purity Required

Sometimes the enzyme isolated need to be extra pure, as in the case of research,
diagnostics and therapeutic administrations. Contamination in such preparation may
not give expected results. For this more sophisticated techniques based on affinity and
specificity of the enzymes are usually employed.

Terms Related To Enzyme Purification

Whether the enzyme has been purified or not is generally determined by checking
its activity in the purified preparation. Since most enzymes are proteins in nature the
purified preparation is subjected to activity determination and protein quantitation to
determine the specific activity and fold purification of the preparation. The terms most
often used include,

(A) Yield.

(B) Specific activity

(C) Fold purification

The terms are discussed in brief as,

(A) Yield:
The crude extract is often subjected to fractionation and to check the presence of
the desired enzyme in the purified fraction, its activity is compared with that of the
crude extract. The yield is then determined using the formula,
Units of enzyme activity in fraction
Yield =

Units of enzyme in the crude extract

(B) Specific Activity

It is given by activity in units per gram of protein in the solution. This is obtained
by dividing the activity in units by the total amount of protein in the solution. In terms
of the formula used it is written as,
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Units of enzyme activity in solution

Specific activity =
Total protein content in the fraction.

(C) Fold Purification
During the purification of the enzymes, different processes are employed. The
fold purification is based on comparison between the specific activities of the enzyme in
the purified fraction and that of the crude extract. It is written as,
Specific activity of fraction

Fold purification =
Specific activity of crude extract

(5) Development of Assays

While working with the enzyme purification, it is necessary and customary to
check the activity of enzymes. In fact enzyme assays are performed with the crude
extract as well to determine whether the enzyme of interest is present in the homogenate
or not. The assays may use determination of the formation of product or the utilization
of substrate and this can change with the enzymes (for example activity of amylase may
be followed by disappearance of starch while that of a phosphatase may be followed by
measuring the inorganic phosphate generated as a result of enzymatic catalysis.

In general there are two types of assays:

(A) Qualitative Assays

The qualitative assays are not stoichiometric and are only used in the first step to
determine that the enzyme of interest is present in the chosen source for isolating it or
sometimes as a confirmatory test for the final isolate. These assays are simple to design.
Alittle knowledge of the reaction catalyzed, substrate required and the other requirements
(including the proper reaction conditions) is enough for formulating the qualitative assay.

Qualitative assay of amylase: determination of the achromic point.

Amylase can be isolated from saliva, germinating cereal grains or sweet
potato(Ipomea batatas). Saliva can be clarified if necessary and directly used
as an enzyme solution. The amylase from grains or sweet potato needs
fractional precipitation or salting out procedure before it can be used. Readers
probably are aware that the amylases act on starch and produce sequentially
different products that include various dextrins, reducing oligosaccharides
and glucose. The qualitative assay of amylase is based on the fact that with
the activity of the enzyme, its substrate starch disappears and while starch
has an ability to form a blue color with iodine, the dextrins, oligosaccharides
and glucose do not give color reaction with iodine. Thus the determination
of achromic point (disappearance of color) can be taken as a proof of amylase
activity. The procedure is simple and does not require costly
instrumentation.A mixture of buffer, enzyme, NaCl, and starch is made and
kept at room temperature or 37 degrees C for incubation. Simultaneously a
series of test tubes containing buffered iodine solution are prepared and
numbered. Each contains the same amount of iodine. After regular time
intervals of 60 seconds a small quantity, say 0.1ml is withdrawn from the
reaction mixture and added to a tube containing iodine soluton. It is then
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observed for color formation. The first tube shows a distinct blue color due
to the reaction of starch and iodine which fades in subsequent tubes. The
tube which does not show any change in the iodine color is taken as the
achromic point. It should be noted here that NaCl is added as Cl acts as an
activator. The iodine solution should be same in concentration and quantity.
Alternately a multicavity tile may be used in which periodically the reaction
mixture and iodine solution can be added till the achromic point is reached.

Qualitative assay of urease

Urease can be isolated from jackbean meal. The enzyme catalyzes the
reaction of splitting urea into ammonia and carbondioxide. The isolation is
done by using acetone. The crude enzyme is added to a solution of urea and
incubated at 40degrees ¢ for 30 min. the ammonia liberated is qualitatively
assayed by addition of Nessler’ s reagent. A yellow color is formed.

(B) Quantitative Assays

The quantitative assays are used to measure the activity of the enzyme, within a
set of well-defined parameters. The conditions are predefined and all the parameters
except the variable are kept constant. These studies generate important kinetic data.
The end of the reaction is usually followed by the quantitative estimation of the product
(s) formed through colorimetric analysis. Quantitative assays are used to determine the
fold purification during the subsequent steps employed for the purification of the enzyme.
They are also important for enzymes that are used in research, diagnosis and treatment.
The protocols are arranged so that keeping all other requirements constant only the
parameter whose effect on the enzyme activity is to be studied is varied. For example in
case where the effect of the substrate concentration has to be determined, a set of
tubes from blank is taken wherein the substrate concentration is increased by 0.2 mil
increments. The volume is made to say 2 ml with an appropriate buffer or distilled
water and all other reagents are added. The tubes are then kept at appropriate
temperature for the reaction time (usually 15min or 30 min). The color developing agent
is added, mixed and the tubes are read at the appropriate wavelength to obtain optical
densties from which a graph is constructed. The OD of the unknown solution is similarly
worked out and using the graph the amount of product formed is calculated. From this
value it is easy to determine the units of enzyme activity.

There are two types of quantitative assays viz. Two point assay and Kinetic assay.

{(a) Two Point Assay

[t is also called as fixed time assay. The reaction time is fixed in this method and
the enzyme activity is expressed as the amount of substrate transformed, product formed
or cofactor altered by the measured amount of enzyme solution under controlled
conditions. In other words the assay is performed after the end of the specific reaction
time.

(b) Kinetic Assay

It is also called continuous monitoring assay. The readings are recorded
continuously for the determination of reaction velocity hence multiple readings are
obtained. When the substrate concentration decreases the rate of reaction is also
decreased. In most clinical enzymological assays this method is adopted.
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Quantitative assay of Succinate Dehydrogenase: The enzyme is a
marker enzyme for the mitochondrial fraction. It catalyzes the conversion of
succinate to fumarate simultaneously reducing FAD to FADH, If TTZ
(triphenyl tetrazolium chloride) is added to the reaction mixture it accepts
the hydrogen atoms from FADH, and forms formazan, a colored compound
that is easily estimated at 420nm. Phosphate buffer at pH 7.4 is used.

(6) Stabilization and Crystallization of Enzymes:

The stability of an enzyme poses a major problem since the enzymes may lose
their activity under many laboratory conditions. Specific steps are therefore necessary
to prevent the denaturation and loss of activity of the enzyme. The general
recommendations are on the line of preservation of proteins but the best conditions for
each enzyme have to be determined specifically. It can be said that enzymes are optimally
stabilized by specific solution conditions of pH, ionic strength, anionic/cationic
composition and so on. It should be noted here that the conditions of stability are
different than the conditions of optimum activity.

For long-term storage, enzymes should be kept at cryogenic temperatures around
—70degrees or under liquid nitrogen. Although most laboratories use conventional freezing
techniques that use temperatures between O to -20 degrees, the enzymes stocked
undergo unintentional freeze-thaw cycles, as higher temperatures are required to keep
them frost-free. The stability of the enzyme protein can be greatly enhanced by adding
equal volume of glycerol and mixing it properly with the sample. This enables the protein
to remain in the liquid phase at low temperatures and prevent their possible denaturation
due to freeze-thaw cycles.

Yet another concern is about the microbial contaminants and their degrading
activities on the proteins. The samples should be sterile-filtered through micro fiiters
composed of a low protein binding material and placed in sterilized cryogenic tubes to
avoid bacterial contamination. A frozen enzyme sample should be thawed only up to
the required amounts and used immediately. To avoid wasting of enzyme samples, they
should be stored in small amounts. Once thawed the enzyme should be kept at ice
temperature (4 degrees) for as long as possible before equilibration to the assay
temperature. Certain additives enhance the stability of enzymes for long-term storage
at cryogenic temperatures and sometimes for short-term storage in solutions. They
include glycerol, sucrose and cyclodextrans. The amounts of required stabilizers are
different for different enzymes and have to be worked out specifically. Some enzymes
are stabilized in the presence of their cofactors, substrates, or even inhibitors that bind
to their active sites to form transient compounds having more stability.

Enzymes may sometimes lose activity due to their non-specific adsorption on the
walls of storage devices made of glass or ordinary plastic. It is therefore advisable to use
storage containers made of polypropylene or polyethylene. The problem can be countered
with the addition of inert carrier proteins at a concentration much higher than the
enzyme, which then saturates the protein binding surfaces and leaves the enzyme
molecules free and intact. Bovine serum albumin and gelatin have been frequently
used with great success by enzymologists world wide for this purpose. Gelatin at a
concentration of 1mg/ml satisfies most enzyme stock solutions, as it does not interfere
with ultraviolet assays due to its lack of aromatic amino acids.
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Crystallization of enzymes was initially taken as a criterion for purity however
later it was found that many crystalline enzymes contained up to 50 % impurities. Re
crystallization may be often required before a crystal can be said to be pure enough.
The most commonly employed method is formation of crystals from ammonium sulfate
solutions where the solution is kept standing for long periods up to weeks during which
good quality crystals can be obtained. There are two approaches that are commonly
employed. The salt is added to a comparatively concentrated enzyme solution until a
slight turbidity appears following which the solution is allowed to stand and the
concentration of salt is slowly increased by adding a few drops of saturated salt solution
after long time intervals. Alternately capillary mediated delivery systems may be used.
Dialysis or simple evaporation of the solution may produce similar effects. Another
approach is to keep the salt concentration unchanged and modify the pH or temperature
so that crystallization is effected. Crystallization is better with enzyme isolates separated
with solvent fractionations, probably due to elimination of interfering lipids during such
steps. Formation of acetone powders is also used routinely in many laboratories.

