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Genetic engineering and modern enzymology
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ABSTRACT. The role of genetic engineering in the solution of
problems involving enzymology is demonstrated. The method for
the cloning and mutagenesis of protein and enzyme genes and the
possibilities of genetic engineering for the study of the structure
and functions of enzymes and their active centres and for the
determination of the relation between the structure and stability of
protein molecules are examined. The role of directed site-specific
mutagenesis in the study of the structure and mechanism of the
action of enzymes as well as their stability is indicated. The
investigation of the mechanism and factors determining the stability
of enzymes with the aid of aminoacid substitutions has led to
prospects for protein design—the creation of proteins with new
specified properties and improved stability.

The bibliography includes 301 references.
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I. Introduction

The extensive development of the recombinant DNA technique
has led to its penetration into the protein chemistry and enzymology
and to the appearance of a new discipline —protein engineering.
The 1980s have been called the "era of the second coming" of
protein chemistry and have been associated with a new boom in
biotechnology—protein engineering. Protein engineering is a
"marriage" between the fundamental science of the structure and
functions of protein macromolecules, providing a basis for the
deliberate alteration of their properties, and genetic engineering

methods which make it possible to achieve this. The complete
cycle of protein engineering is described by the following scheme:1
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Genetic engineering provides modern enzymology with unlimited
possibilities for the investigation of the properties of enzymes: (1)
the possibility of the rapid determination of the primary structure
of protein molecules and their genes; (2) the discovery of the
principles governing the coiling of the polypeptide chain and
prospects for the prediction of the secondary and tertiary structures
of the protein or the protein domain; (3) the study of the structure
and of the mechanism of the functioning of enzymes in vitro and
in vivo; the solution of fundamental problems in enzyme catalysis:
the structure of the active centres of enzymes, the mechanism of
enzyme — substrate interactions, the types and strengths of the
interactions, process energetics, etc.; (4) the determination of the
relation between the structure and stability of protein molecules.
The solution of these problems leads to splendid prospects for
protein design (the synthesis of enzymes with specified properties).
The following features can be altered deliberately by genetic
engineering methods: catalytic parameters (kcat and KM)', thermal
stability and the optimum temperature for activity; stability in
organic solvents; substrate specificity; the need for cofactors; the
pH optima for activity and stability; resistance to proteolysis;
allosteric regulation; molecular weight and subunit composition.

Finally, it has become possible to create completely new proteins
by means of the de novo synthesis of genes and their subsequent
expression.

All these possibilities in genetic engineering for the solution of
problems in modern enzymology are in fact considered in the present
review.

II. General principles of the biosynthesis and
structural organisation of protein and its gene

Protein is a polypeptide sequence made up of 20 aminoacid
residues. A definite gene in DNA is responsible for the synthesis
of each polypeptide chain.2'3 The theoretical aspects and
mathematical models of protein synthesis have been examined, for
example, by Heijne et al.4 A newly synthesised polypeptide chain
in the cell undergoes post-translational modification and
compartmentalisation.
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The modification of various aminoacid residues (phosphorylation,
methylation, hydroxylation, iodination, carboxylation, glycosylation,
and substitution of lipids) in the protein chain can occur both
during the period when the chain synthesised is linked to a
ribosome and after the end of the synthesis.5 The specific residues
undergoing modification are determined in some proteins by the
aminoacid sequence and in others by the conformation. For
example, the carbohydrate binding sites in proteins are Asn in the
Asn — X — Ser/Thr sequence, where X is any residue other than Pro.
At this stage, there is a possibility of the binding of the protein
synthesised to cofactors and M " + ions, of the covalent and
non-covalent assembly of subunits, and of the formation of
disulphide linkages between polypeptide chains and within them.
In certain cases, these processes take place cotranslationally.
Intramolecular disulphide linkages are not encountered in molecules
of intracellular cytoplasmic proteins. They are characteristic of
extracellular proteins, for which the physiological environment and
physicochemical conditions can be varied greatly and can induce the
uncoiling of the protein.6

For proteins and enzymes functioning outside the cell, a signal
sequence (presequence) is split off during passage through the
cytoplasmic membrane by membrane signal proteases and the
protein is simultaneously glycosylated.

The properties of the side groups in the aminoacid residues
constituting the protein, which interact both with one another and
with the molecules of the surrounding medium, exert the main
influence on the steric structure of the protein molecule. All the
aminoacid residues are divided into hydrophobic, hydrophilic, and
neutral (Fig. 1). The assignment of a residue to a particular group
as a function of criteria varies somewhat (cf. Kutuzova et al.7 and
Dolittle8). The hydrophobic residues (Gly), Ala, Cys, Val, He,
Leu, Met, Phe, and Trp are fully immersed after the coiling of the
protein, while the moderately polar residues (Gly), Ser, Thr, His,
and Tyr and the highly polar residues (Gly), Pro, Asp, Asn, Glu,
Gin, Arg, and Lys are immersed to a lesser extent: 76 and 63%
respectively.9 The structural organisation of the protein and the
mechanism of the coiling and assembly of the polypeptide chain
have been described in detail in a review.10

In the three-dimensional steric structure of a typical globular

protein, the inner region is made up mainly of β-layers, while the
surface consists of α-helices. Each third or fourth position in these
outer α-helices is occupied by aminoacids with non-polar side groups
directed into the interior of the globule, while the side groups of the
remaining aminoacids are as a rule polar and are directed towards
the aqueous medium.
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Figure 1. Classes of aminoacids based on the size and degree of polarisation of their side groups.8
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The native protein molecule consists of several cooperative
domains, each of which breaks down on denaturation as a single
whole.11 The protein consists as a rule of combinations of a- and
β-structural elements, includes between 50 and 200 aminoacid
residues, and is characterised by a minimal surface to volume ratio
(S/V). Small proteins can contain only one domain, while larger
ones contain up to tens of domains. Subdivision into domains,
which is a general principle of the construction of protein molecules,
ensures the necessary rigidity and relative mobility of specific groups
in the protein and apparently reflects its evolution, which took place
via the combination of previously independent small preproteins.12

The existence of an independent unit of protein structure even
smaller than the domain, namely the module,13 has been postulated
at the present time. The module consists of a polypeptide segment
whose size is 2 —5 kD (30 — 50 aminoacid residues) and which has a
stable coiled conformation and performs a definite function in the
highly specific binding of the ligand (substrate, allosteric effector,
and cell components: lipids, carbohydrates, nucleic acids, etc.).14

Thus the size of the protein may be determined by the number of
different ligand-binding sections necessary for functioning in vivo.
Knowing the size of the enzyme subunit, it is possible to estimate
the number of ligand-binding sections: the size of the subunit,
given by the ratio of the molecular weight to the average size of
the module, is ~5.2 kD. The moduli and domains can also be
visualised with the aid of crystallographic studies and micro-
calorimetric investigation of denaturation processes. Proteolysis
usually occurs in the interdomain region and makes it possible to
divide domains with partial retention of their function, as in the
subdivision of DNA-polymerase into a large and a small domain,
each of which is functionally active.15

Many proteins consist of several polypeptide chains — subunits,
having both identical and different compositions and combined into
a single entity via non-covalent interactions or disulphide linkages.
The size of the subunit of a eukaryotic protein varies from 10 to
480 kD (the average size is 32 kD, while that of a prokaryotic
protein is 24 kD).1 6 For 90% of proteins, the size of the subunit is
less than 60 kD. Thus the protein consists of subunits, each of
which contains domains made up of moduli.

The problem of the coiling of the polypeptide chain synthesised
with formation of the three-dimensional steric structure of the protein
is one of the most complex and intriguing in protein chemistry.
According to modern ideas about the mechanism of the coiling of
the protein, the conformational information is distributed along the
polypeptide sequence non-uniformly, certain aminoacids being of
fundamental importance for the correct conformation. At the
beginning of the coiling process, local reversible structures
(nucleation centres) are produced. These are short sections of the
secondary structure of the type of α-helices or β -layers. The
structure is subsequently stabilised as a result of the interaction of
neighbouring sections. Coiling begins independently and more or
less simultaneously in several regions of the polypeptide chain
(autonomous coiling domains).17 The problem of coiling has
now acquired especially great importance in connection with the
preparation of hybrid proteins in the cloning of eukaryotic genes in
bacteria, where the iV-terminal section of the required protein has
been fused with part of the prokaryotic protein, which can
influence the coiling process, destabilising the kinetically important
intermediate states of the eukaryotic protein. Furthermore, its
N- or C-terminal component can be within the globule, while the
fused hybrid protein will not have the required native conformation,
giving rise to insoluble derivatives.17

The fact that the aminoacid residues in the polypeptide chain are
separated not only in space but also in time during synthesis is very
important for the protein coiling process. The importance of the
separation in space and time of the aminoacid residues for the
structure of the whole depends on the relative rates of synthesis of
the protein and of its coiling. At the beginning of the synthesis,
the coiling of the segment of the polypeptide chain synthesised takes
place in microseconds, since it involves the interaction of only the
nearest aminoacid residues. On average, the time required for the
complete translation of a protein of average size is 2 min. The
coiling of the polypeptide chain to a three-dimensional structure
takes place before the completion of its total synthesis and there is
a possibility of the formation of disulphide linkages, which did not
exist in the completed protein. The subsequent isomerisation of
disulphide linkages leads to the correct conformation, which has
been demonstrated for the pancreatic trypsin inhibitor.18 Direct
evidence has been obtained for the existence of breaks during the
synthesis of the protein, which results in the accumulation of specific
polypeptides.19'20 In terms of the mechanism of the coiling of the
polypeptide chain in vivo, proteins can be divided into two groups:21

(1) proteins the correct coiling of which is unaffected by the rate of
translation; in such proteins the aminoacid sequence does indeed
contain all the information necessary for the correct coiling of the
chain (even in vitro after denaturation); (2) proteins incapable of
coiling effectively into the native conformation in vitro. These
are polypeptides with alternative kinetically easy coiling pathways,
which can form distorted but stable conformations. The coiling of
such proteins in vivo is greatly influenced by the translation process
itself, which takes place at different rates and with translational
pauses. The presence of the pauses is determined by the
accumulation in the DNA chain of rarely used codons and hence by
the presence of small amounts of the corresponding tRNA, which
retards significantly the supply of the corresponding aminoacids.
The presence of a secondary structure in mRNA also reduces the
rate of translation.21 The above features have been discovered, for
example, for yeast pyruvate kinase.22 Each of the four subunits of
pyruvate kinase consists of a short N-terminal segment and three
different domains: A, B, and C:
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The translational pause before the start of the synthesis of the
domain C enables the two sections Αχ and A2 to form the central
domain A, containing the catalytic centre, before the synthesis of
the domain C containing the allosteric centre of pyruvate kinase.
This prevents anomalous interactions between the still uncoiled
regions of the domains A and C. Translational pauses, which
enable functionally important domains to be formed, have also
been observed for the Arom-protein catalysing the biosynthesis of
aromatic acids.23 The inability of certain proteins to return to the
native conformation after denaturation in vitro may indicate the
importance of the separation in time of the processes involving the
synthesis and coiling of different sections of the polypeptide chain
in vivo.

As a result of the employment of genetic engineering methods,
it has now been possible to investigate in detail the mechanism of
the coiling of proteins. The construction of mutant polypeptide
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segments elucidates the role of individual aminoacid residues in the
coiling and assembly of enzyme subunits.24'25 It has been shown
for the heterodimer (αβ) of bacterial luciferase that the scission of
10—15 residues from the C-terminal section of the β-subunit does
not alter the activity and stability of the enzyme, but the mutant
enzyme is incapable of recoiling after treatment with urea. The
αβ complex of the subunits is formed initially between incompletely
coiled α and β subunits and their final coiling takes place in the
heterodimeric form. If the α and β subunits have been coiled
in vivo separately, then the formation of the complex αβ is
impossible without a preliminary treatment with urea. The coiling
process is unaffected by the nature of the residues in the C-terminal
section, but deletions in this region reduce the ability of the
β-subunit to form a dimeric structure in vitro and in vivo.26 Even
one aminoacid residue can play a key role in the formation of the
structure of the active enzyme. The introduction of an additional
Met group at the N-end reduced significantly the rate of coiling of
chick lysozyme, while the replacement of Ala-31 even by the
structurally similar Val prevented the correct coiling of the protein.27

In the pancreatic trypsin inhibitor, the Cys residues forming one of
the three S — S bonds were replaced by Ala or Thr, whereupon the
rate of coiling diminished by a factor of 3 but the correctly coiled
protein was obtained.28 Thus the formation of S — S bonds reduces
the activation barrier to the polypeptide chain coiling process.

For enzymes with a known three-dimensional steric structure
and gene structure, important conclusions have been reached by
comparing these structures.29 It is known that the genes of
eukaryotic proteins are not continuous but are made up of coding
sections (exons) and non-coding sections (introns). It has been

suggested that the position of the introns in the gene corresponds
to the boundary of the domain in the protein. For example, the
subunits of NAD-dependent dehydrogenases contain two
structurally and functionally different domains. One of them binds
the coenzyme, while on the other there are substrate-binding and
catalytic sections. The NAD+-binding domains of alcohol
dehydrogenase (ADH), glyceraldehyde-3-phosphate dehydrogenase
(GAPD), and lactate dehydrogenase (LDH) have similar structures
and bind the coenzyme in a similar way, while there is no homology
as regards the catalytic domains and the latter have completely
different structures.30 The structure of the domain-containing
subunits and the positions of the introns for these enzymes are
presented in Fig. 2. The introns 6 and 9 for ADH, 5 and 6 for
GAPD, and 3 and 7 for pyruvate kinase (PK) divide the catalytic
and nucleotide-binding domains. Each nucleotide-binding domain
can be roughly divided into two identical units, which refer to the
mononucleotide-binding region and are separated by introns. This
confirms the hypothesis that31 the mononucleotide-binding domain
is the principal unit for the generation of enzymes whose function is
determined by the ability to bind nucleotides.

