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Abstract. The applications of various bioinformatics methods and
databases to the analysis and classification of proteins and search
for active sites of enzymes are considered. The published data on
the structures of active sites and mechanisms of action of hydro-
lases are analysed. It is emphasised that all of the known hydro-
lases can be divided into four groups according to the types of
catalytic site which differ in the mechanisms of water activation.
The mechanisms of water activation by catalytic groups in the
active sites of hydrolases are discussed and the schemes of catalytic
cycles characteristic of classical types of active sites of these
enzymes are considered. Using glycosyl hydrolases and serine
hydrolases as examples, it is demonstrated that different proteins
possess common catalytic sites and mechanisms of action. The
role of aspartic acid and histidine in the activation of hydrolase
substrates and the role of structure-forming acids (glycine, pro-
line, cysteine) in the structural organisation of the catalytic sites
are considered. The bibliography includes 195 references.

I. Introduction

Considerable progress achieved in the study of enzymes in recent
decades is caused by the profound fundamental interest in
enzymes as highly efficient catalysts of chemical reactions, on the
one hand, and by continuously expanding areas of their applica-
tions aimed at the solution of numerous practical tasks, on the
other hand.!~13

The large amount of information on the structures of enzymes
has been accumulated over recent years, considerable progress has
been observed in the development of concepts of the principles of
formation of active sites of enzymes and their mechanisms of
action. Tremendous amounts of information concerning amino
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acid sequences and spatial structures of protein molecules have
been amassed in numerous computer databases. This information
demands analysis, systematisation and interpretation from the
standpoint of the chemistry of catalytic processes. This review is
devoted to applications of bioinformatics methods and databases
in the analysis of enzymes and search for their active sites.

Hydrolases, i.e., enzymes catalysing hydrolysis of various
compounds, were chosen as the subjects of investigation. This
choice was determined by a number of circumstances. Hydrolases
constitute about one third of all currently known enzymes
(approximately 1100 out of 3700 in the Enzyme Classification).
The functional groups in the active sites of many hydrolases that
effect their catalytic cycles have been determined. The mechanisms
of action of all hydrolases include activation of water by a limited
array of functional groups. The fact that many structural elements
in the active sites of hydrolases are present in enzymes pertaining
to other classes is of no less importance for enzymatic catalysis at
large.

I1. Databases of amino acid sequences and three-
dimensional structures of enzymes

A considerable body of information on the primary and spatial
structures of biopolymers has been accumulated to date. Infor-
mation on amino acid sequences of enzymes is widely used for
their classification, i.e., belonging to one or another family,’
determination of conserved amino acids and their positions within
the families, studies of translated sequences of proteins derived
from decoded genomes, etc. Spatial structures of enzymes are used
for the studies of enzyme-catalysed chemical transformations,
rationalisation of substrate specificities, site-directed mutagenesis
of enzymes aimed at conferring specific functions on them, etc.

Databases containing amino acid sequences or spatial struc-
tures of proteins are referred to as primary. Secondary databases
comprise elements of the primary databases classified according
to their specific features, e.g., databases on alignments of amino
acid sequences of proteins or hierarchical databases of protein
structures.

T The terminology used by different authors may differ.
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The Swiss-Prot/TTEMBL (EMBL stands for ‘European
Molecular Biology Laboratory’ database),'* which further devel-
oped into the knowledgebase UniProt,!> is one of the most
popular primary databases of protein sequences. The non-com-
mercial database Swiss-Prot is supported by several research
institutes in Europe (e.g., the Swiss and European Institutes for
Bioinformatics) and the USA and is accessible through ExPASy
(Expert Protein Analysis System), the proteomic server of the
Swiss Institute for Bioinformatics (http://www.expasy.org). Infor-
mation deposited therein is available through servers in many
other countries, which ensures rapid responses to the users’
queries.