Some researchers have used heavy metals to form crystals of enzymes. For example
the enzyme, phosphopyruvate hydratase was crystallized as an inactive mercury salt.

In general crystallization of enzymes have been done since 1930s and the enzyme
crystals have a number of advantages over solutions. Some of these include:

They can be easily packaged, stored and transported

They have a less chance of microbial attack and spontaneous changes

They can be used conveniently in micro quantities

They can be used for crystallographic studies for getting more information about the
enzyme.

(7) Criteria For Purity

The purity of an enzyme preparation is difficult to determine and there is no
single method that is good enough, however an enzyme is said to be pure if a combination
of tests reveal it to be homogenous. The tests are based on physical properties or catalytic
action and specificity of enzymes.

Many of the tests are same as the techniques used for purification. A single band
with electrophoresis, or single component sedimentation or with ultracentrifuge. This
is because the sedimentation constants of proteins are not uniformly distributed and
they lie in close probable values, increasing the chances of contamination by non-
enzymatic proteins. As it often occurs many proteins have similar molecular weights or
shape, leading to their grouping in a single band or sedimentation coefficient. Even the
electrophoretic mobility is not a criterion that might be taken as a 100% proof of purity,
as many proteins may have similar electrical charges resulting into same mobility. The
sensitivity of the affinity techniques is supposedly the most yet there are many times
when contaminants end up in the final preparations. The second disadvantage while
working with protein solutions is that no techniques are sensitive enough to detect
small amounts of contaminants. The solubility tests are a better alternative. A series of
enzyme solutions in regularly increasing increments are mixed with a constant amount
of water or a salt solution, shaken and then filtered or centrifuged and the protein in
the resultant liquid is estimated. If the amount is plotted against the amount taken
then initially the graph is linear (as all the protein added dissolves, a line with unit
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slope is obtained) but as further additions are made, the solution becomes saturated
and a horizontal line is obtained. If a second, contaminating protein is present, initially
the protein that is more soluble reaches a saturation stage after which the less soluble
protein continues to dissolve till its saturation point is reached, which is apparent by
the bend seen in graph.

A simplified procedure, proposed by Northrop, uses the determination of two points,
one at the occurrence of the bend and the other at the far right. Two tubes are taken
and in the first amount of protein enough to generate slight turbidity is added. To the
second tube 10 times the amount is added, mixed and both the tubes are centrifuged.
If the supernatants contain exactly same amounts of protein, then the preparation is
considered to be pure. If however there is an increase, it is considered as an impure or
contaminated solution.

Re crystallization is often used as it has been observed that the specific activity
value reaches a constant after a few re crystallization cycles. It is thus taken that purity
is maximal. In case of isoenzymes of a particular enzyme, agar gel separation is often
used.

The choice of the type and number of methods used for determination of purity of
the enzyme preparation is dependent up on the choice of workers as well as the facilities
available and the economical support.

(8) Methods Of Preservation Of Purified Enzymes

Once the enzymes are purified and stabilized, they are preserved till further use.
The methods of preservation used depend up on the volume of isolate, the frequency
and period of utilization and storage facilities available. By far cryogenic preservation
has been the most effective technique. However this facility is not available with most of
the laboratories. Some research labs store their isolates at a freezing temperature in
deep freezers (-4 to —20degrees C) and such preparations are often added with some
stabilizing materials to enhance their keeping quality and time. Many others use acetone
powders and crystalline enzymes.

In general some precautions are common to the storage of all isolates. They include:

1. The storage should be in micro aliquots.

2. The materials such as glass, quartz and ordinary plastic should be avoided
while choosing containers.

3. The preparation should be micro filtered to remove any possible bacterial
contamination before it is preserved.

4. If a part of the micro aliquot is used for an experiment, the remaining solution
should not be preserved.

5. Some enzymes, especially the allosteric enzymes are unstable at O degree and
they lose their sub-unit interactions.

6. Stabilizers are often recommended however the exact amount and the type of
stabilizer required needs to be specifically worked out.

General Properties Of Enzymes

Enzymes are remarkable biomolecules that act as catalysts. They are responsible
for the biotransformations that include catabolism and biosynthesis of important
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compounds in living systems. Although they act as catalysts, they differ in several
properties from chemical catalysts.
A comparison between enzymes and chemical catalysts is given in a tabular form as,

Table 2.4 Comparison of enzymes with chemical catalysts.

Property Enzymes Chemical catalysts

Chemical nature Protein or RNA Inorganic ions,acids &alkali.

Molecular weight High Low

Specificity Specific in action Not specific in action

Working Environment Cell or cell free systems Reaction mixtures / furnaces

High temperature tolerance | Present in rare cases Present in all cases

Effect of pH Range restriction Not influential

Colloidal properties Present Absent

Source Living cells Extracellular

Coenzyme/cofactor May be required Not required

requirements

Comuinercial exploitation More Less

Environmental competability] More Less

Immobilization Possible Rare

Exhaustion of cource Impossible Possible

Utility spectrum Broad Limited

Examples Hexokinase, pepsin, etc. Mn, Mg, Zn, Cu, Fe , H SO,
HNO, etc.

The various properties of enzymes are briefly discussed as below,

They are synthesized in cells: Almost all the living systems except viruses
contain enzymes. In fact the cells can survive, grow and bring about all the
changes, and transformations within them, with the enzymes. However it is
interesting to note that they can be synthesized in reaction mixtures that contain
all the components required for their synthesis.

They function as biocatalysts: They are required to bring about the various
biosynthetic and degradation reactions in the cell. They enable the cell to store
materials (e.g.: glucose is stored as glycogen in liver and muscle by the action
of specific enzymes), or they can use the stored materials (eg. on breakdown of
glycogen, the glucose molecules are reformed). They oxidize substrate to produce
energy, (eg. glycolysis, HMP shunt, ETC produce ATP and reducing equivalents
that generate chemical energy in the cells) and synthesize new materials as
and when required (eg. de Novo synthesis of nucleotides amino acids, sugars
etc.)

They are mostly universal: Except a few differences, enzymes catalyzing

similar reactions are common to all living systems. For example the hexokinase
isolated from prokaryotes and from eukaryotes shall catalyze similar reactions.

They are mostly proteins in nature: Barring a few exceptions almost all the
enzymes are protein in nature, and comprise of naturally occurring amino
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acids. The exceptions include the ribo zymes or catalytic RNA molecules. It
was earlier believed that all enzymes are protein in nature, however the concept
was modified with the discovery of the self splicing RNA from tetrahymena spp.

They are also active in cell free systems: One of the most remarkable
properties of enzymes is that they are active even in the cell free systems.
During the developmental stages of enzymology, some scientists including
Pasteur believed that the enzymes are inseparable from the cells, resulting
into the famous Pasteur — Liebig controversy, which lasted till the evidence
shown by Buchner that they are able to remain active in the cell free systems.
The present day techniques often use immobilized enzymes, enzyme electrodes
etc for diagnosis.

They can catalyze reactions in both directions: Many enzymes are reversible
in nature, i.e. they can catalyze reactions in both the directions, for example
the enzyme lactate dehydrogenase can catalyze the conversion of pyruvate to
lactate and vice versa.

They catalyze reactions by lowering activation energy: Enzymes combine
transiently with the reactants to produce a transition state having a lower
energy of activation than the transition state of the un catalysed reaction. Thus
they accelerate biochemical reactions by lowering the energy of activation. When
the reaction products are formed, the free catalyst is regenerated.

They are highly sensitive to environmental parameters: Enzymes function
within a limited range of conditions and their activity is markedly affected by
various parameters. These include the factors like pH, temperature, substrate
concentration, enzyme concentration, inhibitors, activators, ions, radiations,
etc. for example a drastic alteration in the pH or temperature leads to the
denaturation of the “3D” structure of the active site thereby greatly reducing or
completely stopping catalysis.

They may be synthesized in precursor forms: Certain enzymes, especially
those that act away from the site of their synthesis are usually synthesized in
the precursor forms. The proteases are the best examples studied. The
precursors are referred as the zymogen forms and have to be activated before
they are able to act on their substrates. Examples include trypsinogen,
chymotrypsinogen, pepsinogen etc. Their activation is usually brought about
by removal of a leader sequence comprising of a few amino acids.

They react specifically: Enzymes are specific in action, they react with single
or limited substrates. Those that react with a single substrate are called as
absolutely specific enzymes (example includes Glucokinase that converts
glucose to glucose-6-phosphate) while others could be group specific (example:
hexokinase) or broadly specific {example is trypsin that can act on proteins,
peptides, esters etc). Specificity has been also found in terms of geometrical or
spatial arrangements (D amino acid oxidizes do not act on L amino acids) or
optical properties of substrates.

They may be coenzyme/ cofactor dependent: Certain enzymes are dependent
on inorganic or small organic compounds for their activity. A detailed discussion
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is given elsewhere in the book. It is enough to remember here that these
components serve various functions including enhancement of substrate
affinity, lowering of Km, bridging the enzyme and substrate, affecting the
proximity and orientation, playing a role in catalysis etc.

e Many enzymes are allosteric in nature: The allosteric enzymes are those
having a site different than the substrate-binding site. They also have a sub
unit structure and show sigmoidal kinetics, due to positive or negative co -
operativity. They usually serve as regulatory points in the metabolic sequence.
The best-studied example is of Aspartate transcarbamoylase. It catalyses the
transfer of aspartate to carbamoyl phosphate in the de Novo synthesis of
pyrimidines.

o They may be localized within the cell: Many times the enzymes that are
responsible for a particular metabolic pathway are found in the vicinity of each
other, localized in specific region of the cell or a particular sub cellular organelle.
Such a togetherness may be due to mere aggregation without any
physicochemical bonding of the various components amongst themselves in
some instances (for example the enzymes of the glycolysis pathway)} while in
others they form a multi enzyme complex (examples include the fatty acyl
synthetase complex, the keto acid dehydrogenase complexes, and the complexes
involved in pyrimidine synthesis)

e They may show directional preferences while catalyzing reversible
reactions: They work equally efficiently in vitro and in vivo. Although some
reactions show directional preferences when the enzymes are present in the
cell but are freely reversible in the cell free systems, this is primarily due to the
specific needs and energy status of the cell. This ability has been greatly helpful
in the commercial exploitation of industrially important enzymes. Many enzymes
are regularly used in diagnosis and differential diagnosis, therapeutic
treatments, industrial fermentations etc.

o They can be effectively reused in cell free systems: Enzymes after
immobilization in solid matrices can be re employed to bring about the catalytic
conversion of specific substrates for many number of times.