However, it has been shown for haemoglobin,32 carboxy-
peptidase,33 and antitrypsin34 that the positions of the introns in
the genes of eukaryotic proteins do not always correspond to the
boundaries between the known domains. Furthermore, introns
have not been observed in the genes of prokaryotes. It has been
suggested that they have been eliminated in order to economise
the genetic material.8 On the other hand, several introns can be
encountered within one domain (Fig. 2). Analysis of the genes of
80 proteins35 has shown that for 70% of them the size of the exons
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varies from 52 to 223 pairs of nucleotides, which corresponds to the
sizes of the moduli in the protein.13 Introns apparently divide not
only domains but also the protein moduli with definite ligand-
binding functions. An algorithm has been proposed for the
determination of the boundaries of the moduli and domains.36

Many experimental facts confirm this hypothesis.

III. Methods for the cloning and mutagenesis of the
genes of prokaryotic and eukaryotic proteins and
enzymes

The methods for the cloning of the genes of proteins and
enzymes from different sources, for the expression of genes in
different host systems, have been described in detail in many
textbooks and manuals.3'37"39 The cloning of the DNA of the
genes of prokaryotic proteins differs fundamentally from the cloning
of the genes of the proteins from eukaryotic organisms. The DNA
of the simplest organism consists of a set of genes coding for
proteins and enzymes and arranged in a sequence. The first stage
in its cloning is the isolation of the genome DNA, its splitting into
fragments, and their incorporation into DNA vectors. The overall
stages in the cloning of DNA in the plasmid vector of E. coli are
presented in Fig. 3. The cells of E. coli are transformed by annular
recombinant DNA molecules. The cells are then sewn in such a
way that one colony, containing a population of identical daughter
molecules (clones), grows from each cell. Among several thousand
clones (the library), it is possible to find one or several clones
containing the required incorporated DNA fragment. The colonies
are screened by means of a specific radioactive probe, which
makes it possible to inspect the library of clones. The probe can
be pure or partly purified mRNA or a chemically synthesised
oligonucleotide, which are hybridised with the corresponding gene
sequence in the genome library. Antibodies to proteins, whose
genes have to be detected, are also used frequently to identify the
colonies.

Since the genes of the proteins of eukaryotes include non- coding
sections (introns), one uses for the cloning of eukaryotic proteins
cDNA—a DNA complementary to the matrix (information)
RNA — or a chemically synthesised gene without introns. The first
stage in the cloning of the proteins of eukaryotes is the isolation
of mRNA on the basis of which the double-stranded cDNA is
synthesised. Next it is incorporated in the cloning vector and is
used to transform the host cells (Fig. 3).

The genetic engineering methods used for mutagenesis can
be divided into two large classes. The first class includes the
formation of random point mutations in the required gene. The
classical method of mutagenesis with selection of mutant forms on
the basis of a preselected property has been widely used hitherto for
the formation of mutant enzymes differing from the wild enzymes in
their catalytic activity, substrate specificity, or stability. A mutant
gene is also obtained when the DNA in the form of an isolated
fragment or as a component of a single-stranded or double-stranded
DNA-vector is modified with the aid of chemical reagents or
enzymes. In the second stage, the modified DNA is used to
transform bacterial cells and individual clones are isolated. Next
the mutant recombinant DNA is isolated from the set of clones and
the nucleotide sequence in the mutant gene is determined. The
characterised mutant gene is used to transform the host cells
(bacteria, yeasts, and more rarely animal or plant cells), in which it
is transcribed and translated, giving rise to the mutant protein.40'41

The second class includes all the methods which make it possible
to achieve specific preselected mutations. The modern methods for
mutagenesis are classified in Table 1.

The most accurate and convenient method for the introduction of
mutations into cloned DNA fragments is site-specific mutagenesis
using synthetic oligonucleotides. A large number of studies have
been devoted to the improvement of this method,50"58 in particular
to the increase of the yield of the mutant forms.55'59"63 Site-specific
mutagenesis has been used widely in the study of the relation
between the structure and functions of proteins and their enzymes
and for the creation of proteins with new properties.

Table 1. Classification of the methods for mutagenesis.

Name Essential features of method Remarks Refs.

Chemical methods

Eazymic methods

Gene synthesis. Tout synthesis
of the gene

Partial (cassette) gene synthesis

Deletion and insertion on
cleavage of double-stranded
DNA

Site-specific oligonucleotide-
directed mutagenesis

Random mutations

Treatment of the gene by chemical mutagenic reagents
(sodium bisulphite, hydrazine, nitrous acid, etc.)

Preparation of single-stranded DNA, construction of the second DNA
chain with the aid of DNA polymerase in the presence of
4 deoxynucleotides, one of which has been replaced by its analogue

The bases of the nucleotides are
modified, which leads to mutation

Specific preselected mutations

Construction of the gene from a set of segments of chemically
synthesised oligonucleotides

Isolation of the gene, excision of a DNA segment at the restriction sites,
and its replacement by the synthetic oligonucleotide containing the
mutation

Preparation of a linear DNA molecule, the removal of fragments located
between restriction sites (deletions), the construction of an additional
nucleotide chain (insertions)

The synthetic oligonucleotide (10 — 20 bases) containing the mutation is
hybridised with single-stranded DNA and is used as a primer for the
synthesis of the second DNA chain.

The additional chain is closed with the aid of DNA ligase and the resulting
DNA is used to transform the E. coli cells, where DNA replicates with
formation of two forms of the cloned gene: the wild and mutant types
(Fig- 4)

The frequency of mutations
approaches 100%, but the method
is laborious and is nowadays rarely
used

The mutant form can be readily
identified using the same
nucleotide labelled with "P

[40-46]

[42, 47, 48]

(40, 42, 49]

[38, 42]

[40-42,47,50-55]
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Figure 4. Schematic representation of the nucleotide-directed
mutagenesis;55 the asterisk designates the mutant nucleotide.

IV. The study of the structures and functions of
proteins by genetic engineering methods

1. The primary protein structure and its evolution
The primary protein structure was determined previously solely

by the sequence determination method with the aid of automatic
aminoacid analysers. It was then necessary to have at ones
disposal a large amount of the very pure protein, which was not
always possible. With the aid of genetic engineering methods, it
has become possible to isolate DNA and to determine the total
nucleotide sequence in the gene coding for the given protein.
The methods for the determination of the DNA sequence (the
Maxan- Gilbert and Sanger methods)3'37'38'64'65 made it possible to
determine relatively simply and rapidly the sequence of nucleotide
bases in the gene. With the aid of the genetic code, it is easy to
establish subsequently the aminoacid sequence in the protein. The
difficulty is the necessity for the error-free identification of a
sequence of an enormous number of bases (a protein consisting of a
thousand aminoacids is coded by 3000 bases) and also for a correct
determination of the starting point of the reading of the code. The
deletion of one base can lead to a shift of the reading framework
and hence to an incorrect determination of the entire aminoacid
sequence. In order to avoid such errors, one can, for example,
determine the aminoacid sequences in short sections at the N- and
C- ends of the protein by another method and to compare them
with the sequence obtained from the nucleotide sequence of the gene.
In order to check the correctness of the reading of the DNA base
sequence, the molecular weights, measured mass-spectrometrically,
of the tryptic peptides obtained from the test protein were also
compared with the structures of these peptides derived from the
DNA sequence.66

At the present time, the primary structures of more than 3700
proteins determined by different methods are known.67 As genetic
engineering methods have developed, the number of proteins and

enzymes whose primary structures have been established has
increased greatly (Fig. 5). In relation to certain enzymes, we shall
consider what information about the structure of the enzyme itself
and its active centre can be obtained solely from the analysis of
the nucleotide sequence in the gene and by comparing it with the
aminoacid sequence of the test protein.

The cloning and sequence determination for genes have made it
possible to establish the presence of signal peptides in the proteins
secreted: cytochrome c-} from Desulfovibrio vulgaris,68 protease III 6 9

and penicillin G-acylase70 from E. coli, and chloroperoxidase.71

The signal peptides promote the transmembrane protein transfer
from the periplasm of bacteria and yeast and they split off
immediately after secretion, so that the determination of nucleotide
sequence in genes is a good method for the detection of signal
peptides and for the investigation of their structure. Comparison
of the aminoacid sequence of the protein and the nucleotide
sequence of the gene shows whether the given protein undergoes
post-translation modification. For example, aquarin is synthesised
in the form of a precursor. During translation, seven N-terminal
residues are split off.72 The iV-terminal residue in human creatine
kinase Μ is lysine and the methionine residue is split off after
translation.73

The determination of the aminoacid sequence makes it possible to
reach certain conclusions concerning the presence of domains and
the structure of the substrate-binding sections. Analysis of the
structure of the penicillin acylase gene revealed the presence of
four structural domains on the basis of the positions of introns:
nucleotides 1—78 code for the signal peptide, nucleotides 79 — 705
code for the α-subunit, nucleotides 708 — 867 code for the peptide
binding covalently two subunits, and nucleotides 868 — 2538 code
for the β-subunit.70 A multidomain structure has also been
established for the heavy chain of calpactin (the substrate of viral
protein-tyrosine kinase)74 and calpastatin (inhibitor of the
Ca2+-dependent calpain).75 The study of the structures of the
genes of diglyceride synthetase and diglyceride hydrolase from
E. coli showed that the former enzyme is an extremely hydrophobic
membrane protein.76 The latter enzyme is less hydrophobic, but
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Figure 5. Number of publications (annually) on the determination
of the aminoacid sequences of enzymes by genetic engineering
methods (counted by the authors).
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there is a very hydrophobic domain at its N- end, which binds
the hydrolase to the membrane.77 The composition of the
bioluminescent Ca2+-dependent protein aequorin incorporates
three hydrophobic sections, which may be responsible for the
binding of its functional chromophore, i.e. coelenterazine (luciferin),
and three sections responsible for the binding of Ca 2 + ions.72

Analysis of the primary structure of Na + , K+-ATPase led to a
hypothesis about the character of the disposition of this enzyme on
the membrane.78

Comparison of the primary structure of the test enzyme with that
of proteins having similar functions makes it possible to discover
common structural sections. Analysis of the aminoacid sequences
of aequorin and other Ca2+-binding proteins (calmodulin,
parvalbumin, and troponin C) revealed three Ca2 +-binding sections
in the polypeptide chain of aequorin.72 Important information
about the structure of the active centre of bacterial luciferase has
been obtained by comparing the primary structures of luciferases
from different sources: Vibrio fischeri, Vibrio harveyi,
Photobacterium leiognathi, and P. phosphoreum.19 Data for the
modification of the SH group of cysteine-106 in the luciferase from
V. harveyi led to the hypothesis that this group participates in
catalysis. However, the luciferases from other sources contain
valine in the position 106. Thus the SH group of Cys-106 is not
important for the manifestation of the activity of bacterial luciferase.
The sections 115-117 and 280-282 of the α-subunit, which are the
same in all the bacterial luciferases examined and are located close
to one another in three-dimensional space, apparently constitute an
appreciable proportion of the active centre.39 Comparison of the
primary structures of lipases from various sources (bacteria and
pig pancreas) showed that Ser-83 is incorporated in the active
centre.80

Similar aminoacid sequences have been noted for glutathione
S-transferases from human and rat livers (50% homology),81

catalase Τ from the yeast S. cerevisiae, the bacterium Penicillinum
vitale, and ox liver (52.2% homology),82 aromatic aminoacid
hydroxylases — tryptophan, phenyl, and tyrosine hydroxylases
(60% homology),83 valyl-tRNA synthetase from B. stearo-
thermophilus and isoleucyl tRNA synthetase from E. coli,M and for
five adenylate kinases from various sources.85 This means that the
data for the steric structure and mechanism of action of one
enzyme can be used in the study of an enzyme with a homologous
sequence. The structure of the biopterin-dependent aromatic acid
hydroxylases is homologous for approximately 2/3 of the molecule,
starting from the C-end whereas at the N-end no homology has
been observed. This confirms the hypothesis that the C-terminal
domains in hydroxylases determine their catalytic properties (similar
mechanism of catalysis), while 1/3 of the molecule, starting from
the N- end, is made up of domains determining the substrate
specificity.83 The relation between the structure and function of
human Μ creatine kinase,73 N a + . K+-ATPase,86 the heavy chain of
calpactin,74 glycogen phosphorylase,87 glutathione S-transferase,81

yeast catalase T,82 and tryptophan hydroxylase88 has been discussed
on the basis of the homology established with other proteins.

It has become possible in recent years to investigate the evolution
of protein in connection with the development of the recombinant
DNA technique, the establishment of the primary structures of an
enormous number of proteins, and advances in crystallography.
Common domains have been discovered for a series of proteins
with known crystal structures. Consequently, if any one structural
element proves useful for the performance of a particular function,
it is invariably used in different proteins. For example, Rossman30

observed in a series of enzymes an invariant domain consisting of
approximately 70 aminoacid residues. These enzymes had markedly
different functions but had a property in common: they bound
coenzymes of the type of NAD, FMN, or AMP, which had a
common component — a mononucleotide. This domain is
apparently a proprotein for a large number of nucleotide-binding
enzymes, because its function proved to be vitally important. The
first proteins capable of performing functions of any kind were small
in size and had the property of being able to bind specifically other
molecules. When two such proteins were combined, a primitive
catalytic system might have arisen improving and developing in the
course of evolution. From Gilbert's point of view,89 exons are
genome equivalents of protein domains which have been used to
assemble the first proteins and which have been maintained
throughout evolution in a genetically isolated state in the course of
several billion years. The non-intersecting processes involving the
transposition and reorganisation of domains into new combinations
generated new proteins which included also useful constructions.
The essential feature of the hypothesis is that the evolution of
proteins was based on the sorting of exons coding for the domains.8

The principal mechanism of the evolution of proteins is the
duplication of genes, which consists in the fact that two or more
copies of the same gene arise in the cell genome. One of the copies
retains the previous function, so that no changes take place in the
organism, while the other copy can undergo mutations. The
duplication of genes has been demonstrated by the existence of
subunit enzymes with non-identical but homologous subunits
(homologous proteins), containing one polypeptide chain, as in
proteases of the serine —histidine —asparagine type with different
substrate specificities.