By the time of writing of this paper (June 2004), the latest
version of the Swiss-Prot 43.5 database contained information
about 153017 annotated amino acid sequences with the overall
length of 56 301 572 amino acids retrieved from 116 894 publica-
tions. It is noteworthy that this database contains only annotated
sequences, i.e., sequences of the proteins (including enzymes) with
well-established functions. The database TrEMBL, which com-
prises translated protein sequences, is a supplement to the Swiss-
Prot database. The translation is carried out automatically from
the nucleotide sequences deposited with the EMBL Nucleotide
Sequence Database.!® For the protein sequences deposited in the
database TTEMBL, only the sources are known. The conclusion
about their putative functions is made on the basis of their
similarities to the sequences of the studied (annotated) proteins.
The latest version of the database TTEMBL contained informa-
tion about 1062416 sequences with the overall length of
332514237 amino acids. Special mention should be made of a
nearly tenfold difference between the number of protein sequences
in the databases Swiss-Prot (annotated) and TrEMBL (trans-
lated). As a result of their investigation, the proteins from the
database TTEMBL pass into the database Swiss-Prot, where they
supplement the arrays of sequences of the annotated proteins. The
number of sequences in the database Swiss-Prot/TrTEMBL
increases nearly exponentially with time.

The data deposited with the database Swiss-Prot/TTEMBL
encompass several fields; their content can be illustrated by the
following example. The amino acid sequence of formate dehydro-
genase from Pseudomonas sp. strain 101 has the primary accession
number P33160 (a unique identifier of this sequence in the Swiss-
Prot) and the entry name FDH_PSESR (the second unique
identifier of this particular sequence having a definite semantic
meaning): FDH is abbreviated from Formate DeHydrogenase,
while the abbreviation PSESR indicates the source, viz., Pseudo-
monas sp. Using the accession number or the entry name, one can
obtain available information about the amino acid sequence.* The
accession number and the entry name (if it exists) are followed by
chronological information (database entry date, latest modifica-
tion date, annotation modification date, etc.); name(s) of the
protein [official, synonyms, Enzyme Classification (EC) number];
origin and taxonomic data; references to the literature sources of
the sequence or its corrections; comments on enzyme-catalysed
reactions and data on the quaternary structure and relatedness to
a protein family. Other information includes cross-references to
the corresponding entries of other databases. For formate dehyd-
rogenase used as an example, there are references to the entry in
the protein structure database PDB (Protein Data Bank, 2NAC
identifier) and two entries in the Protein families database
(Pfam).!”7 It is of note that the number of cross-references varies
for different sequences and depends on the level of investigation of
a protein. The cross-references are succeeded by the field ‘Fea-
tures’, which provides information about the domain structure
and secondary structure elements based on the spatial structure of
a protein (if any) and, finally, the amino acid sequence itself.

1 It is of note that the primary accession number and entry name for each
amino acid sequence deposited with the database TTEMBL coincide, since
their functions are unknown and the conferment of names reflecting their
function or classification is unjustified.

For the overwhelming majority of protein sequences depos-
ited in the database Swiss-Prot, the set of fields is not that big,
since the spatial structures are known only for a limited number of
proteins including well-studied ones. For protein sequences
deposited with the database TrEMBL, the set of fields is even
smaller: it is only the sequence source (gene), references and the
sequence itself that are reliable. It is of note that the access to the
database Swiss-Prot/TrTEMBL permits the use of different kinds
of search and the user’s interface is well thought-out, which
significantly facilitates the work.

The Protein Data Bank (PDB) ' (http://www.rcsb.org) rep-
resents a primary database of spatial structures of biopolymers.
This data bank is supported by the Research Collaboratory for
Structural Bioinformatics which comprises three research centres
in the USA. By June 2004, this data bank comprised information
about 25 882 biopolymer structures (including 23 429 peptide and
viral structures) established by X-ray diffraction analysis and
multidimensional NMR.S It is of note that the number of
structures deposited with PDB increases exponentially and so
does the volume of data banks of the primary sequences. How-
ever, in contrast to amino acid sequence data banks, the structure
data bank includes different structures of the same biopolymer
obtained under different conditions (e.g., pH) or as a complex
with different molecules (e.g., with inhibitors), efc. Some protein
structures look very similar. If such ‘similar’ structures are
omitted, the remaining ~ 5000 structures will differ, in one degree
or another, in the fold of their polypeptide chains, the increase in
the number of new folding types being far from exponential. It is
noteworthy that the difference in the growth rates of the bank of
primary sequences and the bank of spatial protein structures
makes the simulation of protein structures based on their amino
acid sequences a topical task. The development of methods for
simulation is progressing rapidly.!®