» Sometimes they are better tools than using whole microbial cells: This is
especially true in single step transformations. Where microbial cells require a
stringent control of growth and nutrition parameters and still have a chance of
undergoing spontaneous mutations thereby affecting the overall yield, isolated
and immobilized enzymes do not lose their efficiency for considerable time.

+ Some enzymes can act on themselves: This is the characteristic feature of
the tetrahymena RNA, however many enzymes can act on themselves for their
activation.

(For example: pepsin can act on pepsinogen and bring about its activation.)

(2442 24
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The Early Period

The ongoing discovery of enzymes made it essential for a standardized
nomenclature and classification.With the discovery of diastase by Payen and Persoz,
enzymes were often called as diastase. This was continued till about half a century
until Duclaux in 1898 suggested the use of “-ase” suffix to be attached to the root
indicating the nature of the substance that was acted upon. Some enzymes were named
by adding the suffix “-in”, and the names are still in use. For example: pepsin, trypsin,
papain, chymotrypsin etc.

During the early period many enzymes were named as ferments after their so-
called similarity with the process of fermentation.|as suggested by Louis Pasteur]

There were many attempts to classify the enzymes in the first half of the twentieth
century and many trivial names are still in use.

Some of the criteria for classifying and naming enzymes that were used earlier are
briefly given here.

1. Classification Based on the Root Indicating Substrate Acted Upon

As proposed by Duclaux, many enzymes were named by adding the suffix “-ase”
to the name of the substrate acted upon. Thus maltase acts on maltose, lipase acts on
lipids, acetyl cholinesterase acts on acetylcholine, protease acts on protein,
Deoxyribonuclease acts on DNA etc.

2. Classification Based on the Product Formed by the Action of the Enzyme

Some enzymes have been named after the product that is formed by the action of
the enzyme. Example includes citrate synthase.

3. Ciassification Based on the Root Indicating the Substrate and Type of Reaction

It was subsequently discovered that many substrates had an ability to enter
different types of reactions. Hence merely using their name and adding a suffix “ase”
did not give a clear idea of what the enzyme was actually doing. Take the compound
pyruvate, which can be converted, to Acetyl-CoA by oxidative de carboxylation and to
oxaloacetate by carboxylation. Thus the enzymes have been named respectively as
pyruvate dehydrogenase and pyruvate carboxylase. In the earlier instance it uses the
name of the substrate and the reaction that it undergoes that is dehydrogenation, while
the later indicates that it undergoes carboxylation. A similar example is that of alcohol
dehydrogenase, which catalyzes the dehydrogenation of alcohol.

4. Classification Based on the Product Synthesized

Many enzymes have been named after the product that is formed after the reaction
they catalyze. For example, Citrate synthase, which catalyzes the condensation of Acetyl-
CoA with oxalo acetate to produce citrate, or malate synthase, which catalyzes the
synthesis of malate from glyoxalate and Acetyl-CoA.

5. Classification Based on the Generail Type of Reaction Catalyzed by the Enzymes:

Around the 1950s much data about the enzymatic catalysis was obtained and a
few generalizations about the types of reactions were possible. A serious attempt was
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made by Hoffmann and Ostenhof, and also by Dixon and Webb in 1958 to incorporate
all the enzymes known till then in some groups. Three groups were recognized viz. al
The hydrolyzing enzymes b] the transferring enzymes and c] the other enzymes including
synthetases, stereoisomerases and the enzymes adding groups to the double bonds. A
detailed presentation can be read in the first edition of the book enzymes written by
Dixon and Webb.[1958].

The IUB EC SYSTEM

Despite the various attempts made earlier, a universally acceptable system was
not designed until the first attempt made by the International Union of Biochemists -
Enzyme Commission in 1956. The commission presented the report, which was accepted
and implemented in 1961. The rules used for classification and nomenclature of the
enzymes using the enzyme commission number are explained a little later. However it
is to be noted here that the names prescribed by the enzyme commission are lengthy
and complicated in some instances and for such, the commission has allowed the use
of the trivial names that are satisfactory and unobjectionable.

Advantages Of The IUB-EC System:

The enzyme commission developed the system of classification and nomenclature
around a numbering system. It is proposed that each enzyme be assigned a 4-digit
number, each separated by points and arranged on the following principles:

(A) The First Digit Shows The Class Of The Enzymes

There are six classes that have been organized on the basis of the general reactions
that occur due to the specificity of the enzymes. The classes are as follows:

Table 3.1: Classes of Enzymes [IUB Classification]

Class Name General Reaction Pattern Example

1. Oxidoreductases Ay * By = A T By Alcohol Dehydrogenase
2. Transferase A-g . B — A+B-g Phosphorylase

3. Hydrolase A+HO - B+C Lipase

4. Lyase A-C-C-B — A-B+C=C Fumarase

S. Isomerase L-A — D-A Alanine isomerase

6. Ligase A+B+ATP —» A-B + ADP Glutamine synthetase

(B) The Second Digit Refers To The Sub Class Within A Given Class.

Usually the subclasses of oxido reductases are based on the group in the donors,
which undergo the oxidation and reduction reactions. Those of transferases it is the
nature of the group transferred. For hydrolases they are based on the type of bond
hydrolyzed, while in case of lyases it denotes the type of link, which is broken between
the group, removed and the remainder. For the isomerases it is based on the type of
isomerisation involved. The ligases are sub classified on the basis of the bond formed.
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(C) The Third Figure Indicates The Sub-sub Class

This is a further specification that enables the differentiation of the enzymes within
a subclass, for example the sub-sub classes of oxido reductases are defined on the
basis of the type of acceptor involved for each type of donor. [For example, the sub-sub
class is 1 when pyridine nucleotides are acceptors, 2 when it is cytochrome, 3 when it
is Oxygen.]. For the transferases the sub-sub classes are on the basis of the particulars
of group transferred [for example it is 1 when single carbon groups are transferred, 2
when the group is formyl, or hydroxymethyl etc]

(D) The Fourth Figure Is The Serial Number Of The Particular Enzyme In The Sub- Sub
Class

This system of naming and numbering not only classifies the enzymes but also
avoids the disadvantages of consecutive numbering through the whole list which will
not accommodate any newly discovered enzymes without disturbing the sequence of a
particular subclass or sub-sub class. Any necessity to create any new sub classes or
sub sub classes would not disturb the existing sequence and numbers.

Rules of Nomenclature of Enzymes

While deciding the nomenclature of the enzymes the IUB-EC has recommended a
set of rules, some of which are briefly given below:

General rules for naming enzymes

1. The names of substrates forming the part of the enzyme names should be
given as per their [IUPAC nomenclature (for example: 2-amino-2-deoxy-D-glucose
and not glucosamine), and the substituents should be numbered as 1, 2, 3
instead of o, B, .

2. Where the substrate is normally an anion, its name should end as “-ate”,
rather than “ic” (for example: lactate dehydrogenase, and not lactic
dehydrogenase).

3. The commonly used and prevailing abbreviations may be used but no new
abbreviations should be created. (ATP is allowed but GDH or MDH should be
strongly discouraged).

4. The use of enzyme names of descriptions such as “yellow enzyme”, “pH 6
enzyme”and such names should be substituted with the names as per
recommendations when the reactions are understood.

5. If the systematic name is short enough, use of trivial names should be avoided.,
similarly, a trivial name should not be based on a substance which is not its
true substrate.

6. In general, the name of enzyme shall consist of two parts, the first will consist
of the name of substrate[s],separated by a colon and the second part should
end with “-ase”, indicating the nature of the process.

7. The suffix “ase” should not be directly attached to the name of substrate.

8. In the case of reversible reactions the direction chosen for naming should be
as per the general direction of all the enzymes in the class, even if this direction
has not been demonstrated at all.
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9. When the overall reaction includes two different changes, the second function
should be indicated by adding a suitable participle in parenthesis [ for example
1.4.3.1 D- aspartate oxidase, is named as D-aspartate:02 oxidoreductase
(deaminating)]

10. When an enzyme catalyses more than one type of reaction or acts on more

than one substrate the name will normally refer to only one substrate.

Rules For Particular Classes

Class |
1. For naming enzymes in oxidation- reduction reactions, the names are formed
on the pattern,”donor:acceptor oxidoreductase”

2. For oxidoreductases using pyridine nucleotides, the coenzymes will always be
named as acceptors[foe example IMP: NAD oxidoreductases]

3. Where the true acceptor is not known, the word, acceptor is written in
parentheses [for example, “succinate:( acceptor) oxidoreductase]

Class Il
1. Enzymes catalysing group transfer reactions will be named transferases on
the pattern, “Donor: acceptor, group transferred - transferase”. [ for example:
ATP: acetate, phosphotransferase]

2. In the case of the kinases, ATP will be always being named as the donor. In
case of aminotransferases, involving 2-oxo-glutarate, the latter will be named

as acceptor.