Another example of gene duplication is provided by trypsin,
chymotrypsin A, and elastase. Their sequences are approximately
40% homologous. They have a similar function, namely the
hydrolysis of proteins, but there are differences in the type of bond
hydrolysed. The residues in the active centre were different: Asp in
trypsin and Ser in chymotrypsin. Analysis of the three-dimensional
structures of these enzymes showed that serine proteases consist of
two similarly coiled domains arranged symmetrically around a
twofold axis.90 In each case introns separate the codons of the
catalytic triads (Asp, Ser, and His), but the main part of the exons
is the same within this class of enzymes.

In the cAMP-, cGMP-, and Ca2+-calmodulin-dependent protein
kinases and phosphoryl azokinase, the domains fulfilling a similar
function are homologous: for example, the cAMP- and cGMP-
binding regions in the regulatory subunits are in homologous
domains. The catalytic (ATP-binding) regions in all protein kinases
are also encountered in homologous domains.91 These proteins
arose as a result of the duplication and fusion of the genetic
elements of two related families, which determined the allosteric
nature of these enzymes.92 It may be that allosteric regulation
arose initially from the random interaction of the active centre
with inhibitor and the association was weakened by the covalent
modification of the complex, for example, by phosphorylation,
adenylation, etc.88

A model involving triple duplication of a precursor gene with
formation of the gene of the prototype of modern calmodulin and
the addition of non-coding segments to both ends of the gene has
been proposed for the evolution of the calmodulin gene.93 The last
stage occurred relatively recently, since the size and nucleotide
sequences of the segments of the 3'- and 5'-ends differ greatly for
genes of different calmodulins.
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Apart from the duplication of the genes, the latter can also fuse,
as a result of which the protein becomes twice as long. The
immunoglobulins, which arose from a common precursor—a
polypeptide consisting of 110 aminoacid residues—may serve as
an example. After duplication and merging, the different sections
of the immunoglobulin chains acquired different biological
functions.2

The evolution of proteins can be studied in terms of two aspects.
(1) Analysis of the changes in the structure of the same protein in

different organisms during evolution. For example, comparison of
the structures of cytochrome c derived from organisms ranging from
yeast to man (more than 80 species) shows that closely related
cytochromes hardly differ or differ in a small number of residues.
The greatest differences in the aminoacid composition are
characteristic of cytochromes c from the lowest and highest
organisms. Conservative substitutions in which an aminoacid in
the sequence is replaced by another aminoacid with similar
properties and structure, so that the steric structure of the protein
is not affected and there is no substitution in the region of the
active centre and no substitution inducing pronounced
conformational changes in the protein which can lead to the loss
of activity, are characteristic of proteins from closely related species.
There is an appreciable tolerance as regards substitutions, deletions,
and insertions of aminoacids in many sections of the polypeptide
chain in different proteins.2 A homology has been observed near
Cys residues among tryptophan, phenyl, and tyrosine hydroxylases
from different sources. It has been suggested that they have
arisen from a single gene as a result of the accumulation of point
mutations.83 On passing from the lowest to the highest organisms,
the protein becomes more complex. Bacterial phosphofructokinase
has a single regulatory section, while the human enzyme is larger
and contains three regulatory sections and can bind in addition three
different types of regulatory proteins.13 In the limiting case, it may
turn out that the aminoacid sequences of two proteins having similar
steric structures differ so much that it is difficult to establish their
evolutionary relation.

(2) Comparison of different proteins within the framework of a
single species. A homology of the primary structure is frequently
characteristic of enzymes catalysing similar reactions. For example,
the homology reaches 40% for glutathione reductase and
lipoamide reductase. On comparing the aminoacid sequences of any
proteins, one may expect the coincidence to the extent of at least 5%
on statistical grounds.

In comparing primary structures, it is essential to take into
account the possibility of deletion and insertion. Cases where
between 15 and 25% of coincidences are observed when account is
taken of such deletions and insertions are of greatest interest. The
roots of the family tree of proteins should be sought in this
"intermediate" zone. For example, five proteins with different
biological functions have been found to be related: antithrombin III
(a protein present in blood plasma and neutralising the effect of
thrombin), ocpantitrypsin (a proteinase inhibitor), ovalbumin
(a component of egg protein), angiotensin — (a precursor of the
peptide hormone involved in the regulation of arterial pressure), and
a barley grain protein with an unknown function.8

Structural similarity in the absence of homology in the sequence
is exhibited by the chicken protein lysozyme and the bacteriophage
T4 lysozyme, which suggests the presence of a common precursor.94

Studies of the evolution of proteins have given a powerful
stimulus to the development of protein engineering at the level of
DNA, because rearrangements, deletions, or insertions of exons

can give rise to new combinations of domains and moduli, i.e. to
proteins with completely new properties.

2. Prediction of the steric structure and functions of protein
molecules

Comparison of the aminoacid sequences constitutes the basis for
the modelling of protein at all the levels of the protein structure —
the secondary structure, the structure of domains, the quaternary
structure, the interaction with ligands, and the prediction of

biological functions of the protein. The approaches used to
predict the protein structure on the basis of data for its primary
structure can be represented schematically (Table 2).

The methods and criteria for the comparison of different proteins
and for the modelling of the protein structure have been examined
in a number of studies.9 6·9 8"1 0 6

The sequences in proteins are compared in order to discover
homologous sections by means of standard programs for the
analysis of aminoacid sequences and computer graphics. Special
data banks of primary aminoacid sequences, for example, the data
bank of The National Biomedical Research Foundation (NBR.F) in
the USA, have been created.

Table 2. Prediction of the structure of the protein on the basis of
data for its primary structure.

Protein structure

Aminoacid sequence
1
1
1

Secondary structure
1
1

'Supersecondary" structure
1

I
Domain

1

I
Set of domains, set of

subunits

Set of prediction methods

Prediction of the structures of individual section of proteins,
determination of "structural motifs" (a- or β-helices,
random coil, etc.)

The search for "structural" matrices, modelling of the disposition of
structural motifs in space

Simplified energy calculations, minimisation of the energy, and
molecular dynamics

More detailed energy calculations, modelling of the disposition of the
domains and subunits in space with the aid of computer graphics

There are several ways of predicting the secondary and tertiary
protein structures. The first, simplest and most widely used method
involves the finding of homologous proteins with a known steric
structure. In order to construct a three-dimensional model of the
test protein on the basis of structural homology with known proteins,
special programs have been developed, for example the Frodo
program107 created by Jones as early as 1978 and the Composer
program.103 The latter is based on the simultaneous superposition
of the structures of different proteins homologous with the modelled
protein and on the derivation of an average structure or templet.

The following criteria serve as a basis for the comparison of the
aminoacid sequences and the discovery of analogies between them:
the identity of the aminoacid sequences, the identity of the
nucleotide sequences, a minimal difference between the bases in the
codon, the ratio of the number of modified aminoacids to the total
number, and certain characteristics of the aminoacid residues, for
example, their polarity, hydrophobicity, etc. Argos100 developed a
method for discovering weak analogies in protein sequences and
established two sensitive criteria for their comparison: (1) the
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relative molecular weight of the aminoacids replaced (the Dayhoff
criterion); (2) comparison of five physical characteristics of
aminoacid residues such as hydrophobicity, volume, refractive index,
the location of the residue on sections corresponding to the rotation
of the chain or sections anti-parallel to the chain. The author
examined 30 classes of proteins, including haemoglobins, chymo-
trypsins, lysozymes, cytochromes b and c, triosephosphate isomerase,
lactate dehydrogenase, the domains of different proteins fulfilling the
same function—Ca-binding, arabinose-binding, etc. All these
proteins have similar tertiary structures. If homologies with other
proteins are not observed for the protein investigated, then some
information about its secondary and tertiary structure can be
obtained by analysing the structure of proteins close to it on the
evolutionary scale. In the absence of a homology, a series of other
methods are also used to establish secondary and tertiary structures.
For example, the construction of a hydrophobicity profile and its
comparison with the hydrophobicity profiles of other proteins permit
the identification of sections forming the secondary structure. The
structural profiles have been investigated for a series of proteins with
different degrees of homology of the primary structures and it has
been shown that identical structural profiles can imply identical
three-dimensional structures even in the absence of a homology in the
aminoacid sequences.108'109 In the absence of homology, there are
also other methods for predicting the tertiary structure of proteins,
for example, calculations of the energy states of the protein
molecule and the search for the conformation having the minimum
free energy in the protein—solvent system, and also with the aid of
templets: in proteins with different primary structures there is a
possibility of the existence of regions which are structurally similar;
thus the nucleotide-binding domain in certain proteins consists of
parallel β-folds bounded by α-helices.106

ο"'

Figure 6. Schematic illustration of the active centre of tyrosyl-
tRNA synthetase.55

Finally the primary structure permits the assignment of the
protein to a particular functional class.110 Klein analysed 2145
aminoacid sequences in the NBRF data bank and divided them into
26 functional classes. Physicochemical characteristics of the
protein such as average hydrophobicity, maximum hydrophobicity,
variation of the hydrophobicity of individual segments, charge, the
probability of the formation of the a- or β-helix, and the periodicity

in the appearance of glycine, phenylalanine, and the pentapeptide
Phe-His-Phe-His-Trp were used in the analysis. It was found that
3 — 5 characteristics of this kind are sufficient to assign the protein
with a high degree of probability to one of the 26 classes. These
classes include collagen, nitrogenases, cytochromes (b, c^, c1, and c
separately), carboanhydrases, ribonucleases, ATPases, ceratins,
phospholipases, hormones, dehydrogenases, the class of prolactin
and somatotropin, ferredoxins, toxins, histones, globins, the variable
sections of antibodies, and the permanent sections of antibodies. A
periodicity in tbs appearance of glycine in the primary structure is
characteristic of the class of collagens, a periodicity in the
hydrophobic regions is characteristic of globins, while the
characteristic feature of ATPases is a low tendency towards the
formation of β-folds. A characteristic feature of the variable
sections of antibodies is a marked difference between the hydro-
phobicities of individual segments of the polypeptide chain. The
knowledge of the primary and steric structures of the protein or its
modelling by comparison with previously investigated proteins and
data for the chemical modification of proteins and enzymes and for
the activity of the enzyme centres, obtained by different methods,
make it possible to proceed to a new level in the study of the active
centres of enzymes with the aid of genetic engineering methods —
site-specific mutagenesis.

3. The study of the active centres of enzymes with the aid of
site-specific mutagenesis

Studies on proteins by the method of site-specific mutagenesis
can be divided arbitrarily into two groups: the site-specific
mutagenesis of enzymes with a known crystal structure and the
site-specific mutagenesis of enzymes whose steric structure has not
been determined. In the first case, the steric model of the enzyme
serves as a basis for the specific alteration of the structure of the
protein molecule and for the prediction of the results of mutation-
induced changes with the aid of computer graphics. If the crystal
structure of the protein is unknown, chemical modification data and
comparison of the structures and properties of homologous species
and species close on the evolutionary scale are used as a basis for the
assessment of the mutation. In this case, the results of mutations
are usually random and it is much more difficult to achieve the
required alteration of the catalytic properties or stability of the test
protein.