Every structure deposited with the PDB is presented as a text
file, which includes the coordinates of all of its heavy atoms (these
coordinates are read by molecular graphics programs or are used
as the starting information for calculations). Some proteins
possess spatial elements (groups of atoms) manifesting high
lability (these include disordered structures situated on the surface
of protein globules or several amino acid residues nearest to the
N-/C-ends). The impossibility of determining their coordinates
leads to the appearance of gaps in the polypeptide chains or a lack
of structural data on the side chains of amino acid residues.

In addition to the atom coordinates, PDB files contain
references to the papers with the protein structures, experimental
procedures and subsequent processing of the results obtained,
amino acid sequences and secondary structures of proteins. High
accuracy of determination of spatial structures of enzymes makes
quantum-chemical methods applicable to simulation of enzymatic
catalytic processes.??

The interface of the PDB database allows text searching in
different fields. In our opinion, the database PDBsum (http://
www.biochem.ucl.ac.uk/bsm/pdbsum/) developed and supported
by researchers of the European Institute for Bioinformatics is the
most convenient tool for object searching.?! =23 This database is
secondary according to our classification and contains references
to PDB files ordered according to specific features. For example, it
allows a rapid search for protein structures on the basis of their EC
numbers, determination of all structures containing a specific
ligand or a prosthetic group (e.g., heme or NAD) and retrieval of a
list of biomolecules isolated from any particular organism. In
addition to a large number of cross-references, this database
provides a graphical presentation of the secondary structure of a
protein with the indication of its conserved amino acids.

§ The term ‘biopolymer (particularly, protein) structure’ stands for a set of
Cartesian coordinates of heavy atoms (of all atoms with the exception of
hydrogen atoms) constituting the given biopolymer.
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Two databases, viz., CATH (http://www.biochem.ucl.ac.uk/
bsm/cath/),>#=25 and SCOP (http://scop.mrc-Imb.cam.ac.uk/
scop/),2°~ 28 comprise a hierarchical classification of protein
structures. The structural domains of the proteins deposited with
these databases are clustered according to the fold of the poly-
peptide chain. The hierarchical nature of these databases is
manifested in the stepwise introduction of similarity levels of
protein structures. Thus the structures in the database CATH are
first combined into homologous superfamilies (Homology), the
families are united into topologies (Topology), which form the
topology architectures (Architecture); the latter, in turn, form
classes (Class). A knowledge of the index of a structure in the
database classification allows a rapid search for structural ‘neigh-
bours’ and determination of the qualitative degree of similarity
between different protein structures.

The database HSSP (Homology-derived Secondary Struc-
tures of Proteins)?” available at the address http://www.sander.-
ebi.ac.uk/hssp/ is a database linking structural information to
sequence information. This database comprises pairwise align-
ment of the amino acid sequence of a protein deposited with the
data bank PDB and homologous sequences with the degree of
identity of 30% and higher from the data bank Swiss-Prot/
TrEMBL. This information can be used for the construction of
spatial structure models of proteins using homologous simula-
tion.!” The database HSSP also contains information about the
conservation of the constituent amino acids in the amino acid
sequences.

The aforementioned database Pfam is the only secondary
database of protein sequences that deserves special considera-
tion.!” This database comprises multiple alignments of protein
sequences from the database Swiss-Prot/TrEMBL, united into
families according to the similarity of their amino acid sequences.
The protein families deposited with the version 14.0 of this
database (June 2004) cover 95% of all known protein sequences.
The database Pfam is available at the address http://www.sanger .-
ac.uk/Software/Pfam/. Multiple alignments of protein sequences
have made it possible to single out domains manifesting the
highest degree of similarity. The amino acid sequence of a real
protein may contain several domains. It is therefore important to
discriminate between the structural domains of the proteins
deposited with the databases CATH and SCOP and the amino
acid sequence domains. The former are derived from similar
folding of the peptide chains of proteins with the known spatial
structures, while the latter were established by multiple alignments
of an array of protein sequences. Very often, the boundaries of
structural and amino acid sequence domains coincide.