Class Ill
1. Hydrolysing enzymes will be named on the pattern “substrate hydrolase”. Where
the enzyme is specific for the removal of a particular group, the group may be
named as a prefix [for example adenosine amino hydrolase,3.5.4.4]

2. A systematic nomenclature covering all peptide hydrolases is not possible at
present owing to their overlapping specificities. The separate identity of some
of them seems to be somewhat doubtful.

Class IV
1. Enzymes removing groups from substrate non-hydrolytically, leaving double
bonds [or adding groups to double bonds] will be called “lyases” in the systematic
nomenclature. Prefixes, such as “hydro-“, “ammonia” will be used to denote
the type of the reaction[ for example “ citrate(isocitrate) hydro-lyase, 4.2.1.3].
Decarboxylases will be regarded as carboxylases. A hyphen should always be
written before “lyases”, to avoid confusion with hydrolases, carboxylases etc.

2. The complete molecule, not either part into which it is separated, is named as
substrate.
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Class V
1. “ Isomerase” will be used as a general name for the enzymes of this class.

2. The types of isomerization will be indicated by prefixes,| for example: Maleate
cis-trans- isomerase” or(5.2.1.1) phenolpyruvate-keto-enol isomerase (5.3.2.1)

3. Isomerases catalyzing inversions of asymmetric groups will be termed
racemases or epimerases, according to whether the substrate contains one or
more than one center of asymmetry, A numerical prefix to the word “epimerase”
will be used to show the position of the inversion.[ for example: D- ribulose-5-
phosphate 3- epimerase catalyses the conversion of ribulose -5- phosphate to
xylulose — 5- phosphate]

Class VI

1. The class of enzymes catalyzing the linking together of two molecules coupled
with the breaking of a pyrophosphate link in ATP etc. will be known as “ligases”.
It is based on the product and not on the substrate [for example: DNA ligase].

2. The systematic names will be formed on the pattern “X-Y ligase (ADP)” where
X and Y are the two molecules to be joined together. The substance shown in
parenthesis (ADP or AMP) is the product formed from the triphosphate. Thus
the reaction will be X +Y + ATP = X—Y + ADP + Pi

3. In case where glutamine acts as a donor of ammonia, the name “amido-ligase”
will be used.

Details Of !UB ~ EC Classification:
The key to numbering and classifying the enzymes is given as,

CLASS 1: OXIDOREDUCTASES:

1.1 Acting On The —~CHOH Group Of Donors
1.1.1 With NAD or NADP as acceptor
1.1.2 With ¢cytochrome as acceptor
1.1.3 With O, as acceptor
1.1.99 With other acceptors

1.2 Acting On The Aldehyde Or Keto Group Of Donors
1.2.1 With NAD or NADP as acceptor

1.2.2 With a cytochrome as an acceptor
1.2.3 With O, as an acceptor

1.2.4 With lipoate as an acceptor
1.2.99 With other acceptors



1.3

1.4

1.5

1.6

1.7

1.8

1.9

Nomenclature and Classification of Enzymes

Acting On The CH-—CH Group Of Donors
1.3.1 With NAD or NADP as acceptor

1.3.2 With cytochrome as acceptor
1.3.3 With O, as acceptor
1.3.99 With other acceptors

Acting On The CH—NH2 Group Of Donors
1.4.1 With NAD or NADP as acceptor

1.4.3 With O, as acceptor

Acting On The C—NH Group Of Donors
1.5.1 With NAD or NADP as acceptor

1.5.3 With O, as acceptor

Acting On NADH or NADPH As Acceptor
1.6.1 With NAD or NADP as acceptor

1.6.2 With cytochrome as acceptor

1.6.4 With a disulphide compound as an acceptor

1.6.5 With a quinone or related compound as an acceptor
1.6.6 With nitrogenous group as acceptor

1.6.99 With other acceptors

Acting On Nitrogenous Compounds As Donors
1.7.3 With O, as acceptor

1.7.99 With other acceptors

Acting On Sulphur Groups Of Donors
1.8.1 With NAD or NADP as acceptor

1.8.3 With O, as acceptor
1.8.4 With disulphide compounds as acceptor
1.8.5 With quinone or related compound as acceptor

1.8.6 With nitrogenous group as acceptor

Acting On Heme Group Of Donors
1.9.3 With O, as acceptor
1.9.6 With nitrogenous group as acceptor

Acting On Diphenols And Related Substances As Donors
1.10.3 With O, as acceptor
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1.11 Acting On H,O, As Acceptor

1.98 Acting On H, As Reductant

1.99 Other Enzymes Using O, As Oxidant
1.99.1 Hydroxylases
1.99.2 Oxygenases

CLASS 2: TRANSFERASES

2.1 Transferring One Carbon Group
2.1.1 Methyl transferases
2.1.2 Hydroxymethyl - , formyl- and related transferases
2.1.3 Carboxyl and Carbamoyl transferases

2.2 Transferring Aldehydic Or Ketonic Residues
2.3 Acyl Transferase

2.3.1 Acyltransferases

2.3.2 Aminoacyltransferases

2.4 Glycosyltransferases
2.4.1 Hexosyltransferases

2.4.2 Pentosyltransferases

2.5 Transferring Alkyl Or Related Groups
2.6 Transferring Nitrogenous Groups
2.6.1 Aminotransferases
2.6.2 Amidotransferases

2.6.3 Oximinotransferases

2.7 Transferring Phosphorus Containing Groups
2.7.1 Phosphotransferases with an alcohol group as acceptor

2.7.2 Phosphotransferases with a carboxyl group as acceptor
2.7.3 Phosphotransferases with a nitrogenous group as acceptor
2.7.4 Phosphotransferases with a phospho- group as acceptor
2.7.5 Phosphotransferases, apparently intramolecular

2.7.6 Pyrophosphotransferases

2.7.7 Nucleotidyltransferases

2.7.8 Transferases for other substituted phospho groups



2.8

Nomenclature and Classification of Enzymes

Transferring Sulphur Containing Groups
2.8.1 Sulphurtransferases

2.8.2 Sulphotransferases
2.8.3 Co-A transferases

CLASS 3: HYDROLASES

3.1

3.2

3.3

3.4

3.5

3.6

Acting On Ester Bonds
3.1.1 Carboxylic ester hydrolases

3.1.2 Thiol ester hydrolases

3.1.3 Phosphoric monoester hydolases
3.1.4 Phosphoric di ester hydrolases

3.1.5 Triphosphoric mono ester hydrolases
3.1.6 Sulphuric ester hydrolases

Acting On Glycosyl Compounds
3.2.1 Glycoside hydrolases

3.2.2 Hydrolysing ~N- glycosyl compounds
3.2.3 Hydrolysing- S- glycosyl compounds

Acting On Ether Bonds
3.3.1 Thio ether hydrolases

Acting On Peptide Bonds (Peptide Hydrolases)
3.4.1 a aminopeptide aminoacidohydrolases

3.4.2 a carboxypeptide aminoacidohydrolases
3.4.3 Dipeptide hydrolases
3.4.4 Peptide peptidohydrolases

Acting On C—N Bonds Other Than Peptide Bonds
3.5.1 In linear amides

3.5.2 In cyclic amides

3.5.3 In linear amidines

3.5.4 In cyclic amidines

3.5.99 In, other compounds

Acting On Acid-—-Anhydride Bonds
3.6.1 In phosphoryl - containing anhydrides
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3.7

3.8

3.9

Acting on C—C bonds
3.7.1 In ketonic substances

Acting On Halide Bonds
3.8.1 In C—halide compounds

3.8.2 In P—halide compounds

Acting On P—N Bonds

CLASS 4: LYASES

2.1

2.2

Carbon—Carbon lyases
2.1.1 Carboxy -lyase

2.1.2 Aldehyde ~lyase
2.1.3 Ketoacid ~lvase

Carbon—Oxygen Lyases
2.2.1 Hydro-lyases

5.2.99 Other Carbon—Oxygen lyases

4.3 Carbon—Nitrogen Lyases

4.3.1 Ammonia lyase
4.3.2 Amidine lyase

4.4 Carbon—Sulphur Lyases

4.5

Carbon—Halide Lyases

CLASS 5: ISOMERASES

5.1

5.2
5.3

Racemases And Epimerases
5.1.1 Acting on aminoacids and derivatives

5.1.2 Acting on hydroxyacids and derivatives
5.1.3 Acting on carbohydrates and derivatives

Cis-trans Isomerases

Intramolecular Oxidoreductases

5.3.1 Interconverting aldoses and ketoses
5.3.2 Interconverting keto and enol groups
5.3.3 Transposing C=C bonds



5.4

5.5

Nomenclature and Classification of Enzymes

Intramolecular Transferases
5.4.1 Transferring acyl groups

5.4.2 Transferring phosphoryl groups
5.4.99 Transferring other groups

Intramolecular lyases

CLASS 6: LIGASES

6.1 Forming C—O bonds

6.2

6.3

6.4

6.1.1 Amino acid RNA ligases

Forming C—S bonds
6.2.1 Acid thiol ligases

Forming C—N bonds
6.3.1 Acid ammonia ligases [amide synthetases]

6.3.2 Acid amino acid ligases [peptide synthetases]
6.3.3 Cyclo ligases

6.3.4 Other C—N ligases

6.3.5 C—N ligases with glutamine as N donor

Forming C—C Bond

List of enzymes

A complete list of enzymes known so far is given in the end.

(22X X4
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Introduction:

After obtaining a purified preparation of a particular enzyme, the next part is the
study of the various facets of its molecular weight, composition, structure, substrate
specificity, mechanism of action etc. this is not a very easy task and requires the use of
many advanced techniques and instrumentation. Moreover this needs an integrated
approach, an interdisciplinary work which calls for contribution of physicists, organic
chemists, analytical chemists.