(a) Site-specific mutagenesis of enzymes with a known steric structure

Tyrosyl-tRNA synthetase55'111"128 (from Bacillus stearo-
thermophilus) catalyses the two-stage tRNAT y r aminoacylation
reaction:

Scheme 2

Ε + Tyr + ATP = E · Tyr—AMP -f- PP.- (a),
Ε. Tyr - AMP = tPHKT y r=Tyr - tPHK + AMP + Ε (b)

Analysis of the steric structure of the complex E.Tyr — AMP showed
that a hydrogen bond may exist between the SH group of Cys-35
and the 3'-OH group of the ribose ring of Tyr-AMP (Fig. 6). The
replacement of Cys-35 by Ser and Gly by the method of site-specific
mutagenesis led to the impairment of the binding to the ATP and
a decrease in k^t. This shows that the strengthening of the
hydrogen bond impairs the affinity of the enzyme for the substrate
and that its elimination can improve the binding of ATP.5 5 '1 1 1 '1 1 2

The Thr-51 residue is capable of forming a weak hydrogen bond
with adenylate. The removal of the hydrogen bond by means of
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the replacement Thr-51 -*• Ala and the change in the structure of

the side chain (the replacement Thr-51 -+ Pro) increased k^ and
reduced A " M ; A T P for the tyrosine activation reaction [stage (a),
Scheme 2], while in the aminoacylation reaction the binding to ATP
improved but k^t fell somewhat. Overall, a single-point mutation
led to an appreciable improvement in catalytic activity: in the
mutation Thr-51 -»• Pro, the ratio fccat/-^M,ATP increased from
8400 to 208 000 litre ΐηοΓ1 s"1 for stage (a) and from 1860 to
95 800 litre ηιοΓ1 s'1 for stage (6). 5 5 ' 1 1 2

Catalysis by tyrosyl-tRNA synthethase leads to the formation of
a pentacoordinate intermediate compound when ATP is subjected to
nucleophilic attack by tyrosine:

Xi -O

The γ-phosphate group of the intermediate compound can interact
with Thr-40 and His-45 side chains. The site-specific mutagenesis
(the replacement Thr- 40 -• Ala, His- 45 -*• Gly) provided an answer
to the question concerning the mechanism of the catalysis. The
mutations of the γ-phosphate-binding region of the enzyme increase
the energy of the complex in the transition state, while the energy
levels of the enzyme — substrate complexes do not change.113'114

The main groups participating in catalysis are Thr- 40 and His- 45,
but certain other groups, not included in the active centre, are also
important for catalysis: Tyr-34, Cys-35, His-48, Thr-51, and

Tyr-169.
114-118 Comparison of the free energy profiles for the

mutant and initial enzymes has shown that the change in binding
energy influences the rate constant and equilibrium constants.
The principal conclusion derived from the study of the kinetic
properties of the mutant and from the comparison of the free energy
profiles is as follows: tyrosyl-tRNA synthetase uses in catalysis the
mechanisms involving the stabilisation of the transition complex
(in contrast to covalent, nucleophilic, and acid — base catalysis),
stabilisation occurring via hydrogen bonds and electrostatic
interactions.114"122 By substituting the Lys and Arg residues
located on either side of the substrate-binding pocket, it has been
shown that the structure of the enzyme changes during catalysis:
the positively charged side chains neutralise the negative
environment of the pyrophosphate in the transition state on
formation of tyrosyladenylate.123'124

The method of site-specific mutagenesis has also been applied to
the study of the subunit interactions in this enzyme.1 2 5"1 2 8 It has
been shown that tRNA interacts with the N-terminal (catalytic)
domain of one subunit and with the C-terminal section of another.
The mutation of the residue located on the subunit interaction
section (Phe-164 -*• Asp) led to the appearance of a negative charge
on the binding section and induced a pH-dependent dissociation
of the dimer, while the replacement Phe-164 -*• Lys led to the
appearance of a positive charge. The introduction of mutations
into the subunit interaction zone made it possible to control the
subunit interactions in tyrosyl-tRNA synthethase by controlling the
subunit interactions.

Cytochromes1 2 9"1 3 8 and cytochrome c peroxidase.139·140 The

cytochromes are series of structurally similar haem- containing
proteins involved in electron transport over large distances
(10 — 20 A). The role of residues which are present in all the
cytochromes in electron transport has been elucidated with the aid
of site-specific mutagenesis. According to X-ray diffraction

data, the Phe-87 residue is located on the surface of the
globule at a distance of 5 A from haem. This residue in
yeast iso-1-cytochrome c has been replaced by Ser, Gly, and

T y ri29-i3i a n d a l s o b y L e u 132 T h e m u t a n t s retained 20-70% of

the activity compared with the native protein but the reduction
potential fell by 50 mV. Thus Phe-87 does not participate directly
in electron transport but ensures a hydrophobic environment for
haem and determines the high reduction potential of cytochrome c.
The mutations of Phe-87 induced conformational changes in the
protein globule or cytochrome c, which is indicated by changes in
the CD spectra in the region of the Soret band (385 — 445 nm).
The mutations of the conservative Glu-66 in horse mitochondrial
cytochrome c led to the conclusion that (1) it contributes to the
stabilisation of the active conformation of the protein, possibly via
the formation of a salt bridge, and (2) it participates in the binding
of ATP.133 Substitutions of the Cys-102 residue on the surface of
iso-1 - cytochrome c, which is rarely encountered in other
cytochromes, did not alter the properties of the protein.135'136 The
sections retained in the course of evolution are not always involved
in the mechanism of electron transfer. For example, the
replacement of the conservative Lys-77 by Arg in iso-1-cytochrome c
from yeast did not influence its interaction with cytochrome bi,
cytochrome c peroxidase, and cytochrome c oxidase.134

In order to elucidate the role of the sections of the polypeptide
chain in the functioning of cytochrome P450, chimeral proteins were
obtained from cytochrome P450c by replacing the central section,
or the C-terminal section, or both sections by the corresponding
sections of cytochrome P450d.137 Cytochrome P450ccd had a
higher monoxygenase activity than the initial cytochrome P450c,
while the P450cdd mutant had a lower activity. The substrate
specificity of the mutants did not change. Hence it was concluded
that the central section in cytochromes P450c and P450d participate
in the binding of substrates, while the C-terminal sections play an
important role in electron transport.137 However, other workers,138

who obtained 13 mutants with substitutions at the C-terminal section
of cytochrome P450d, discovered aminoacid residues on the C- end
important for the binding of the apoprotein.

The method of site-specific mutagenesis helped to elucidate the
role of Met-172 and Trp-51 in the catalytic function of cytochrome c
peroxidase.139'140 The interaction of the enzyme with hydroperoxide
results in the formation of the intermediate (I), which contains
[Fe^^O] and a free radical located on a certain hitherto
unidentified group of the enzyme. It has been suggested that this
group is either the indole ring of Trp-51, located 3.3 A above and
almost parallel to the plane of haem, or Met-172. However, the
replacement of the indole ring by the phenylalanine ring, which is
much more difficult to oxidise, did not entail a loss of activity.
The Met-172 -* Ser mutations also did not prevent the formation of
compound (I). Thus the Trp-51 and Met-172 residues are not
obligatory for the formation of compound (I) and the question of
the location of the free radical remains open.

The serine proteases (trypsin1 4 1"1 4 3 and subtilisin144"151) have

been a satisfactory model for the construction of proteins by genetic
engineering methods, since detailed information is available about
their structure and kinetic and spectroscopic properties. Data on
the structure of a protease from one source can be used to
investigate the enzyme from another source. Although, for
example, the crystal structure of trypsin from rat liver is unknown,
the known structure of bovine trypsin was employed for experiments
on site-specific mutagenesis having made sure that the aminoacid
compositions of these enzymes are 74% identical. When Gly-166
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in the substrate-binding region of the enzyme was replaced by the
negatively charged Asp and Glu residues, the catalytic effectiveness
(Α^/ΛΓΜ) of native subtilisin increased in relation to poor substrates
and diminished in relation to good substrates. On replacement of
Gly-166 by non-ionic residues (Ala, Leu), the catalytic activity
increased for substrates containing hydrophobic groups. The
change in specificity is associated mainly with the change in K-M
and not in kCit.

144~147

Analysis of the crystal structures of the complexes of subtisilin
with inhibitors demonstrated the presence of a hydrogen bond
between the amide group of Asn-155 and the oxygen of the
tetrahedral anion. Point changes in the position 155, leading to a
change in the steric configuration (Asn-155 -»• Thr, Gin) or charge
(Asn-155 -> His, Asp) and in the hydrogen bond donor, diminished
fccat by a factor of 200—4000 and Ku by a factor of 7, which can be
explained by a decrease in the stabilisation energy of the transition
state by 9.2-20 kJ moF 1 . 1 4 8 ' 1 4 9

Triosephosphate isomerase.152~lss The basic group (carboxylate
ion) of Glu-165 is involved in the mechanism of catalysis by this
enzyme:

Ή--Α (Lys-13, Hi»-95)Β
(Glu-165)

Following the substitution Glu-165 -»• Asp, i.e. after the removal of

one methylene group which shifts the basic group by 1 A, k^t
diminished by a factor of 103 (from 4300 to 2.8 s"1) with a slight
alteration of ATM. Free energy calculations demonstrated that the
mutation influences the free energy of the transition state in the
enolisation stage.

Aspartate carbamoyltransferase156"162 contains 12 polypeptide
chains of two types: six catalytic and six regulatory. With the aid
of point substitution in these chains and also on sections between
them, the regions of the enzymes responsible for the regulatory
properties were discovered: the loops formed by the residues
230-245 of the catalytic chains;157 the Trp-209 residue on the
section corresponding to the interaction of subunits.156'158 The
substitution Lys-83 -* Gin in the catalytic chain diminishes the
capacity of the enzyme for cooperation, while the substitution
Gln-138 -> Ala increases it, i.e. the aminoacid residues apparently
determine many interchain and intrachain interactions.159"162

Crystallographic studies on the complexes of the enzyme with
substrate analogues showed that the active centre of aspartate
carbamoyltransferase consists of several sections located on different
catalytic subunits. A method has been proposed for the detection
of the catalytic sites on oligomeric enzymes involving the
construction of hybrids containing mutant monomers, for example,
hybrids made up of monomers containing the Lys-84 -> Glu,
His-134 -* Ala, and Ser-52 -> His mutations or hybrids made up
of trimers of the wild type and the Glu-84, Ala-134 binary mutant.
The results of the mutation showed that the active species are
formed only after the association of the chains with formation of
an oligomer.

Staphylococcal nuclease.163"167 Although the structure of
staphylococcal nuclease has been determined by X-ray diffraction
with a high resolution (1.5 A), the detailed mechanism of the action

of this enzyme has not been established. In order to elucidate the
mechanism of the binding of Ca 2 + ions, one of the residues
surrounding Ca 2 + in the protein was mutated (Asp-40 -»· Glu).
The removal of one of the three cw-ligands diminished the affinity
for Ca 2 + by a factor of five and the maximum rate by a factor of
31. The mutation did not affect the binding of DNA, which agrees
with the structural X-ray diffraction data, according to which
Asp-40 interacts with the metal and not with the nucleotide
chain.163'164 The replacement of various Tyr residues in the
substrate-binding cavity of the enzyme showed that the OH group
in the Tyr residues does not play an appreciable role in catalysis.
However, the mutations weakened the binding to the substrate
(single-stranded DNA and RNA).165 The mutations of Glu-43 in
the active centre induce conformational changes in the protein at a
distance of 15-30 A from the residue 43. 1 6 6 ' 1 6 7

a-Antitrypsin168"171—an inhibitor of serine proteases. It has
been shown by the method of site-specific mutagenesis that its
inactivation is associated with the modification of Met-358 by
oxidants. The Ile-356 and Pro-357 residues play an important role
in the functioning of the inhibitor. The Met-358 residue in the
active centre determines the specificity of the binding of antitrypsin
to proteins. Native α-antitrypsin containing Met-358 recognises the
Pro-Met sequence of elastase. The Ala-358, Ile-358, and Val-358
mutants proved to be effective inhibitors of neutrophilic and
pancreatic elastases but not of cathepsin G; the Leu-358 and
Phe-358 mutants inhibited cathepsin G preferentially.

Yeast 3-phosphoglycerate kinase1 7 2"1 7 4 consists of two globular
domains separated by a polypeptide chain loop. It has been
suggested that the conformational change leading to the "merging"
of the domains takes place during catalysis under the influence of
the substrate. The Glu-190 and His-388 residues may interact with
one another in the region between the domains (the formation of a
hydrogen bond or of a salt bridge) and regulate the transition from
the closed to the open form of the enzyme. The Glu-190 -*• Gin,
Asp and His-388 -*• Glu mutations led to some decrease in catalytic
activity and resulted in a change in the KM with respect to both
substrates. Thus the results of mutagenesis have shown that the
model of the transition from the closed to the open form in catalysis
requires further study.172'173 The construction of a chimeral
protein, one of the domains of which was isolated from human
3-phosphoglycerate kinase and the other from the corresponding
yeast enzyme, was an interesting experiment. The hybrid retained
the properties of the native proteins.174

Carboxypeptidases.175"178 The three-dimensional structure of
carboxypeptidase A has already been known for about 20 years,
but certain details of the mechanism of its action are still not
understood, for example, the role of Tyr-248 located at a distance
of 3 A from the substrate peptide bond undergoing cleavage. The
results of site-specific mutagenesis have shown that this group
participates in the binding of substrates and not in hydrolysis.175·176

The OH group of Tyr-198 participates in the catalysis, stabilising
the complex in the transition state.177 The substitution
Met-398 -> Leu for yeast carboxypeptidase y altered the enzyme
specificity. The mutation made the substrate-binding section more
hydrophobic and the mutant therefore had an increased affinity,
compared with the initial enzyme, for substrates with bulky and
hydrophobic substituents.178
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Other enzymes. The method of site-specific mutagenesis has also
been used to investigate the influence of structure on the activity of
dihydrofolate reductase from E. coli (DHFR). 1 7 9 ' 1 8 0 The mutations
of the Asp-27 residue in the enzyme active centre showed that it
participates in the protonation of the substrate but not in the
stabilisation of the transition state as had been postulated earlier.
The dihydrofolate may be protonated directly by the asparagine
group or with participation of water molecules. It has been shown
for human DHFR that the Cys-6 residue partipates in the binding
to NADPH andp-hydroxymercuriobenzoate.181 Mutants with
substitutions of aminoacids in the active centre have been obtained
for human lysozyme.1S2'ls3 Their analysis showed that the Asp-53
residue participates in the electrostatic stabilisation of the
intermediate state in the hydrolysis of the glycosidic linkage. The
existence of an aromatic residue in the position 63 and of Trp-64 is
essential for the effective hydrolysis of chitin substrates but not for
the lysis of bacterial substrates. The influence of insertions and
deletions on the activity of ribonuclease Ρ has been studied in
detail184 and it has been shown that, for the normal functioning of
the RNA subunit of ribonuclease Ρ from E. coli, a section of the
secondary structure coded by the nucleotides 275 — 295 is essential.