Multiple alignments in the database Pfam were built by the
program HMMER (http://hmmer.wustl.edu) based on the Hid-
den Markovian Model.?® The alignment of sequences by the
HMM method is characterised by an extremely high sensitivity
in the determination of homologies between evolutionary distant
proteins. This method is based on the concept according to which
every position in a sequence is determined by a random Marko-
vian process, which results in the generation of an amino acid. In
this approach, conserved positions generate only one type of
amino acid, while less conserved positions generate two or three
such types. In mathematical terms, this fact can be described by
the introduction of probabilities of generation of amino acids in
all positions. Moreover, it is necessary to introduce probabilities
of a transition from one position to another, gap probabilities and
so on. The set of such probabilities and the HMM architecture
constitute the main principle of the HMM method for the given
protein family. Some efficient methods for the determination of a
set of probabilities by sequential iteration have been devised. The
main advantage of the HMM method over traditional alignment
methods is that the penalty of the sequence gap is not an external
parameter, but rather is established in a self-consistent mode in the
course of HMM construction and varies on going from one
position to another. The HMM method is successfully used for
predicting structures and hypothetical functions of protein

sequences in the genome annotation.®® In addition to HMM
parameters, the database Pfam contains the multiple alignment
itself and the corresponding dendrogram (a phylogenetic tree),
i.e., a schematic presentation of the spatial structure of the given
domain (if a family comprises at least one domain with a known
spatial structure) and a histogram of probabilities of amino acid
generation in each position of the protein domain (the higher the
column height, the higher the conservation of the given position).
This information is extremely important in designing site-directed
mutagenesis of enzymes, since it allows rapid localisation of the
most significant amino acid residues for the tested sequence.

The list of the aforementioned databases of protein sequences
and structures is far from being complete. We have mentioned and
discussed only some of these databases which, in our opinion,
comprise important information about amino acid sequences and
spatial structures of enzymes. This information is displayed in a
convenient form and is extremely useful in the different steps of an
investigation.

I11. Methods for identification of groups
constituting the catalytic site

Information about the involvement of one or another group in the
catalytic site and in the catalytic process at large can be derived
from different (often complementary) sources. An essential role in
the development of concepts on the structure of active sites is
played by the methods of chemical modification of amino acid
residues, especially if a modifier can be incorporated into a
substrate or an inhibitor to be further directed to the active site
of the enzyme.*!!' The use of site-directed mutagenesis with
replacement of one or several amino acids in the polypeptide
chain of the enzyme enables reliable identification of participants
in the catalytic process. This methodological approach is very
popular.3' -3¢ The design and progress in the development of
methods for the studies of spatial structures of proteins has
provided this branch of enzymology with abundant and highly
reliable structural information.3” 4% At the same time, this infor-
mation is insufficient for identification of groups constituting the
active site. It is necessary to isolate a fragment directly involved in
the catalytic process. The approaches to the solution of this task
are discussed below.

Owing to the decoding of DNA sequences of individual genes
and entire genomes, the number of proteins with established
amino acid sequences exceeds 1000 000. However, this diversity
is rather apparent, since different organisms often contain similar
(homologous) proteins derived from the same evolutionary pro-
genitor. Their amino acid sequences are characterised by an
extremely high degree of identity. In the case of enzymes, they
possess similar catalytic sites, mechanisms of action, cofactors and
inhibitors. Therefore, the bioinformatics methods are often
employed to classify enzymes based on the analysis of their
primary structures and to unite them into homologous protein
families. It should be noted that methods of comparison (align-
ment of amino acid sequences and detection of the degree of their
identity) are fairly well-developed and automated; therefore, this
approach allows operation with large amounts of information in
an automatic mode. The two main databases using this approach
for classification of hydrolases are MEROPS#!-30 and
CAZY 5! -59

The database MEROPS #! 50 (http://merops.sanger.ac.uk/)
comprises information about peptidases and their inhibitors. Two
enzymes are united into a family, if the degree of identity of their
amino acid sequences exceeds 30%. In turn, the families are united
into clans, viz., groups of families where protein homology cannot
be established by analysis of their amino acid sequences, although
there is some indirect evidence (e.g., the fold of the polypeptide
chains and the sequence order of the active site residues in amino
acid sequences), which suggests a relationship between these
proteins. The clans are united into classes according to the type
of their catalytic mechanisms. For example, serine, thiol, aspartyl
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and metal-dependent proteases are known; the serine proteases
are divided into 10 clans which in turn are divided into 25 families
that comprise altogether 6 886 proteins.