Many times the data obtained during a particular study are helpful in the
interpretation and investigations on other facets related to the enzyme. The present
chapter shall deal with the techniques, and routinely used methodologies for the
determination of various aspects of enzymes.

(A) DETERMINATION OF MOLECULAR WEIGHTS

Enzymes are mostly polymers of amino acids that differ in the composition with
respect to the number and sequence of amino acids. Depending up on the content of
amino acids, each enzyme has characteristic molecular weight. The determination of
the molecular weight is extensively used in characterization studies of enzymes. The
molecular weight of an enzyme is a valuable piece of information since it allows us to
convert the concentration of a solution from units of weight per volume to units of
molarity. This information can then be used in a whole variety of ways. Such as in
consideration of composition of the type of amino acids and their number, catalytic
activity, the number of substrate molecules transformed per unit time, and ligand
binding, the number of ligand molecules binding per molecule of the enzyme.
Measurement of molecular weights made in the absence and presence of denaturing
agents will show whether or not the enzyme is composed of sub units and may indicate
the number of such sub units.

There are several techniques that are routinely used for the determination of
molecular weights, some of which are discussed here.

(1) Ultra Centrifugation

The ultracentrifuge can operate at speeds up to 75000 rpm providing centrifugal
force in excess of 500,000g.At such a speed the friction between air and spinning rotor
generates significant amount of heat, which is eliminated by employment of vacuum
and refrigeration system that maintains the rotor temperatures between 0-4 degrees.
There are many techniques, those that are used for isolation of cells and sub cellular
organelles come under preparatory ultra centrifugation, while the techniques used in
characterization come under analytical centrifugation

The Analytical Ultracentrifuge

It can be used in two main ways to determine molecular weights of enzymes, viz.
Sedimentation velocity and sedimentation equilibrium.

Sedimentation Velocity

In this type of experiments, the ultracentrifuge [see fig 4.1] is operated at high
speeds to generate centrifugal forces, which are sufficient to sediment, the enzymes.
The sedimentation is characteristic and depends upon the sedimentation coefficient,
which is monitored by using special optical devices.
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The molecular weight of enzymes can be determined by the Svedberg equation:

M=— RIS
D (1 —-v r)
Where
M = anhydrous molecular weight of enzyme
R = gas constant
T = absolute temperature
s = sedimentation coefficient of the molecule,

D = diffusion coefficient of the molecule.

v = Partial specific volume of the enzyme
r = Density of the medium

The partial specific volume of a solute is defined as the volume change upon
addition of 1 g of that solute to a large volume of solution. Keeping all other parameters
constant, u can be determined from very accurate measurements of the densities of
solutions or calculated from the amino acid composition of the enzyme. The diffusion
coefficient is worked out separately and used for calculations.

Reference
Cell

Fig 4.1: Ultracentrifuge

Sedimentation Equilibrium

If the rotor speed is not great enough to cause a complete sedimentation of the
enzyme, then, after a while, an equilibrium state is reached. In this, the tendency of the
enzyme molecules to be sedimented is balanced by their tendency to diffuse from the
region of high concentration at the bottom of the ultracentrifuge cell to the region of low
concentration towards the surface layer of the solution. From measurements of the
distribution of the concentration, c, of the enzyme as a function of distance, r, along the
cell (distance from the axis of rotation), the molecular weight can be calculated provided
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that we also know u & r as in sedimentation velocity experiment. The formula used is,

2RT dinc
X

M= (1 -y r)(.oz dr?

Where,

M = molecular weight, R is gas constant, T is the temperature and o isthe angular
velocity in rad/s. The value of dlnc/dr? is obtained from the slope of the plot of In ¢
against r?

The method eliminates the considerations of shape of the solute or viscosity of the
solution. If a short column is used, the time required to reach equilibrium is quite
short.

The molecular weights determined by the method are fairly close to the values
calculated from primary structure.

Approach to The Equilibrium Method:

Calculation of molecular weight by sedimentation equilibrium is based on the
fact that upon reaching equilibrium there is no change in concentration at any point.
Archibald pointed out that such a condition could exist at any time, at two points,
namely the upper meniscus and the bottom of the cell. However since it depends on the
data from the extremities of the solution column, precise measurements are not possible
and the method is inferior in accuracy, and thus is not used anymore.

(2) Gel Filtration

Gel filtration i is a simple technique, which is able to separate the molecules based
on their size. The globular proteins show a linear relationship between the logarithm of
their molecular weight and their distribution coefficient Kd, over a range of certain
molecular weights.

The value of Kd_for a given solute is defined by the relationship,

Kd =~V
Vl - VO
Where,

Ve = the elution volume of the molecule of interest,
Vo = the elution volume of a molecule, completely excluded by the column,
Vi = the elution volume of a molecule totally included by the column.

Thus, Kd = O for solutes that are totally excluded while it is taken 1 for the solutes
completely included. The linear range of molecular weights has been found to be between
40,000 to 200,000 Daitons for Sephadex-G 200.

The distribution coefficients of standard proteins of known molecular weights are
plotted against the log of molecular weights, the position of the distribution coefficient,
of the unknown protein on the plot will lead to the determination of its molecular weight.
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While doing, errors are possible if the shapes of the protein differ widely. Using
solvent like guanidium chloride, which makes the proteins behave like randomly coiled
linear Homo polymers errors can be eliminated.

The correlation of molecular weight and elution volume for proteins from a gel
permeation column can be determined using standard calibration curve.

(3) Sodium Dodecyl Sulfate PAGE

The mobility of a charged molecule in an electric field is normally a function of
various factors such as the size and shape of the molecule and the charge it carries and
therefore it would be expected that electrophoresis would not normally give any reliable
estimates of molecular weights.

Molecular weights of enzymes, however, can be determined by using, Sodium
Dodecyl Sulfate [SDS] also known as Sodium Lauryl Sulifate. 2- mercapto ethanol is
also added to break the disulfide linkages. This has the following effects:

{1) Nearly all proteins bind SDS in a more or less constant ratio, 1.4g SDS per g
protein. The protein SDS complex has a constant charge/ mass ratio.

(2) The protein SDS complex is a rod shape with a length proportional to the
molecular weight of the protein.

Since the charge and hydrodynamic properties of the protein SDS complex are
both simple functions of the molecular weight, the mobility on electrophoresis is a
function of molecular weight alone. In practice it is found that a graph of the logarithm
of the molecular weight against mobility is linear and the molecular weight of an unknown
protein can be determined by reference to the standard straight line. Different ranges of
molecular weight can be examined by the use of gels of different polyacrylamide
concentrations, thus 10% gel give good separation in the range 10,000 to 70,000 and
5% gels are satisfactory in the range 25000 to 200,000. The accuracy of the molecular
weight obtained is estimated to be 10% or better. The molecular weight obtained should
be checked by other methods. There are cases known where anomalous behavior is
observed on electrophoresis. Histones for example give rise to lower electrophoretic
mobility. Similarly many glycoproteins have impaired binding with SDS and result in
lower electrophoretic mobility.

Addition of SDS dissociates an enzyme into its sub units and mercaptoethanol
disrupts the disulfide links within the sub unit, so it should be remembered that the
molecular weight determined by this method is of the individual polypeptide chain.

The graphical representation of relative mobility against log of molecular weight is
represented in fig 4.2 Y

Relative
Mobility
Fig 4.2: Determination of
molecular weights from
X relative mobilities. The gels
Log (molecular weight) used are 10% polyacrylamide.
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(B) Determination of Composition of Enzymes
Enzymes are mostly proteins. They are polymers of amino acids however sometimes
non- protein parts may be present as the integral constituents.

A short course on the amino acids is given here for a better understanding of the
further aspects of enzyme structure and activity.

Short Course On Amino Acids:
Naturally occurring amino acids are 20, and except proline, which is an imino
acid, they have a general formula,
H,N*- CH(R) ~ COO~
The central carbon, associated with the carboxylic group is called as the a carbon
and R represents the side chain. The amino acids encountered in the natural proteins

are of the L - type, however in rare cases D stereo isomers have been found to be
present in biological compounds.

Classification of Amino Acids

The amino acids are classified into various groups based on different criteria,
some of which are briefly mentioned here:

1. Classification Based on Nature of the Side Chain

Various authors have tried to categorize amino acids in different groups based on
the nature of their side chains. The most comprehensive classification divides the
naturally occurring amino acids into seven groups as under,

(A) Aliphatic Amino Acids

Their side chains contain unbranched or branched aliphatic residues. This group
includes Glycine, Alanine, Valine, Leucine, and Isoleucine. Their structures are
represented as,

H H H
NH, - éll -COOH NH,- &3 - COOH NH, - I? - COOH
H Hs CIJH - CHs
GLYCINE ALANINE CH;,
VALINE
y y
NH, - C - COOH NH2-(|)-COOH

(:JHz EH - CHs
(IDH - CHs; C H,
CH, CH;

LEUCINE ISOLEUCINE
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(B)

(C)

(D)

(E)

(F)

Hydroxy-Amino Acids

Their side chains contain hydroxyl groups in their side chains. There are two
such amino acids namely Serine and Threonine. Their structures are represented
as,

H H
NH, - ('I: -COOH  NH,- '$ - COOH
(i:H2 Cl)H -OH
CH CH,
SERINE THREONINE

Sulfur Containing Amino Acids

They contain sulfur atom in their side chain. There are two such amino acids
namely, Cysteine and Methionine. Their structures are represented as follows:

H H
NH, - (If -COOH NH,- <l|3 - COOH
?Hz ?Hz
SH IS
CH,
CYTEINE METHIONINE

Acidic Amino Aids and Their Amides

This group comprises of two acidic amino acids and their amides. Their names
are Aspartic acid and Asparagine, and Glutamic acid and Glutamine. Their
structures are represented as follows,

Basic Amino Acids

They contain additional amino or guanido groups in their structures. There are
two basic amino acids, namely Lysine and Arginine. Lysine contains an e amino
group while Arginine contains a guanido group. Their structures are represented
as