-107

VQt-

T h r - 165

Figure 7. The active centre of native lactate dehydrogenase bound
to the substrate.188

The sections at which the enzyme is bound to DNA have
been discovered with the aid of mutagenesis for the restriction
endonuclease (restrictase) EcoRI. The initial information about
these sections was obtained from the X-ray diffraction structure of
the complex EcoRI with a synthetic oligonucleotide. Point mutants
(the Glu-111, Glu-144, and Arg-145 residues) hardly differed in their
specificity from the initial enzyme, but their specific activity was
reduced by a factor greater than 100 mainly as a result of the
decrease in F. 1 8 5 Analysis of the crystal structures, especially of
the geometry of the active centres, made it possible to alter with
the aid of mutations the substrate specificity of aspartate
aminotransferase,1*6 lactate dehydrogenase,1*7'18* and alcohol

dehydrogenase 1 8 9 (see Section VI). The mutations of the Arg-109
residue in lactate dehydrogenase from B. stearothermophilus—a
component of the mobile polypeptide group exposed to the

solution—showed that it increases the polarisation of the carbonyl
group of pyruvate and thus stabilises the transition state. The
Ile-250 -*• Asn mutation impairs the catalytic properties of the
enzyme (Fig. 7). The substitution of the catalytically important
Ser-102 residue in alkaline phosphatase190 by Cys altered the rate-
limiting stage in the hydrolysis of esters: in contrast to the native
alkaline phosphatase, the kinetics of the action of the mutant with
the SH group instead of the OH group depend on the leaving group
of the ester, a high catalytic constant being retained. Studies on
ATP synthetase by the method of site-specific mutagenesis have been
initiated.191 Four residues capable of ionisation and important for
the manifestation of activity have been found on the a- and
β-subunits of the enzyme: Lys-175 and Asp-261 on the oc-subunit
and Lys-164 and Asp-252 on the β-subunit of the enzyme.

(b) The site-specific mutagenesis of enzymes with an unknown crystal

structure

β-Lactamase192"198 catalyses the opening of the β-lactam ring in
penicillins and cephalosporins, ensuring the resistance of the cells
to antibiotics. The class A β-lactamases contain the conservative
catalytic triad (Ser-70) - (Thr-71) - (...) - (Lys-73). Point
substitutions of Ser-70 permitted the conclusion that only mutants
containing a nucleophilic group, for example, Cys, in the position
70 are catalytically active, although their activity is appreciably lower
than that of the native β - ^ ^ π ^ β ε . 1 9 2 " 1 9 6 Analysis of 19 mutants
containing all the possible variants of the aminoacid residues in the
position 71 showed that the Thr-71 residue does not participate in
the binding of substrates and in catalysis but is important for the
stabilisation of the protein and influences in some ways the
specificity of the catalysis, determining the configuration of the
β-lactam ring binding section.197 The mutation Lys-73 -• Arg led
to an appreciable loss of activity. The role of the Lys-73 residue in
catalysis has been discussed: the orientation of the proton moving
away from the carboxy-group of the Ser-70 residue; the presence of
a salt bridge with the Glu-166 residue participating in the hydrolysis
of the acylenzyme.198

Ribulose diphosphate carboxylase.1 9 9"2 0 2 Mutants with

substitutions in the sections for the binding of CO2, Mg 2 + ions,
and ribulose diphosphate have been obtained for the enzyme from
Rhodospirillum rubrum. The ε-ΝΗ2 group of the Lys-201 residue
participates in the formation of the carbamate ion in the interaction
with CO2 and Mg 2*. The Asp-198 -»· Glu mutation showed that
the carboxy-group of the Asp-198 residues also plays a role in the
binding of the divalent metal.199 It has been suggested that two
residues (Lys-166 and His-291) participate in the enolisation of
ribulose diphosphate, but the mutant in which the His-291 -»• Ala
substitution has taken place showed a high catalytic activity. Thus
the His-291 residue does not play a central role in catalysis.200

The replacement of Lys-166 by seven different residues led to an
appreciable loss of activity, but the mechanism of the participation
of this group in catalysis has not been finally elucidated. The lack
of crystallographic data precludes an answer to the question of the
involvement of this group also in the binding of substrates.201 The
role of the small non- catalytic subunit S, point substitutions in
which affected the catalytic activity but not the specificity, has been
investigated by the method of site-specific mutagenesis in the enzyme
from Anacystis nidulans. Hence it was concluded that the subunit
participates in the activation of substrates but not in regulation.202
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Lactose permease is a hydrophobic enzyme controlling

the transport of β-galactoside and of protons across a membrane.
In order to investigate the role of the SH group of the active centre
in catalysis, the Cys-148 -> Gly 2 0 3 ' 2 0 4 and Cys-148 -* Ser mutants
were obtained.205'206 The results showed that Cys-148 is important
for protecting the enzyme against inactivation (with the aid of the
substrate) but is not obligatory for the transport of lactose. The
mutations of other cysteine residues showed that, out of the eight
residues, only Cys-154 is essential for the manifestation of
activity.207"209 According to preliminary data, the histidine residue
also participates in the transport of the substrate. Each of the four
histidine residues was replaced by Arg,210 Gin, or Asp.211 It was
found that the His-322 residue is involved in the H + transport
across the membrane via the protonation of the imidazole ring.
The His-205 residue forms a hydrogen bond either with the substrate
or within the protein. The Glu-325 and His-322 residues are
located on the α-helix intersecting the membrane, form an ion pair,
and act as components of the charge transfer system. The polarity
of the residues and the distance between the imidazole and carboxy-
groups therefore play an important role. The Glu-325 -* Ala, Val
mutations and the double mutation Glu-325 -• His, His-322 -*• Glu
lead to a partial or complete loss of activity.212 Preliminary
experiments with another membrane enzyme, melibiose permease,
also demonstrated the presence of the His/Glu pair, which is
important for catalysis.212

Other proteins and enzymes. The mutation-induced substitution
of the Cys and His residues on three Ca 2 + binding sections in the
postulated active centre of the bioluminescent Ca2+-dependent
protein aequorin213 showed that the binding of molecular oxygen
does not proceed solely via the SH group. The His-58 residue
and at least two of the four SH groups are necessary for the
manifestation of activity. For another Ca2+-binding protein,
namely calmodulin214 a study has been made with the aid of
mutagenesis of the influence of structure on the interaction with
related proteins—myosin kinase, phosphodiesterase, and NAD
kinase. The removal of the anionic α-helical section, which is
complementary to the positively charged region of the binding
protein, altered the binding specificity.

An unexpected result was obtained on substitution of the Thr-190
residue by He on the section close to the active centre of malate
dehydrogenase: the catalytic activity increased mainly as a result of
the increase in fccat· It had been postulated earlier that the residues
surrounding Asp-152, His-180, and His-187 in the active centre play
a role in the binding of substrates and cofactors, but it has been
found that the Thr-190 residue influences significantly also the
activity.215 The site-mutagenesis of the viral neuraminidase216'217

suggested a model of the catalytic action of the enzyme involving
the Glu-276 residue as a proton donor. Mainly conservative
residues were used for the mutagenesis (12 residues identical for
different types of viruses in 14 mutations). A series of mutants of
the RNA ligase of the phage T4 have also been obtained.2 1 8"2 2 0

The removal of 20% of the polypeptide chain from the C-end does
hot affect the RNA ligase activity. Mutations on the ATP-binding
sections showed that the Lys-99 residue participates in the formation
of the enzyme —adenylate complex, while the residues 100—101 do
not affect this reaction. In order to elucidate the structure of the
active centre of the thiolopenicillin-binding protein from E. coli, the
Ser-307 and Ser- 445 residues were substituted. It was found that
the Ser- 445 residue does not form part of the active centre, while
the Ser-307 residue is responsible for the binding of penicillin in

the penicillin-binding Ser—X—X—Lys section discovered in
functionally similar proteins.221 The Glu- 49 residue, which is
important for the manifestation of the activation of the a-subunit
of tryptophan synthetase,222 and the SH group important for the
manifestation of the activity of anthr any late synthetase223 have been
identified. It has been shown for isopenicillin N-synthetase that the
Cys-106 residue participates in the binding of the substrate but is
not obligatory for catalysis.224 The His-228 residue has been found
next to the functionally important Lys-229 residue in the active
centre of serine hydroxymethyl trans/erase . 2 2 5 The His-228 residue
in enzymes of this type from various sources forms a hydrogen
bond or a salt bridge with an aminoacid or pyridoxal phosphate.
The results of mutation-induced substitutions in (or near) the
phosphorylation centre of the cAMP-dependent protein kinase
showed that the phosphorylation of the regulator subunit does not
play a significant role in the regulation of the activity,226 while the
Tyr-371 residue makes a significant contribution to the manifestation
of the positive cooperation between the two cAMP-binding centres
of this subunit.227

V. Determination of the relation between the
structure and stability of protein macromolecules
(by genetic engineering methods)

1. Factors determining the structural stability of the protein
The difference between the Gibbs free energies of the native (N)

and denatured (D) states of the cooperative domain or of a single-
domain protein is a measure of the stability of its structure.11'228

Scheme 3

For the majority of single-domain proteins, the temperature
dependence of AC?den is described by a curve (Fig.8) passing
through a maximum at the temperature of the maximum stability
of the protein (Γ,^χ) and having upper (Tden ι = Tm) and lower
(^den2) temperature limits of the stability of the protein
(for Δ (7 den = 0). i-e. proteins are inactivated in the cold as well
as at an elevated temperature.229 [Tm = melting point]. The
temperatures Γ^χ for many globular proteins are in the range from
-3 to + 15 °C and their Δ (/den in the physiological temperature
range vary from 20 to 60 J mol"1.230

The stability of the protein is characterised by the average
temperature of the transition to the denatured state r d e n (or I'm) at
which 50% of the protein is denatured and Δ Gden

 = 0, or by the
temperature of the maximum stability of the protein Τ^χ at which
Δ C7den i s a maximum (Fig. 8), or by the average concentration of
the denaturing agent, etc. In the case of irreversible denaturation,
the kinetic stability of proteins (Δ G den) i s usually characterised by
the rate constant km for the change in some kind of property of the
protein (the CD or UV spectra, fluorescence, and, in the case of
enzymes, their activity). The kinetic and thermodynamic parameters
of the denaturation of proteins frequently vary in parallel with the
variation of the denaturation conditions, i.e. the intramolecular
interaction conditions, which govern the thermodynamic stability
(Δ Gden)) apparently determine their kinetic stability (Δ Gden)· In
the general case, thermal denaturation is described by the scheme

Scheme 4
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where I is the irreversibly denaturing agent. When ATden > 1» the
greater the stability of the enzyme in relation to reversible thermal
denaturation, the greater its stability also in relation to the
irreversible denaturation, but it has been assumed (without proof)
that there is no such correlation for ^den -4 I · 2 3 1 In the general
case, the retention of the activity of enzymes may not in fact be
identical with the stability of the entire protein globule.232 The
stability of enzymes is as a rule determined by the stability of the
domains (or domain) forming the active centre and is in fact
determined by the stability of the most labile domain.
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Figure 8. Temperature dependences of the enthalpy (AH),
entropy (AS), and Gibbs free energy (AG) of the transition of
proteins from the native to the denatured state: (1) myoglobin;11

(2) a-chymotrypsin;229 (3) hypothetical curve for the stabilised
protein.

The factors responsible for the stability of the native
conformation of the protein have been examined in detail in a
review.232 The main ones are as follows: (1) hydrogen bonds.
(2) Increase in conformational entropy when the protein structure
is uncoiled. (3) Long-range electrostatic interactions. If the
charge distribution on the surface of the macromolecule is
asymmetric in relation to composition and geometry, then the
surface electrostatic potential in the absence of steric hindrance
generates specific ion-binding regions whose saturation by the
corresponding ions entails an increase in the stability of the
protein.233 (4) Hydrophobic interactions of the non-polar
aminoacid residues resulting mainly from the van der Waals
interactions between the molecules. The contributions of the
hydrophobic interactions and hydrogen bonds to the stability of the
protein structure are comparable.228 (5) Intramolecular salt bonds
(the energy of one bond is 1 —3 kcal mol"1) forming either single
salt bridges or clusters. (6) Intramolecular —S — S—cross-links
(1.8 kcal mol"1 per disulphide bond). (7) Formation of complexes
by the protein with prosthetic groups and M " + ions. The overall
stability of the protein molecule is determined by the balance
between the stabilising and destabilising contributions of the above

interactions. The effective concentration of the interacting groups
in the coiled and uncoiled states of the molecule makes a decisive
contribution to the stability of the protein.234

The thermal stability of the protein is described by a complex
relation between AGden and temperature (Fig. 8).1 1·2 2 9 The thermal
stabilities of different enzymes must therefore be investigated and
compared over a wide range of temperatures and not at a single
temperature (cf. Lale and Klibanov231 and Torchilin et al.235). The
ratio of the AGden for enzymes at a fixed temperature cannot be
extrapolated to other temperatures. The formula for the calculation
of small changes in Δ Gden from changes in Τ&η has been found for
the case where the structure of one protein is altered, for example,
by means of mutations.229

2. General relations for the specific alteration of the stability
of proteins and enzymes in vitro and in vivo

(a) Stability in vitro. In order to elucidate the causes of the
different stabilities of proteins, the first attempts have been made
to find a correlation between the aminoacid composition of the
proteins and their stability (Tdtn) and to compare the primary
structures of proteins with identical functions and aminoacid
sequences but having different stabilities (isolated from thermophilic
and mesophilic microorganisms). These questions have been
described in detail.236 Correlations have been proposed between
Tdtn and the hydrophobicity index of the residues and their average
volume,237 between Τ den and the ratio of the areas of the surface
of the protein accessible to the solvent in the native and denatured
states,238 between Tden and the percentage content of the stabilising
and destabilising residues in the protein,239 and between r d e n and
the aliphatic index of the protein.240 These correlations suffer
from the following disadvantages: (1) they are valid only within a
limited group of proteins of a definite class; (2) Tden, which, as
already stated above, does not characterise the stability of the
protein as a whole, was adopted as a measure of stability. It is
most likely that, in view of the large variety of factors responsible
for the stability of the native conformation of the protein, the
existence of a simple correlation is hardly possible and interest in
studies of this kind has therefore diminished. When thermophilic
(t-) and mesophilic (m-) proteins with known primary and three-
dimensional crystal structures were compared, the structural factors
responsible for the increased thermal stability of ί-enzymes were
discovered:7'236'241'242 (1) the thermodynamically more favourable
disposition of a large number of polar and charged residues on
the surface and of hydrophobic residues on the inside, which is
characteristic of 7-enzymes;241 (2) additional one —two salt and
hydrogen as well as hydrophobic linkages in i-enzymes; (3) the
most frequent occurrence of the Ser -• Gly, Thr, Ala, Gly -* Ala,
Lys -> Arg, Ala, Val -* Ala, He, and Asp -*• Asn, Glu substitutions
on transitions from m- to /-enzymes; an increased content of
the Arg residues and a reduced content of Lys residues are
characteristic of /-enzymes;243 (4) ί-enzymes have a larger number
of S — S bonds, α-helices, and β-structures.7

Knowledge of the principal factors determining the stability of
the native conformation of the protein in solution and of the
characteristic features of the structures of ί-proteins makes it possible
to formulate the general principles enabling one to obtain proteins
and enzymes with an increased stability: (1) the introduction of
additional intramolecular and intersubunit bonds (salt and hydrogen
bonds) and the enhancement of hydrophobic interactions increase
Δ G d e n for the protein, as shown in Fig. 8 (the upward shift of
curve 1). Calculation shows that a decrease in ifcin by a factor of
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10 at 70 °C requires an increase in AGden by only 1.56 kcal mol \
while an increase in Tdea from 35 to 45 °C for a polypeptide chain
with Μ = 35 kD requires an increase in the number of hydrogen
bonds by only 3%. 2 4 4 Therefore even one additional bond with an
energy of 1 — 3 kcal mol"1, achieved as a result of the replacement
of 1 — 2 aminoacid residues, can increase significantly the stability
of the protein. (2) The decrease in the conformational mobility of
the fragments of the polypeptide chain as a result of the formation
of additional intermolecular covalent or non- covalent "cross-links"
in the globule; substitutions by residues with a lower conformational
flexibility diminish the conformational entropy Δ 5conf and hence
increase AC?den (and Tden).

The practical application of these principles to a specific protein
makes it necessary to establish the position in the three-dimensional
structure where the aminoacid residues are to be substituted (or
modified), which particular aminoacid residues are to be replaced,
what aminoacids are to replace them, and what method must be
used to achieve these aims.

Up to the beginning of the 1980s, the only method for the specific
alteration of the structure of aminoacid residues was the chemical
modification of functional side groups in the protein. However,
this method suffers from important disadvantages and limitations:
it is possible to modify only residues having functional groups and
accessible to the solvent under the given conditions, the volume of
the residues increases after modification, and the number of
modifying agents is small.245 Site-specific mutagenesis makes it
possible to replace one aminoacid residue at any position in the
polypeptide chain by another, even one with a smaller bulk. It is
possible to substitute only one aminoacid residue.

The general characteristics of the changes in the stability of
proteins and enzymes as a result of chemical modification have been
formulated.236 In a coiled protein globule, there are three types of
functional groups accessible to modification. The functional residues
of type I are distributed on the surface of the globule. These are
effectively hydrated, polar, or charged groups, which do not interact
with one another under the given conditions, interacting only with
the solvent or ions in solution; their modification does not affect
the structure and stability of the protein. The functional residues of
type II are distributed on or near the surface of the protein. In the
native enzyme, they have an unfavourable environment (charged
groups in a hydrophobic environment or in an environment
comprising groups bearing like charges) and destabilise the protein
globule. The number of groups of this type in the protein is usually
small. Their modification accompanied by a change in the
destabilising factor increases the stability of the protein as a
function of the degree of modification and the nature of the
modifying agent. The functional residues of type III are remote
from the surface of the globule and form intramolecular salt and
hydrogen bonds stabilising the enzyme. These groups are
inaccessible to modification under the usual conditions and are
modified for a loosened protein conformation (at an elevated
temperature, at extreme pH values, or in the presence of organic
solvents). The modification of type III groups diminishes the
thermal stability as a result of the rupture of intramolecular bonds
stabilising the native conformation of the protein. The structure
of the enzyme approaches the denatured structure after such
modification.

If the three-dimensional steric structure of the protein is known,
it is easy to determine the aminoacid residues located on the surface
of the molecule (type I groups) and within it (type III groups).

The type II groups can be identified by studying the immediate
environment of the given aminoacid residue. Comparison of the
crystal structures of proteins of different classes (homologous
proteins and their evolutionary precursors and t- and /n-proteins)
and data for the influence of site-specific mutagenesis on the
stability of the enzymes suggest that the rules governing the
influence of the chemical modification of different functional groups
of the protein on its stability are on the whole valid also in cases
where the stability is changed by site-specific mutagenesis. The
aminoacid substitutions in homologous proteins are encountered
most often on the surface of the molecule, so that the conformation
of the molecule hardly changes. More radical insertions and
deletions tend to be encountered in surface loops between units of
the surface structure. For proteins which are more than 50%
homologous, their inner region contains more than 90% common
aminoacid residues.101

The mechanism and strategy used in altering the stability of
proteins and enzymes with the aid of aminoacid substitutions. In
selecting the residues in the proteins to be replaced, it is essential
to take into account the following factors: (1) the replacement of
type I residues by any others will hardly alter the stability of the
protein, since their average environments in the coiled and uncoiled
states differ little. (2) The replacement of type II residues
(non-polar Leu, He, Val, Phe, Tyr, Trp, Met, and Pro residues),
which are in contact with water, and of residues in an unfavourable
electrostatic environment by small polar and charged residues can
increase the stability of the protein.246 So far, this has been
confirmed only in nature. Cytochrome c from ox heart is more
stable than the protein from horse heart by 1.1 kcal mol"1, which is
due, according to the authors, to the fact that the first protein
contains the Gly residue, while the second contains the Lys residue
exposed to water (the energy of the destabilisation of the Lys residue
on contact with water is 1.5 kcal moF1). In principle, the presence
of unfavourably solvated Lys, Tyr, Met, and Trp residues can be
established by chemical modification under non-denaturing
conditions. The replacement of exposed Lys residues by the His
residues (or Arg as in 7-enzymes) on the whole takes place with
retention of the overall charge of the molecule, but the protein
destabilisation energy is diminished.246 (3) The internal region of
the proteins is packed to the optimum extent and all the polar atoms
form hydrogen bonds.247 An arbitrary alteration of the size, shape,
or polarity of the inner residues (type III residues) destabilises the
molecule. Experiments designed to investigate proteins from
temperature-sensitive strains (and their chemical modification)
showed that mutations in the inner nucleus of the molecule are
critical for stability, while any mutations on the surface of the
globule do not alter the stability of the protein. However, it is
possible to increase the thermal stability of the protein by accurate
substitutions of these residues in order to form additional S —S,
hydrogen, and salt bonds and by improving the hydrophobic
packing, as happens in nature. The aminoacid residues to be
replaced are selected with the aid of computer modelling in such a
way that the steric disposition of neighbouring residues is not altered
and the shortest-range intramolecular interactions are unaffected.248

One of the energetic approaches to the stabilisation of the
globular structure of the protein involves the decrease in its
conformational entropy ASconf in the uncoiled state. This can be
achieved, for example, by forming intramolecular disulphide bonds
by replacing type III residues. Disulphide bonds have been formed
in proteins during evolution in order to increase their stability
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during functioning under altered extracellular conditions (the
intracellular proteins do not have S —S bonds). The S —S bonds
increase the thermodynamic stability of the protein and its resistance
to irreversible thermal inactivation, diminishing its capacity for
aggregation or adsorption and restricting the exposure of the inner
hydrophobic regions to the solution.249 The strategy used in
introducing additional S — S bonds into proteins is as follows,
(a) The Ser or Thr residues, resembling most closely the Cys residue,
are selected. For example, the Ser —Ser pair, forming hydrogen
bonds, can be replaced by Cys —Cys:

Ser
I

CH—CH»
j X

Ο—Η

Η — 0

Cη,—CH
I

Ser

Cys

CH—CH,

1 \ "

-* ss
CH

1

2—CH

Cys

If the Ser—Thr pair is replaced by Cys —Cys, then an empty space
is inserted in place of the methyl group, which can be compensated
by the replacement of the nearest Val residue by a Leu or He
residue.250 (b) For proteins with a known crystal structure,
residues are selected by computer analysis in which the carbon
atoms are in the same geometrical position as in the residues
between which a disulphide bond exists. There are steric limitations
to the introduction of an additional disulphide bond. The distance
between the carbon atoms of the residues forming a S — S bond
should be 4.5 — 6.5 A, while the angles formed by the S —S bond
should fit within the range of values established.251 (c) The energy
of the strain in the S —S bonds in native proteins varies from 0.5 to
4.7 kcal moF1. If the S —S bond produced has a strain energy
>4.7 kcal moP1, then the stabilising effect of this cross-link in
proteins will be abolished.249 For this purpose, hypothetical
S atoms are introduced into the model structure and candidates
with unsuitable steric interactions are rejected. The selected model
structures must meet yet another requirement. The cysteine
mutations must be in the positions for which certain changes are
observed in the course of evolution.252

A decrease in Δ SOonf is achieved also by replacing aminoacid
residues having a conformational flexibility, for example, Gly, by
residues containing a β-carbon atom and therefore having a smaller
flexibility (Ala, Pro),250 since

Ai'conf/residue = i? hi Z,

where Ζ is the number of conformations accessible to the residue
in the uncoiled protein. The residues to be replaced are chosen so
that steric hindrance should not arise after the substitution and the
functional properties of the protein should not be altered.

The contribution of the Ala residue to Δ Sconf relative to the Gly
residue is 2.4 e.u., while that of the Pro residue relative to Ala is
4 e.u. For example, the substitution Ala -+ Pro for the phage T4
lysozyme at pH 6.5 corresponds to an increase in AG<jen by 1.4 kcal
and to an increase in I'm by 3.5 °C.

There exist also several special approaches to increasing the
stability of proteins. A higher structural stability of the α-helix in
proteins can be attained following the substitution Val -*• Ala, while
the substitution Ala -* Val stabilises the β-layered protein structure.
Overall, it is essential to use for the substitutions not unduly
hydrophobic and bulky residues in order to preserve their
structure.253 The Ala residue is ar» interesting candidate for the
substitution of other residues and proteins. On the one hand, its

introduction frequently increases the thermal stability of proteins
(see above) and its increased content is characteristic of i-enzymes.
On the other hand, the "antifreeze" proteins (proteins preventing
the freezing of cells in organisms living at temperatures below 0 °C)
contain up to 60 mol. % Ala.254 The site-specific enrichment of
the proteins in Ala residues apparently increases their resistance to
denaturation by the cold. The site-specific substitutions of charged
residues at the ends of the α-helix (a change in the charge on the
N-terminal component from +2 to - 1 , as in the S-peptide of
ribonuclease) can increase the stability of the protein.255 Somewhat
different approaches to the stabilisation of proteins have been
proposed in relation to tyrosinase: (1) the replacements should
involve exposed residues or residues in β- coils, while the residues
in the α-helix or in β-layers should not be altered; (2) the
hydrophobicity of the molecule must not change; (3) the
Asp -> Glu, Lys -* Gly, Val -> Thr, Ser -> Asn, He -• Thr,
Asn -+ Asp, and Lys -• Arg substitutions are preferable (on the
basis of a comparison of the structures of t- and m-enzymes).256

The stability of proteins in relation to oxidation and heavy metal

ions can be increased by the following substitutions: Cys -*• Ala or
Ser; Met -* Glu, Val, He, Leu; Trp -> Phe or Tyr. The bulk of
the residues after the substitution hardly changes and steric
hindrance does not arise, but groups sensitive to oxidation and
complex formation with metal ions are substituted.257 An increase
in stability can be achieved by increasing the number of metal-
binding sections in proteins by introducing additional negative
charges.1

It has been suggested in certain studies that mutations stabilising
the protein act additively, i.e. the stability of the protein can be
increased significantly by accumulating a large number of stabilising
mutations. An increase in the stability of the protein can also be
achieved by removing (or saturating) certain uncompensated groups
capable of forming hydrogen bonds and also by filling the inner
cavities in the three-dimensional structure.258 On the other hand,
the substitutions of many residues can hardly act additively.259

Thus, although the overall theory of the prediction of the
stability of a protein on the basis of its primary structure is far from
completion, with the aid of graphical modelling in the presence of
a three-dimensional structure it is possible to reveal the presence in
the protein of residues of types I, II, and III, to select a priori the
residues to be replaced and the substituting aminoacid residues, and
to obtain the expected result.