H A ) H
NH,- G - COOH NH, - G - COOH NH, - (I: - COOH NH, - <|: - COOH
GHe Tre fr fre
COOH GH, CONH, GHz
COOH CONH,
ASPARATE GLUTAMATE ASPARAGINE GLUTAMATE

Aromatic Amino Acids

As the name indicates, these amino acids contain aromatic groups in their side
chains. There are four such amino acids and they are Histidine, Phenylalanine,
Tyrosine, and Tryptophan. Their structures are written as,
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H H
1 |
NH, - <|: - COOH NH, - <|3 - COOH
C|H2 CIH2
+ CH,
NH, I
CH,
LYSINE Iy
C = NH,
|
NH,
ARGININE

(G) Imino acid
The imino acids do not carry the characteristic amino group. There are two

compounds, the imino acid proline and its hydroxy derivative, hydroxy proline.
The structure of proline is given as,

H H H Hl
NHQ-CID-COOH NH, - (I: COOH  NHg- G- COOH NH, - G - COOH
CH2 cisz
@I \ I /C H
PHENYLALANINE NH
TYROSINE TRYPTOPHAN HISTIDINE

2. Classification Based on Ability of Humans to Synthesize Them

Alternately amino acids are classified as essential, semi essential and nonessential
based on the criterion of the ability of humans to synthesize

them. The essential amino acids need to be supplied through coo"

the diet and cannot be synthesized by the human beings. i /H
There are 9 such amino acids, which include Methionine, C
Arginine, tryptophan threonine, valine isoleucine, leucine, HZR] \CH2
phenylalanine, and lysine. There is only one semi essential

amino acid, histidine, while all other amino acids are H,C CH,
nonessential. PROLINE

3. Based on The Fate of The Carbon Skeletons

Amino acids are classified as glycogenic; those which lead to synthesis of
carbohydrates and ketogenic; those forming ketone bodies. Only leucine is purely
ketogenic. Most of the amino acids are glucogenic and ketogenic.
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Physical Properties of Amino Acids

1. Amino acids are soluble in polar solvents such as water and ethanol but they
are insoluble in non- polar solvents such as benzene or ether

2. Their melting point is above 200 deg.C

3. The aromatic amino acids tryptophan, tyrosine, histidine phenylalanine,'absorbs
ultraviolet light.

Color reactions of Amino Acids

Amino acids react with various chemical reagents to produce color compounds. A
general reaction is the Ninhydrin reaction. Ninhydrin is a powerful oxidizing agent,
which causes oxidative decarboxylation of a amino acids yielding carbon dioxide,
ammonia and an aldehyde. The reduced ninhydrin then reacts with the liberated
ammonia forming a blue complex. Proline and hydroxyproline produce a yellow color in
this reaction. Other tests which can identify specific amino acids include those given in
table 4.1

Table 4.1: Tests for amino acid detection

Amino acid detected | Name of test Final color
Cysteine Nitroprusside test Red
Tryptophan Hopkins Cole test Purple
Tyrosine Millons test Red
Tyrosine, Trp, Phe, Xanthoproteic test Yellow
Arginine Sakagauchi test Red
Histidine Pauly test Red

Most of the amino acids in a protein have their charged amino and carboxylic
group used up in formation of a peptide bond. The identity and composition of the side
chain of the amino acids chemically and physically distinguish them from each other.
This is because the different side chains confer different chemical properties to the
respective amino acids leading to different reactions.

Properties of Amino Acids Contributing To Specific Reactions

Some important properties of the amino acids that enable them to participate in
specific reactions are discussed below,

1. Hydrophobicity: When hydrophobic molecules are dissolved in a polar solvent,
such as water they tend to cluster together to minimize the amount of surface
areas exposed to the solvent, a property called as hydrophobic interaction.
This property of the hydrophobic groups to undergo repulsion from the solvent
molecules and gather into a core is strong enough to fold the protein into
specific three- dimensional forms. Hydrophobic amino acids also help to stabilize
the binding of non-polar substrate and ligands in the binding sites of the
enzymes. They are mostly found in the interior regions of the folded proteins,
separated from the solvent molecules as well as the polar side chains, and the
hydrophilic amino acids remain exposed to the water molecules, or the exterior
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of the folded protein.

. Hydrogen bonding: Hydrogen bonding of the amino acids side chains and

polypeptide backbone groups can greatly stabilize protein structures.
Additionally hydrogen bonds can be formed between amino acid side chains
and ligand atoms and can contribute to the overall binding energy for the
enzymatic reactions. Side chains that are capable of acting as hydrogen bond
donors include those in the following table 4.2,

Table 4.2: Amino acid side-chains acting as hydrogen donors

Amino acid Hydrogen donor group
Tyrosine —0O—H

Serine —O—H

Threonine —0—H

Tryptophan —N—H

Histidine —N—H

Cysteine —S—H

Aspartic acid (at low pH) —COO—H

Glutamic acid(at low pH] —COO—H

Alternately the dissociated side chains can act as acceptors of hydrogen under

suitable conditions. Methionine sulfur also acts as hydrogen acceptor under proper
conditions.

3.

4.

5.

Electrostatic interactions (formation of salt bridges): Due to the vicinity,
of the dissociated oppositely charged chains, resulting from the folding of protein
backbone, noncovalent electrostatic interactions can occur between
electropositive and electronegative side chains. For example a carboxylate ion
from acidic side chain can react with the amino group of a basic side chain and
vice versa. These are often referred as salt bridges and can occur, intra
molecularly as well as inter molecularly. At low concentration of salts there is
an increase in such interactions leading to enhanced solubility of proteins, a
phenomenon called as “salting in” of proteins. A typical electrostatic interaction
is represented as,

R———N\*H, ———-0—CO0 —FR’

Acid base properties of amino acids: During the course of catalysis many
amino acid side chains can contribute to the rate enhancement through
phenomenareferred as general acid-base catalysis or specific acid-base catalysis.
(Details discussed elsewhere in the book) The tendency of the side chain groups
to ionize is a function of the pKa values, however the local environment of the
side chain often modifies these values.

Binding with metals and ions: Many enzymes have been found to be
associated with metal ions, divalent cations and anionic groups. There are
many roles that can be assigned to these groups.
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They can provide stability to the folded structure
They can serve as coordination points for substrate or ligand binding

They may be prosthetic components involved in binding and transfer of protons,
hydrogen or electrons

They can serve as electrophilic or nucleophilic reactants

6. Formation of covalent bonds: Amino acid side chains can also form covalent
bonds. These are responsible for intramolecular as well as intermolecular
interactions, which stabilize the polypeptide chain or the transition complex
during the enzymatic reaction. Covalent catalysis is an important mode to
enhance the rate of the enzyme-catalyzed reaction and its details will be
discussed a little later.

N

Ability to form disulfide linkages: Disulfide linkages are important
interactions, which are used to stabilize intramolecular folding or even sub
unit binding. They are formed by the interaction between the side chains of
Cysteine residues and are represented as (-S-S-). The interactions can take
place among amino acids or a cysteine residue and a thiol containing ligand or
small organic molecule. This reaction has been exploited in quantifying the
free cysteine residues in many enzymes through their reaction with dithiol
pyridine.

8. Formation of phosphorylated derivatives: Phosphorylation de
phosphorylation mechanisms are extensively used by living system to effect
mechanisms of control. The enzymes that bring about these reactions include
the kinases and the phosphatases. Many covalent catalytic intermediates are
formed through the phospho or acyl derivatives of certain side chains, the
most commonly seen include, serine, threonine and tyrosine. However many
times side chains of histidine and lysine have also been identified to take part
in such reactions.

Glycosylation: Amino acid side chains are often employed to form O- glycosyl
or N glycosyl derivatives during the formation of glycoproteins. The associations
with sugars significantly alter the properties of solubility, folding, and biological
activity of a protein.

©

The amino acids can polymerize through the formation of peptide bonds to give
rise to oligopeptides, polypeptides and proteins, terms that are comparative and
arbitrarily denote the probable number of amino acid residues present in them.

A peptide bond is formed when a molecule of water is eliminated during
condensation of two amino acids. It is denoted by

o]
H;N—C — CO —NH —C — COOH

| |

Ry R

Where (CO—NH) represents the peptide bond. The terms that are often used in
relation to the peptides are defined as:
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Dipeptide: They consist of two amino acid residues, linked to each other through
a peptide linkage. In other words a dipeptide on hydrolysis yields two amino acids.

Oligopeptide: The oligopeptide by definition, on hydrolysis, yields between 2
and 50 amino acid residues, and are intermediates of protein digestion. There are many
peptide hormones, which occur naturally and fall in this category. Oxytocin, vasopressin
and glutathione are some of the examples.

Polypeptides: The polymers of amino acids containing more than 50 residues
are arbitrarily termed as polypeptides. There is no specific difference between a
polypeptide and a protein. Most authors use these terms synonymously.

Primary Structure of Enzyme Proteins

The sequence of amino acids in a. polypeptide is referred to as its primary
structure. Conventionally the N terminal amino acid is always shown at the left and the
C terminal amino acid at the right of the polypeptide chain.

N-Terminal C-Terminai

Amino Acids

Fig 4.4: Primary structure of protein

The individual amino acids in an enzyme are identified numerically in sequential
order, starting with N terminus. The N terminal amino acid is labeled number 1, and
the numbering continues till C terminal.

Even small changes in the primary structure of the proteins may produce
remarkable physiologic effects. Substitution of single amino acid for another in any
polypeptide may alter or completely abolish biological activity. The example of sickle
cell hemoglobin is a proof of such alteration. Many metabolically inherited defects have
their basis in this phenomenon.

The determination of primary structure of proteins and enzymes would have been
a time consuming task but for the advancement and intelligent use of many biophysical
techniques that have simplified the process. The general scheme followed nowadays is
briefly mentioned here.