(b) The stability of proteins in vivo in the cell is determined
primarily by their resistance to intracellular proteolysis. The
degradation of intramembrane proteins and long-lived cytoplasmic
proteins takes place in lysosomes and in cytosol (the latter is the
most selective). The rates of turnover of different proteins in the
cell differ by factors up to 1000 (from 2 min to more than 200 h).
The question arises what determines the half-life of the intercellular
proteins (τ ι/2). When 35 proteins with unknown crystal structure
were introduced into a culture of Hela cells, it was found that their
τ i/2 varied from 16 to 220 h and was not correlated with the size,
charge, and content of hydrophobic aminoacids, the acylation of the
N-terminal aminoacid, or the ratio of the α-helical and β-layered
conformations.260 Calorimetric data obtained for 22 of these
proteins showed that their thermal stability in vitro is also not
correlated with τ 1/2. The hypothesis that intracellular proteases
"recognise" more readily the inner part of proteins rather than the
outer part (i.e. proteins with a greater mobility and flexibility should



1094 Russian Chemical Reviews 58 (11) 1989

be degraded faster) has also not been confirmed, although it is
known that proteins with a conformation distorted as a result of
mutations are rapidly degraded.261

After denaturation, proteins become more accessible to
proteolysis in vitro. However, comparison of the values of τ i/2

for native and denatured bovine serum albumin in cytosol and of
β-lactoglobulin and cytochrome c in a culture of rat haepatoma cells
showed that the denatured proteins are sometimes degraded several
times more slowly than the native proteins (or at the same rate).262

Thus none of the global structural properties of the protein
macromolecule which were examined above can serve as a criterion
of its stability in the cell. Nevertheless, the latest data on protein
sequences indicate the existence of definite signals in the sequence
responsible for the degradation of the molecule. Thus proteins with
τ i/2 < 2 h contain one or more regions enriched in Pro, Glu, Ser,
and Thr.263 These regions have between 12 and 60 residues and are
protected by clusters of positively charged aminoacids, which has
been confirmed for a large number of intracellular proteins. There
exists yet another type of signal for increased proteolysis: the
S-peptide of ribonuclease—20 N-terminal aminoacids in which
(Lys-7)-Phe-Glu-Arg(Gln-ll) are critical. The S-peptide "grafted"
to lysozyme and insulin increased by a factor of 2 the rate of their
degradation in fibroblasts.264

In the case of the ubiquitin-dependent non-lysosomal selective
proteolysis, the state of the oc-NH2 group in the protein plays a
fundamental role. The ubiquitinisation of the N-end of the protein
is critical. The "N-end rule", establishing the dependence of the
stability of the protein in vivo (τ i/2) on the nature of the N-terminal
aminoacid, has been established.265 With the aid of site-specific
mutagenesis involving the cross-linking of β-galactosidase to the
ubiquitin proteins, proteins with different aminoacids at the N-end
of the molecule were obtained after the removal of the ubiquitin
protein (Scheme 5). Depending on the aminoacid, τ 1 / 2 varied as

follows: o , ,
Scheme 5
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ubiquitin I V a l

Met Uly—Gly

Met

He

Glu

Tyr

Gin

Phe, Leu, Asp, Lys 3 m i n

Arg 2 min
Pro 7 min

If a Met group is placed at the ubiquitin binding site ahead of the
residues destabilising β-galactosidase, then the τ 1/2 for the enzyme
increases ( > 20 h). The authors suggest that, after the N-terminal
peptidases have split off the N-end of the polypeptide chain
synthesised, the "N-end reading" enzymes recognise specific residues
at the N-end, which in fact determines their τ 1/2. Long-lived
proteins in the cell do indeed have Met, Ser, Ala, Gly, Thr, and Val
residues at the end. On the other hand, eukaryotic toxins contain
the destabilising Arg, Lys, Leu, Phe, and Asp residues at the N-end.
Thus the rule established not only explains the metabolic stability
of the protein but also suggests possible ways of regulating it.
However, other workers260 believe that this is a contranslation rule
and holds immediately after translation for proteins which have still
not coiled up, since τ y2

 = 1—3 min is comparable to the protein
translation time.

β-galactosidase
In/His Lys

30 min

> ~ ίο m i n

The oxidation of the His, Cys, and Met residues in the protein as
well as the deamidation of Asn lead to its rapid degradation. The
oxidised proteins are apparently recognised by special enzymes.266

The stability of the intracellular proteins depends also on the site
where they are located. The proteins forming part of multienzyme
complexes and bound to membrane structures are more stable.

Thus the stability of proteins in vitro in solution is determined by
specific intramolecular interactions. The stability of proteins in vivo
is a more complex quantity and depends not only on the structure
of the protein but also on its function—on the interaction of the
protein with other proteins and cell components. The presence of
specific signals in the aminoacid sequence, recognised by specific
proteinases, and not the stability of the inner structure and the
capacity for uncoiling when acted upon by various factors is of
fundamental importance for the stability of the protein in vivo (in
contrast to its stability in vitro).

3. The study of the stability of proteins with the aid of
aminoacid replacements

The first studies of the influence of random aminoacid
replacements on the stability of proteins were published at the end
of the 1970s and concern the lysozyme of the T4 phage and the
α-subunits of tryptophan synthetase (for a review of the first
investigations, see Kutuzova et al.236). Since the proteins were
isolated from mutant strains obtained in different ways, the
influence of random aminoacid replacements on the stability of the
proteins was also unpredictable. As the crystallographic technique
and genetic engineering methods developed, it became possible to
carry out specific replacements with prediction of a definite result.
Examples of the study of the stability of different proteins with the
aid of mutations (random and directed), which in many respects
confirm and illustrate the features described above, are described
below.

The presence of the type I, II, and III residues in proteins has
been clearly demonstrated in a study of the lysozyme from the
temperature-sensitive strains of the T4 phage, a convenient model
monodomain protein, which has no S — S bond and prosthetic
groups. Comparison of the crystal structures of the mutant
lysozymes showed that the majority of the mutations destabilising
lysozyme and encountered among residues which are inaccessible to
the solvent have a rigid conformation, and are most static in the
molecule. These aminoacid residues, located in the "hard" part
of the molecule, form stabilising intermolecular bonds (type III
residues). Mutant lysozymes, in which the inner Thr-157 residue,
forming hydrogen bonds, has been replaced by the He, Ala, Ser,
Leu, Asp, etc. residues, had Taen smaller than Tden for the native
lysozyme by 9 —13 °C (pH 2.0). This is caused by a dissociated
and uncompensated hydrogen bond. 2 6 7 " 2 6 9

Temperature-sensitive mutations are scarcely encountered among
aminoacid residues which are exposed to the solvent and are mobile.
For example, the replacement of the Cys-54, Glu-128, and Pro-86
residues by any others does not affect the stability of lysozyme.270

Similar results were obtained for the staphylococcal nuclease271 and
kanamycin-nucleotidyl transferase.272 Six mutants with one
aminoacid substitution in the C-terminal region by the method of
segment-directed mutagenesis were obtained for the last enzyme.
The stability of all the Gly-242 -> Arg, Gly-242 -» Glu,
Gly-204 -> Asp, Phe-230 -»• Ser, and Pro-252 -> Leu (except only
Glu-210 -> His) mutants diminishes in the above sequence and is
smaller than the stability of the native enzyme. According to the
authors, this can be explained by replacements among the residues
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immersed into the hydrophobic nucleus of the molecule and depends
on the nature of the substituted residue.272 For the protein of the
λ-phage repressor, which consists of an N-terminal DNA-binding
domain (92 residues) and a C-terminal domain (144 residues),
11 single-point mutants were obtained in the region of the
N-terminal domain. Analysis of the CD spectra showed that the
mutations of the aminoacid residues exposed to the solvent do not
alter the stability of the λ-repressor, while the mutations of the
inner aminoacid residues diminish it. Just one surface mutation
Gln-33 -+ Tyr increases the thermal stability of the λ-repressor
(type II residue). It has been suggested that the Tyr-33 residue
introduced interacts with the Tyr-22 residue over a distance of
25 A, which stabilises the structure.273

A rare proved example of mutations of type II residues is of
interest. All the mutations in subtilisin (Met-50 -»· Phe/Ile-107 ->
Val/Lys-113 -> Arg), which increase its stability in the region of
alkaline pH, are located near the surface of the molecule, which
has been demonstrated for the three-dimensional structure of the
protein. The modelling of the Met-50 substitutions showed that the
introduction of the Phe residue makes the hydrophobic interaction
with the Trp-113 residue more favourable, which has in fact been
observed in the crystal structure of the protein.274

Examples involving the introduction of additional S — S bonds.
A patent has been recently obtained for the preparation of stable
proteins with additional S —S bonds.275 For this purpose, X-ray
diffraction data for a specific protein are read into a computer and
the sites for the introduction of Cys residues are found taking into
account the necessary conditions indicated above.39 The gene
coding for the given protein with nucleotide replacements giving

rise to the Cys residue is modified by the method of site-specific
mutagenesis and is incorporated into the plasmid and expressed in
the required culture.

A stable mutant of the T4 phage lysozyme was obtained in this
way. The native enzyme has two Cys residues (54 and 97), but
contains no S —S bonds. Analysis of the X-ray diffraction structure
of lysozyme led to the selection of positions 3 and 97 for the
formation of the disulphide bond and the Ile-3 -• Cys mutant was
constructed (with retention of 77% of activity) (Fig. 9). Oxidation
of lysozyme in vitro leads to the formation of the (Cys-3) — (Cys-97)
S —S bond. The stability then increases approximately by a factor
of 30 (at 67 °C). Thermal inactivation in the presence of
dithiothreitol (DTT) showed that the stabilisation is caused
precisely by the formation of the S — S bond and not by the He -*•
Cys substitution. At the same time, at an elevated temperature
the Cys-54 residue is involved in the thiol —disulphide exchange,
which inactivates the lysozyme as a result of the formation of
intermolecular S —S bonds. Mutants were therefore obtained in
which the Cys-54 residue was replaced by other residues with
retention of the S — S bond in positions 3 and 97, which increased
the stability several times more (the replacements of only the Cys-54
residue by Thr and Val do not alter the stability of lysozyme).276

For a detailed study of the role of the Cys-54 and Cys-97 residues
in the oxidative inactivation of the T4 phage lysozyme, the
Cys-54/Cys-97 -»• Val/Ser double mutant was constructed. Its
stability proved to be higher than that of native lysozyme. The use
of such mutations made it possible to discover the mechanism of the
thermal inactivation of lysozyme. The reversible uncoiling of the
molecule at elevated temperatures is complicated by secondary
processes, the main ones of which are oxidative inactivation with

Cys-97

CyS-5</

Figure 9. Steric structure of the T4 phage lysozyme.277

-Thr.Val
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formation of oligomers linked by S — S bonds (this has been
demonstrated electrophoretically). The removal of the Cys residue
from lysozyme prevents the oxidative inactivation. On heating, this
mutant uncoils reversibly with regeneration of the activity after
treatment with guanidine hydrochloride (Gu.HCl). On the other
hand, although the mutant with the 3—97 S — S bond, in which the
Cys-54 -y Val substitution has been carried out, does exhibit a
higher stability, nevertheless the percentage regeneration of the
activity after uncoiling in the presence of Gu.HCl and coiling up
again is close to zero. Other proteins containing free Cys residues
probably also undergo thermo-oxidative inactivation and can
therefore be stabilised by similar aminoacid replacements.277

Dihydrofolate reductase (DFR) contains one polypeptide chain
(159 residues). The Pro-39 residue is located opposite the Cys-85
residue. The distance between the a-carbon atoms is 6 A, which
is the same as in the S — S bond, and both residues are remote from
the active centres. For this reason, the Pro-39 -»• Cys mutation
leads to the formation of the 39 —85 S — S bond after oxidation
with dinitrobenzoate without a change in enzyme activity.278 The
DFR mutant obtained is more stable in relation to denaturation
by urea and Gu.HCl to the extent of 1.8 kcal mol"1 and its
coiling—uncoiling mechanism is altered.279 Comparison of the
crystal structures of the mutant and the native enzyme
demonstrated their identity. The thermal stability of the mutant is
approximately the same as that of the native DFR (Tm = 44 and
41 CC respectively).

Computer analysis for the λ-phage repressor protein280

demonstrated the usefulness of the introduction of the
(Cys-88) — (Cys-88') S — S bond between the repressor subunits
after the replacement of Thr-88 by the Cys residue.281

For the Thr-88 -• Cys mutant, the S-S bond forms
spontaneously; the mutant was more resistant to denaturation
by urea than the native protein and Tm increased from 49 to
56-60 °C. On the other hand, the Tyr-85 -> Cys mutant does
not form a covalently bound dimer. Its chain structure is
damaged and its stability is therefore lower than that of the native
λ-repressor.280

For the subtilisin from B.amyloliquefaciens, which contains no
S — S bonds, the Thr-22 and Ser-87 positions were selected for the
production of such a bond. The Cys residues were introduced into
these positions by the method of site-specific mutagenesis. They
then formed spontaneously an S-S bond (either during the
synthesis of the protein or during its secretion). These mutations
did not affect the catalytic properties of subtilisin, while Tm

increased from 58.9 to 62 °C. On the other hand, in the presence
of DTT.t whereupon the S-S bond is ruptured, Tm = 56.2 °C.
The rate of thermal inactivation of the Cys-22 -»· Cys-87 mutant is
1.5-2 times lower, while τ 1 / 2 in 8 Μ urea is higher by a factor
of2.2 5 2

Stabilisation of proteins by the replacement of residues with a high
flexibility (Gly) in the uncoiled state of the protein by residues with a
limited conformational freedom (Ala, Thr, Val, He, Pro). The
replacement sites such that neither the tertiary structure of the
protein nor the interactions with neighbouring residues were altered
were selected for the T4 phage lysozyme by computer modelling.

t Dithiothreitol (Translator).

The selected candidates for replacement by the Ala residue were
Gly-77 and Gly-113, while the Ala-82 residue was chosen for
replacement by the Pro residue. Comparison of the crystal
structures of the native and the Gly-77 -»• Ala and Ala-82 -» Pro
mutant lysozymes showed that they are virtually identical with the
exception that the carbonyl carbon atom of the Glu-108 residue,
closest to the Ala-77 residue, is displaced by 1.3 A. Nevertheless
the hydrogen bonds between the residues are unaffected. In the
Ala-82 -> Pro mutant, the H2O molecule bound to the pep tide
nitrogen atom of the Ala-82 residue in the native protein is
displaced. However, these are minor changes and do not influence
the stability of lysozyme. For the Ala-77 and Pro-82 mutants,
the Tm at pH 6.5 increase from 64.7 to 65.6 and 66.8 °C
respectively, while the stabilisation energies are 0.4 and
0.8 kcal mol"1 respectively as a result of the decrease in the entropy
of the uncoiling of the protein.258 Similarly the Gly -*• Ala
substitutions increase the stability of the λ-repressor282 and of the
neutral protease from B. stearothermophilus following the replacement
Gly-144 -• Ala.283 This replacement was discovered on comparing
the t- and w-enzymes. Admittedly, in such cases the increase in
stability was explained by the replacement in the α-helix of the
weakly helix-forming Gly residue by the effective helix-forming Ala
residue.