Large Polypeptides are Cleaved Prior To Their Sequencing:

The enzymes are large polypeptides and many of them also comprise of sub unit
structures each of which is an individual, folded polypeptide that is linked or associated
with the other sub units. It is therefore necessary to cut the large chains into smaller
fragments that can be easily handled and sequenced. This is because the automated
sequencing instruments operate most efficiently on polypeptides containing 20-60 amino
acid residues. Specific and complete cleavage at rare sites is required and many reagents
are specifically used to achieve this. These include,
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Cyanogen bromide, Trypsin, O-iodosobenzene, Hydroxylamine, Protease V8
Mild acid-hydrolysis.

The use of two or more agents, cleave the polypeptide into fragments that can be
overlapped and the sequence worked out. The fragments produced are processed further.

Peptides are Purified Before Analysis:

The fragments obtained are first purified and the process may employ salt or
solvent fractionation, differential centrifugation, gel filtration and electrophoresis.
Alternately selective adsorption and elution of fragments from ion-exchange resins or
use of DEAE- cellulose or CM cellulose has also been used successfully. The processes

are rapid and sensitive.

Determination of Composition of Amino Acids:

On obtaining the fragments of the enzyme it is a normal procedure to determine
the amino acid composition of the fragments before the actual sequence is determined.
This is afforded by the use of HPLC in most cases, however limitation of expenses may
dictate the use of chromatographic techniques to determine the amino acid composition.

Determination of Sequence of Peptides:

The first successful attempt was probably made by Sanger, who dissociated the
two chains of insulin and determined their sequence by using 1 fluoro 2,4 dinitro benzene.

-NH,

COOH group Reagent .
Phenylisothio cynate

Solid Matrix a-a-base
i HPLC unit
Phenylthio
hydantoin derivative 2 2-a-base |-]
of amino acid e -

Deduced amino acid sequence

Fig:4.5 Determination of Amino Acid Sequence of Polypeptide.



Structural Components of Enzymes 89

The method determines the sequence unambiguously however is laborious and time
consuming. Recent advances have developed amino acid sequencers, which employ the
Edman reaction that utilizes phenylisothiocyanate. The reaction sequence releases the
amino terminal amino acid as a phenylthio hydantoin derivative, which is then identified
by HPLC. The next amino acid in sequence is then derivatized and removed and this
process is repeated till the end. The reaction takes place on a solid matrix to which the
carboxyl terminal of the peptide has been covalently coupled.

A brief description of the various methods used in determination of primary
structure of peptides is given here.

Determination of N Terminal Amino Acid

The most widely used method involves reaction of the peptides with Dansyl chloride
[dimethyl amino phthyl sulfonyl chloride] under alkaline conditions followed by acid
hydrolysis to break the peptide bond. The labeled N terminal amino acid can be readily
identified by electrophoresis or chromatography. Dansyl chloride has now almost totally
replaced the earlier N terminal labeling reagent, 1-fluoro, 2,4 dinitro benzene [FDNB] or
Sanger’s reagent, since dansylated amino acid are highly fluoroscent and can be detected
at concentrations much less than that are required for the FDNB procedure. The
structure of dansyl chloride and the general process are given as

NH-CHR’-CO-NH-CHR*-CO-NH-CHR "’ -COOH

Dansyl chloride

DNS-NH-CHR’-CO-NH-CHR"-CO-NH-CHR’”-COOH
Acid hydrolysis

DNS-NH-CHR-COOH + NH2-CHR"”-COOH + NH2-CHR’"-COOH
(Fluorescent)

Fig: Labeling of a tri-peptide by reaction with dansyl chloride [DNS- CIl].
The DNS amino acid bond is stable to acid.
Some other methods used for determination of the N terminal amino acid include,

1. Edman’s Reaction: This reaction is based on the action of phenyl iso thio cyanate
with the alpha amino group of the peptides under alkaline conditions to form
phenyl thio carbamy! peptides. These on treatment with acids form the phenyl
thio hydantoin derivatives of N terminal amino acids and liberate the remainder
of the peptide for a second reaction. The derivatives can be identified by the
paper chromatographic procedure.

2. Leucine Aminopeptidase: This is a catalytic protein, which hydrolyzes the peptide
bond formed by the N-terminal amino acid and the next amino acid in the
chain. After the hydrolysis of the first N terminal peptide bond, a free amino
acid and a peptide containing some other N terminal amino acid is formed.
This new N terminal amino acid is then hydrolyzed from the peptide and the
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process is continued. The released amino acids can be identified before the
repetition of the action of the enzyme on the next N terminal amino acid as it is
the only free amino acid.

Determination of the C-terminal amino acid
Methods for determination of the C-terminal amino acid in peptides use the
following procedures,

1. Hydrazinolysis For the C-Terminal Amino Acid Residue: When a peptide is treated
with hydrazine all the peptide groups are split and carbonyl component is
converted to the corresponding hydrazides. Only the C terminal amino acid is
free and does not form a hydrazide. Chromatographic techniques can be used
to identify the free amino acid, which is the C terminal amino acid.

2. Treatment With Carboxypeptidase: The enzyme carboxypeptidase splits the C-
terminal amino acid specifically and upon its action the liberated free amino
acid can be isolated and identified.

The determination of the primary sequence of the peptides is important as it
provides the insight on various aspects of enzyme structure and function. Some of the
issues are discussed here.

It Aids in Calculation of Molecular Weight of the Enzyme: The definitive molecular
weight is only obtained when the primary structure is established and this calculated
molecular weight can be used as a reference on the validity of other experimental methods
used to determine the molecular weights. For many enzymes it was found that the
molecular weight worked out by ultracentrifugation and other methods were erroneous
and 15- 20% higher.

It Helps To Locate a Particular Amino Acid in the Enzyme and To Assign a Specific
Role To Such Amino Acid: The primary structure of an enzyme helps to identify the
surrounding environment of a particular amino acid, present in the active site of the
enzyme, thereby shedding a light on its role and interactions during the course of
catalysis. The readers are aware that the dissociated side chain groups contribute to
electrostatic and other interactions that are responsible for the particular three-
dimensional structure as well as the activity of the residues present in the active site.
This in turn enables us to understand the mechanism of action of the enzyme.

It Helps Prediction of Three- Dimensional Structure Of An Enzyme: The primary
structure determines the folding cf the covalent backbone from which predictions about
the three-dimensional structure, composition of active site as well as the possible
mechanism of action can be worked out. The localization of polar and non- polar region
provides specific binding and action properties to the enzyme.

To Explore Evolutionary Relationships Between Enzymes: Amino acid sequence
provides an important data, which can be used to make comparisons between enzymes.
This can help understanding the processes involved in enzyme evolution. Usually the
change in amino acid arises from the alteration of the DNA coding for that enzyme.
Comparison of the sequence of the homologous enzymes i.e. those catalyzing the same
reaction in different organisms shows that most changes in sequence can be explained
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on the basis of point mutation. Presumably the pattern of amino acid substitutions
reflects a combination of two processes. The first is mutation, which can occur randomly
in the gene. The second is the survival of such mutant, which is non-random.
Replacement of a single amino acid by another with different and possibly opposite side
chain character (a polar side chain replaced by a non-polar side chain or an acidic
residue replaced by a basic one) would produce a non-functional enzyme. The natural
selection process would eliminate such mutated organism.

When enzymes catalyzing similar reactions within an organism are compared,
evidence is often seen supporting gene duplication. The two copies of a particular gene
produced are followed by independent evolution of these two copies by point mutations.
The high degree of sequence homology of various proteinases of different specificity like
trypsin, chymotrypsin, elastase, thrombin etc especially around the amino acids involved
in the catalytic mechanism suggest very strongly, that, these enzymes evolved from
some common precursor proteinase by a process of gene duplication followed by
subsequent independent evolution.

Other example of such a divergent evolution from a common precursor is provided
by alcohol dehydrogenases in mammalian liver. On the other hand comparison between
certain other enzymes suggests that process of convergent evolution [or parallel evolution
meaning a similarity of amino acid composition with reference to active site composition
only] may have occurred in which a similar type of functional unit has been evolved
starting from quite different precursor protein chains. The homology in primary structure
of these enzymes or their three-dimensional structure is very little. Bovine trypsin,
chymotrypsin, thrombin, porcine elastase, bacterial subtilisin , all differ in the primary
sequence around the essential serine, histidine and aspartate residues that are active
components of the active site. The placement and mode of action of these residues
indicate that convergent evolution has taken place.

To interpret data obtained from X-ray crystallography: The X-ray crystallographs
determine a three-dimensional electron density map of the enzyme. Comparing the
sequence of amino acids one can formulate the possible orientation and localization of
peptide bonds and side chains from which the evidence of the correctness can be had
about the structure of the sub-units and the enzyme in general.

Secondary Structure of The Enzyme

Globular proteins indicate a coiled structure in which peptide bonds are folded in
aregular manner. The folding results from the linking of the carboxyl and amino groups
of the peptide chains by means of hydrogen bonds and disulfide bends. Such folding
are referred to as the secondary structure of the protein. In many proteins the hydrogen
bonding produces a regular coiled arrangement called o helix.

This structure was first predicted by Linus Pauling on the basis of stereochemical
properties of polypeptides. The structure is stabilized by a network of hydrogen bonds
between carbonyl oxygen of residue [i] and the nitrogenous proton of residue [i+ 4]. For
most of the residues in the helix, there are thus two hydrogen bonds formed with
neighboring peptide bonds. Each of them contributes to the overall stability of the
helix. The side chains of the amino acid residues all point away from the axis in this
structure thus minimizing steric crowding. The individual peptide bonds are aligned
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within the a helical structure producing in addition an overall dipole moment associated
with the helix. The amino acid residues in an alpha helix conform to a very precise
stereochemical arrangement. Each turn of the helix requires 3.6 amino acid residues,
with a translation along the helical axis of 1.5 A per residue or 5.4A per turn.

Within the membrane bilayer where hydrogen bonding with solvent is not possible
peptides and polypeptides tend to form an alpha helical structure.

Since alpha helix is the lowest energy form, it forms spontaneously. The right
handed helix when occurs in proteins is significantly more stable than the left handed
helix when the residues are L- amino acids. Certain amino acids like proline tend to
disrupt the helix. The favorable and non-favorable forms are worked out with the help
of Ramchandran plots.

Pauling and Corey also proposed a second ordered structure, “The 3 pleated sheet”.
In an o helix the polypeptide chain is condensed, in “The § pleated sheet” it is almost
fully extended. In a 3 pleated sheet when the adjacent polypeptide chains run in opposite
directions, the structure is termed an anti parallel 3 pleated sheet but when the chains
run in the same direction it is termed parallel. Regions of 3 pleated structure are present
in many proteins and both parallel and anti parallel forms occur. The alpha helix is
stabilized by hydrogen bonding between peptide bonds, 4 residues apart in a primary
structural sense, stabilization of the 3 pleated sheet results from formation of hydrogen
bonds between peptides far removed from one another in a primary structural sense.

The structural representation of the helix and the pleated sheets are given in
fig 4.4 and 4.5(A) and (B).

5th
turn

4th
turn

18 residues
27 A

5.4 A pitch
3.6 residues

R |
Rise MEH
per 15A R N — — - — — — — S ___ y_
residue

Average dimensions of an alpha-helix

Fig 4.4 Dimensions Of The Alpha Helix
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The structure A represents the beta pleated type of secondary level of protein
structure, while B represents the extended beta pleated sheet.

A
Secondary structure
(B - pleated)
of protein

B
Extended beta pleated sheet

Fig 4.5(A) and (B): Beta Pleated Structure, Diagrammatic Representation.

Tertiary Structure of Proteins

The tertiary structure is a higher level of arrangement or three-dimensional super
coiling of the secondary structure. During the coiling of the primary chain to form the
secondary structure, some distinctly placed and reactive side chains come in the vicinity
of each other, leading to a possibility of interaction between them. These interactions
include a number of different physical and chemical interactions. They are briefly
discussed here.

Physical Interactions:

They include Van der Waal’s forces, electrostatic interactions, hydrogen bonds,
and hydrophobic interactions.

Van der Waal’s Forces:

Within the molecules, the electrons tend to distribute asymmetrically around the
atoms. This generates a dipole moment leading to attractive force between atoms, referred
to as van der Waal’s force. Although the force is much weaker [about 1Kcal/mole], than
the electrostatic interactions or hydrogen bonds and they are non specific in nature,
however they are large in number that their collective forces can provide a significant
stabilizing energy to protein- protein or protein- ligand interactions.

The attractive force between electron clouds increases as the two atoms approach
each other but is counterbalanced by a repulsive force at very short distances. The
optimal attraction between atoms occurs when, they are separated by a critical distance,
known as the van der Waals contact distance, which depends on the electronic
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configuration of the atom. The van der Waal radii for the different atoms found in the
proteins are different and this difference causes interplay between the repulsive and
attractive forces which play an important role in the specificity of interactions between
proteins and ligands.

Electrostaticinteractions

When two oppositely charged groups come into close proximity, they are attracted
towards each other depending upon the distance between them, dielectric constant of
the medium, and the charges carried by them. These attractive interactions are referred
to as ionic interactions, electrostatic interactions or salt bridges. The net interaction is
a result of the balance between the attractive forces and the repulsive forces associated
with the interacting species. The average distance for such bridge formation is about
2.8Angstrom.

Hydrogen- Bonding

In many biological molecules, a hydrogen atom is often shared by two
electronegative heteroatoms. One which has a covalently bound hydrogen which carries
a d positive charge due to which, an electronegative atom in its vicinity, carrying a d
negative charge, is attracted towards it causing a condition which is represented as,

8- o+ &
N:—H ...O

The hydrogen bonds are weaker than covalent bond, and vary in bond energy
between 2.5 and 8 Kcal/ mole. The amount of such interactions is very great in the
proteins and adds to the stability of the protein molecule.

Hydrophobic Interactions

The tendency of the hydrophobic groups to separate themselves from polar medium
and cluster in vicinity of each other is khown. These interactions are not bonds in the
true sense but in case of proteins, or enzymes play a significant role in the three-
dimensional structure and activity of the enzyme. The aromatic side chains and the
long aliphatic side chains predominantly show this type of reactions due to their bulky
structure.

Chemical Interactions

Apart from the physical interactions, enzyme tertiary structure also contains
chemical interactions, which play an important role in the three-dimensional structure
as well as binding with substrate or ligands. These include the covalent bond, co-ordinate
bond and the disulfide linkages. Each of these is briefly discussed here.

Covalent Bond

Redistribution of orbital and sharing of electron pairs within atoms and molecules
form a covalent bond. Covalent bonds in the enzymes can be formed in intra chain or
inter chain interactions. The bonds have considerable bond energy and are comparatively
stable than hydrogen bonds. The energy is between 30-100 Kcal/mole. Covalent bonds
may be formed during the course of catalysis, which shall be discussed elsewhere.
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Coordinate Bond

When a basic atom carrying a lone pair of electrons donates its lone pair to an
acceptor to form a bond, the bond is called a coordinate bond. Coordinate bonds are
important interactiens that contribute to the stability of enzymes containing transition
metal containing prosthetic groups.

Disulfide Linkages

The cysteine side chains can interact to form disulfide linkages. They can be inter
chain or intra chain. In fact many proteins contain both the types.

The following figure shows some of the interactions,

3 | 1. Hydrogen Bond
2 S—S8— 2. Hydrophobic Bond
]JJ_ 3. Disulphide Link
= } 4 4. Co-ordinate Bond

Fig 4.6: Bonds involved in formation and stabilization of higher levels of proteins.

Quaternary Structure of Proteins

The term quaternary structure refers to a higher order of arrangement, represented
by the association of sub units. The sub- units are a characteristic feature of cligomeric
or regulatory enzymes. Each sub unit is a polypeptide having a three-dimensional
secondary and tertiary structure of its own.

The various facets of quaternary structure are related to,
The number of sub units
The arrangement of sub units in the enzyme,
The forces involved in the binding of sub units, and
- The significance of sub-units in the enzyme structure and function.

' The Number of Sub Units:

The molecular weight studies performed in the absence and presence of denaturing
agents such as SDS or guanidine hydrochloride indicate whether an enzyme consists of
multiple sub units.

1. The number of sub units can be deduced from the molecular weight data.
From the data of SDS polyacrylamide gel electrophoresis, yeast pyruvate kinase
was supposed to comprise of eight sub units of 20,000 each. Under milder
conditions the enzyme was found to consist of four sub units each of 55,000.

2. Use of cross-linking agent such as dimethylsuberimidate helps to determine
the number of sub units. This compound reacts with the lysine residues
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occurring on the surface of the enzymes, to form cross linkages that are stable
to the denaturing agents. If an enzyme having four sub units is reacted with
the agent different species will be formed depending on the cross-linking of the
sub units. These species are separated by SDS polyacrylamide gel
electrophoresis. The bands produced indicate the number of sub units. In this
case, four bands will be produced. It is necessary to perform the experiment
with caution to avoid complete inter sub unit cross-linking and intermolecular
cross-linking. In the later case very large aggregates will be formed.

1. Ligand binding studies are also often used to indicate the number of sub-
units. The alcohol dehydrogenases from yeast and liver bind to four and two
moles of NADH per mole of enzyme respectively in agreement with the tetrameric
and dimeric structures of the respective enzymes.

2. X-ray crystallography studies can many times be used to indicate the number
of sub units. The sub units of aspartate transcarbamoylase have been worked
out with the help of such studies.

3. The identity of the sub units is another issue related to the determination of
the number of sub units of an enzyme. This is because many enzymes contain
non- identical sub units. Determination of the N and C terminals of sub units
can be quantitatively estimated. Although the ultimate proof of sub unit identity
is related to the determination of the complete sequence, a reasonable estimate
is possible by analyzing the number of fragments produced by digestion of the
sub units by a specific protease.

4. X-ray crystallography studies can many times be used to indicate the number
of sub units. The sub units of aspartate transcarbamoylase have been worked
out with the help of such studies.

5. The identity of the sub units is another issue related to the determination of
the number of sub units of an enzyme. This is because many enzymes contain
non- identical sub units. Determination of the N and C terminals of sub units
can be quantitatively estimated. Although the ultimate proof of sub unit identity
is related to the determination of the complete sequence, a reasonable estimate
is possible by analyzing the number of fragments produced by digestion of the
sub units by a specific protease.

The Arrangement of The Sub Units

X-ray crystallographic studies have been instrumental in our understanding of
the three-dimensional arrangement of sub units in oligomeric enzymes. Although there
are different arrangements that are encountered with different enzymes, it is generally
believed that the sub units are such arranged that the inter- sub unit contacts are
maximal. Thus tetrahedral, octahedral symmetric arrangements are more often seen
than linear or square arrangements. The possible structure of a tetrameric enzyme
would be seen as,

This type of structure allows maximal Sub unit interaction (6 bonds). A linear
arrangement would allow (3) while a square would allow (4)]. The studies performed on
this aspect of sub unit structure of enzyme. RNA polymerase has shown that octahedral
symmetry can occur as, shown in the structure given below. The core enzyme consists
of 2 alpha chains, 2 beta chains and a sub unit sigma.
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(o

a)

TETRAHEDRAL ARRANGEMENT RNA POLYMERASE
Fig 4.7: Arrangement of sub-units, A = tetramer, B= RNA polymerase enzyme

Th