The linear correlation between the hydrophobicity of the substituted
residues and the increase in A Gden after point mutations was
demonstrated for the α-subunit of tryptophan synthetase.273'284

This correlation can be accounted for by the fact that the
dielectric constant within the protein diminishes with increase in the
hydrophobicity of the inner aminoacid residues, which intensifies the
hydrophobic and electrostatic interactions. The point mutants of
the α-subunit of tryptophan synthetase, isolated from mutant
strains, are twice as stable as the native enzyme after the
Glu-49 -> Met, Gly-211 -> Glu, and Gly-234 -> Asp replacements
and are less stable after the Phe-22 -• Leu, Glu-49 ->• Gin,
Leu-177 -»• Arg, Gly-211 -»• Arg, and Gly-213 -> Val replacements.
However, the tertiary structures of the mutants were not compared
in these cases, which renders the results not altogether unambiguous.

Individual independent mutations can act additively on the
stability of the protein and the accumulation of several such
mutations with a stabilisation energy of 1 kcal mol"1 can give rise
to a radical increase in A Gden· For example, the mutants of
kanamycin-nucleotidyl transferase with the Asp-80 ->· Tyr and
Thr-130 -»· Lys replacements and the Tyr-80/Lys-130 double mutant
had maximum activities at 56, 60, and 62 °C respectively, while the
native enzyme had a maximum activity at 52 °C. The resistance of
the double mutant to proteolysis is greater than that of the point
mutants and of the native enzyme.285 The stabilisation is caused by
additional hydrogen bonds and electrostatic interactions.

One of the causes of the instability of proteins is their oxidation
with subsequent inactivation and denaturation. This refers
particularly to proteins containing the Met, Cys, or Trp residues
near the active centre. In subtilisin, the Met-50 and Met-222
residues are on the surface of the molecule, the Met-222 residue being
close to the Ser-221 residue in the active centre. Following the
replacement of Met-222 by the Cys-residue, the mutant had 138%
of the original activity, while the replacements by the Ala and Ser
residues resulted in mutants with 53% and 35% activities
respectively. All other replacements led to a greater fall of the
activity of subtilisin. Native subtilisin in 0.1 Μ Η2Ο2 has
τ 1/2 = 2.5 min. The Met-222 -> Ser, Ala, or Leu mutants are
stable under these conditions for more than 1 h, while the
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Met-222 -• Cys mutant is not oxidised by 0.1 Μ Η2Ο2 at all.
Thus the replacement of the Met-222 residue by residues resistant to
oxidation increases the stability of subtilisin.286

The stability of proteins can be increased by reducing the surface
area of the hydrophobic component in contact with the solvent, as
shown for lactate dehydrogenase from B. stearothermophilus. The
hydrophobic Ile-250 residue, located on the surface of the NAD
binding pocket, was replaced by the hydrophilic Asn residue,
whereupon k\n for the mutant diminished by a factor of 4.5
(at 90 °C), possibly as a result of the formation of the additional
(Thr-246-(Asn-250) hydrogen bond.287

Examples confirming the general features of the variation of
the stability of protein molecules and also examples where
desirable results were achieved in the stabilisation of proteins on
the basis of these features were considered above. However, many
investigations showed that the influence of the aminoacid
replacements on the stability is specific to each protein. As a rule,
this applies to proteins with an unknown three-dimensional structure
for which computer modelling of replacements and a reliable
prediction of the effect are impossible.

In the monomeric form of iso-1-cytochrome c (the Cys-102
residue is blocked), the Pro-71 residue (the conservative residue as
regards evolution) is important for the coiling of the protein and
separates two short α-helical regions, defining the end of one and
the beginning of the other helix. Its replacements by the Val, Thr,
and He residues do not alter the functional properties of the
structure but do alter the stability of the protein. Thus the stability
of the mutants in relation to guanidine hydrochloride (AGden,
kcal moP1) diminishes in the following sequence: native; Val-71;
Thr-71; Ile-71 (3.6, 2.6, 1.9, and 1.9 respectively).288 The study of
the denaturation kinetics showed that the location of the
mutation in the primary structure determines the stage whose rate
will change, while the nature of the substituent influences the change
in the rate of the stage.289

The Pro-87 -* Ser mutant of adenylate kinase from the
temperature-sensitive strain of E. coli had fccat/^M smaller by a
factor of 17 (at 27 °C) than the native enzyme and its thermal
stability was lower. In the mutant adenylate kinase, the α-helix
content diminished by 11%. Analysis of the CD spectra showed
that the mutation broadens the structure of the enzyme. As a
result, the sensitivity of the mutant to proteolysis increased. It has
been suggested that the Pro-87 residue is located within the globule
in the region of intensely interacting Asp-84, Phe-86, and Arg-88
residues and that its replacement by the more flexible and polar Ser
residue disrupts these interactions and destabilises the structure of
adenylate kinase.290 The single point replacements in the a-subunit
of tryptophan synthetase291'292 and in dihydrofolate reductase293

made it possible to discover the role of the individual aminoacid
residues at each stage of the reversible denaturation of these
enzymes by urea.

All the studies examined above were devoted to the stabilisation
of enzymes in relation to reversible denaturation. The transition of
the protein molecule to the irreversibly uncoiled state is caused by
the aggregation of the protein molecules — the chemical modification
of the functional groups more accessible to the solvent in the
denatured state, as a result of which the molecule cannot coil up
into the native conformation.

An attempt has been made to prevent the irreversible
denaturation process with the aid of site-specific mutagenesis for
triose phosphate isomerase (TPI)—an enzyme consisting of two
identical subunits without S —S bonds and non-protein components.

Analysis of the crystal structure established that the Asn residues
located on the surface of the molecule between the subunits are
deaminated in the thermal inactivation process with formation of
charged Asp residues, which leads to the dissociation of the dimer
into inactive monomers. The Asn-78 -+ Thr, He and
Asn-14/Asn-78 -»• Thr/Ile mutants were obtained. Their half-lives
at 100 °C increased from 13 to 17, 16, and 25 min respectively, and
at the same time they had lower Tm (by 2—3 °C) than the native
TPI, i.e. these mutations destabilise the enzyme in relation to
reversible thermal inactivation.294·295 This approach of the authors
does not appear to be altogether correct, because the irreversible
thermal inactivation of proteins involves not only (and not so much)
the chemical modification of the functional groups but also physical
processes leading to the aggregation of the denatured molecules
after uncoiling. The stabilisation of the native conformation of the
protein using the strategy described above appears more promising.

VI. Protein design

The construction of proteins with specified properties, structure,
and stability, i.e. protein design, is a higher stage of development of
genetic engineering. For a specific alteration of catalytic properties
and substrate specificity, it is essential to investigate in detail the
mechanism of the enzymic reaction and the structure of the
substrate-binding section and of the active centre in order to alter
the resistance to the effect of temperature or chemical reagents —
factors which determine the stability of the protein, as well as the
disposition of the groups, which are functionally important for
catalysis, in order that the changes made in the structure to increase
stability should not entail the loss of catalytic function. Protein
design becomes possible provided that the X-ray diffraction
structure of the protein has been obtained with a high degree of
resolution. Such a structure serves as a basis for computer analysis
and graphics.

For example, analysis of the steric disposition of the Met-222
group in subtilisin showed that its replacement by residues with
small side chains (Glu, Ala, Ser, Cys, etc.) would not alter the
conformation of the catalytic region and a high activity would be
retained, while replacement by residues with long side chains would
lower the activity of the enzyme. The results of mutagenesis
confirmed the validity of the model. One of the mutants involving
the replacement Met-222 -»• Cys showed a higher activity than the
native subtilisin.296

Allowance for electrostatic effects in the active centre of subtilisin
yielded mutants with an altered pH activity profile. Rules have
been formulated for the construction of proteins with an altered pH
dependence:297 (1) the increase in the negative charge in the
region of the active centre increases the ρ Κα for the acid groups,
while an increase in the positive charge reduces the ρ Κα; (2) the
change in the pH dependence is manifested at a low ionic strength;
(3) the mutations should be carried out in such a way that the
counterions do not concentrate in the region of the active centre.
The change in the surface charge in the active centre of subtilisin
(as a result of the replacement Asp-99 -* Ser) (Fig. 10) led to
an appreciable shift of the activity pH-profile to the acid
region.150·151·297

The specific alteration of the substrate specificity of enzymes is
achieved by altering the conformation of the substrate-binding
region. The Gly-216 -> Ala replacement in trypsin increased
the catalytic activity in relation to arginine substrates, while the
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Gly-226 -» Ala replacement increased it in relation to lysine
substrates.141 In the case of lactate dehydrogenase, the active
centre was reconstructed in the following way: Thr-246 -*• Gly
(increase in the volume of the active centre), Asp-197 -* Asn
(neutralisation of the acid), and Glu-102 -*• Arg (introduction of a
base to ensure the binding of a carboxylate). The ternary mutant
oxidised malate 23 times more effectively than lactate and reduced
oxaloacetate 500 times more effectively than pyruvate, while the
native enzyme had a catalytic activity in relation to pyruvate 1000
times greater than in relation to oxaloacetate. Thus the mutant
enzyme acquired the properties of malate dehydrogenase.179

In alcohol dehydrogenase, the long side chains of the Trp-93 and
Thr- 48 residues diminish the size of the substrate-binding pocket
and the enzyme therefore catalyses most effectively the oxidation
of alcohols with a short side chain (ethanol, 1-propanol). The
replacement of these residues by residues of smaller size
(Trp-93 -> Phe and Thr- 48 -* Ser) increased the effectiveness of the
oxidation of long-chain alcohols (1-octanol, 1-heptanol) compared
with ethanol.182

His-flf

Asp -99

Figure 10. Schematic representation of the ionic atmosphere, made
up of the Lys-99 and Lys-156 residues, of the active centre of
subtilisin.297

The site-specific mutagenesis of haem ligands in cytochrome b 5 is
an interesting example of the formation of a protein with new
improved properties.

The His-39 -+· Met replacement of the axial haem ligand greatly
reduced the oxidation-reduction potential. The peroxidase activity
in the reaction of the mutant protein with o-dianisidine increased by
a factor of 30. In addition, the mutant acquired a new property—
it catalysed the intermolecular oxidative demethylation of
AW-dimethylaniline by H2O2. The native cytochrome b s is
completely inactive in this reaction.

The C-terminal hydrophobic segment of penicillin-binding
protein 5 from E. coli, which binds this protein to a membrane, was
replaced by a shorter segment containing hydrophilic aminoacids,
which led to the formation of a water-soluble protein with complete
retention of its activity.

The construction of proteins with a much higher stability by

employing the general approaches and features examined in
Section 5 is a brilliant example of protein design. The introduction
of intramolecular disulphide bonds stabilised the T4 phage
lysozyme,276 subtilisin,252 the N-terminal domain of the
λ-repressor,280 and dihydrofolate reductase.180 The replacement of
Met-222 in subtilisin by residues resistant to oxidation (Ser, Ala)
greatly increased the stability of this enzyme.286 The replacements
of unbranched residues by branched β-carbon chains (Thr, Val, He)
restricted the conformation of the protein and hence greatly
increased the stability of the T4 lysozyme.258

Studies designed to create protein-hybrids possessing the set of
properties of their constituent proteins are of interest. Thus the
E. coli protein possessing adenylate cyclase and β-galactosidase
activities has been constructed.300 It consists of the first 556
(out of 848) aminoacid residues of adenylate cyclase (the enzyme
responsible for the synthesis of cAMP), linked via the synthetic
pentapeptide Val-Gly-Asp-Pro-Val to the eighth residue of
β-galactosidase (M =175 kD). The resulting chimeral protein is a
tetramer. The pH optimum of the adenylate cyclase activity in the
hybrid protein has been displaced to the alkaline region (from 8.5 to
9.5) and an excess of ATP does not inhibit the adenylate cyclase
activity of the hybrid in contrast to the native enzyme, which can
apparently be accounted for by the absence of a regulatory domain
from the hybrid. The kinetic properties of the hybrid protein are
close to those of both constituent proteins, but the hybrid is less
stable than β-galactosidase. The hybrid of the human growth
hormone and the signal peptide of the extramembrane E. coli
protein OmpA has also been obtained by the genetic engineering
method. The recombinant DNA was expressed in the cells of
E. coli and the growth hormone synthesised was secreted into the
periplasm of E. coli. It had the correct secondary structure and
formed the required S —S bonds. Thus the addition of the signal
peptide ensured the passage of the hybrid protein through the cell
membrane of E. coli and the correct coiling of the protein
synthesised with formation of the required disulphide bonds.301

—0O0—

The analysis of the literature described shows that the protein
engineering technique is a revolutionary experimental instrument for
the solution of fundamental problems in modern enzymology: the
determination of the structure—function—stability of protein
macromolecules relation. The study of numerous mutant proteins
with the aid of computer graphics has provided an algorithm for the
preparation of enzymes with properties specified beforehand in order
to use them in biotechnology. The need for the employment of
genetic engineering methods in modern protein chemistry is not only
evident but is genuinely essential for the solution of both theoretical
and applied problems.
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