The database CAZY >'~>° (http://afmb.cnrs-mrs.fr/CAZY/)
contains information about glycosidases, glycosyl transferases
and other enzymes catalysing the formation and cleavage of the
glycosidic bond. Based on the results of analysis of identity of their
amino acid sequences, all glycosidases are divided into 14 clans
which unite 96 families.

An analysis of identities of amino acid sequences was also
employed in the construction of the database Catalytic Site
Atlas %061 (http://www.ebi.ac.uk/thornton-srv/databases/CSA)),
although inclusion of enzymes into homologous protein families
was not their main goal. The base designers have chosen about 300
most well-studied enzymes with established three-dimensional
structures. The data on the amino acid residues constituting the
active sites and a list of proteins with amino acid sequences with
high degree of identity are given separately for each enzyme.

The bioinformatics methods of analysis of amino acid sequen-
ces and determination of protein functions considered above have
become very popular owing to abundant original structures
obtained by translation of their nucleotide sequences. However,
the functional potentials of proteins are determined primarily by
their three-dimensional (rather than primary) structures.
Although high degree of identity of amino acid sequences under-
lies the similarity of spatial structures of active sites of enzymes, in
the general case the converse is wrong. Thus the catalytic triad Ser-
His-Asp is characteristic of both trypsin and subtilisin. These
proteins possess non-homologous amino acid sequences, they
differ in the order of amino acid residues within the active site
and the fold of the protein globule. Mammalian trypsin and
bacterial subtilisin provide examples of convergent evolution of
enzymes where enzymes derived from different proteins acquire
similar (in all probability, optimum) structures of catalytic sites in
the course of evolution. However, a comparison of primary amino
acid sequences of such proteins does not allow one to establish a
similarity of their catalytic sites.

The methods for analysis of three-dimensional (3D) structures
of proteins allow one to cope, in principle, with evolutionally non-
related proteins; however, they are much less developed than the
methods for the analysis of amino acid sequences and are still at
the stage of development rather than at the wide-scale application
stage. First, this is due to the complexity of the systems under
study and, second, to the lower level of the original data (since
proteins with established three-dimensional structures are far less
numerous than proteins with established primary structures). It
can be assumed that in future the methods of analysis of three-
dimensional structures of proteins will play a more significant
role, since the number of structures in the database PDB is steadily
increasing and so is the accuracy of prediction of the 3D-structures
of proteins based on their amino acid sequences. Some methods
aimed at a search for functional sites on the basis of structural data
have been reviewed.%?

A convenient method for classification of active sites of
enzymes and substrate-binding sites (ligands or cofactors) accord-
ing to the three-dimensional structure of proteins has been
developed.®* Considering that the active sites of 70% of enzymes
are localised in the largest cavity of the protein globule, one can
restrict oneself to the analysis of the amino acid sequences of the
protein that form the cavity surface. Such residues can be found
automatically. The search can culminate in the physicochemical
‘image’ of the cavity, viz., spatial arrangement of charges, the
groups serving as potential donors or acceptors of the hydrogen
bond as well as hydrophobic and hydrophilic sites on the protein
surface. The presentation of the cavity as a graph with the atoms
as vertices and the distances between them as edges allows a

4] The search for the appropriate proteins was carried out using the BLAST
method (Basic Local Alignment Search Tool).%2

comparison of two proteins irrespective of their amino acid
sequences as well as a search for the greatest common elements
using an algorithm for the search of the largest common subgraph.
This approach was used for identification of substrate-binding
sites in subtilisin, trypsin and chorismate isomerase isolated from
different sources with the degree of identity of the amino acid
residues of < 20%, as well as NADH-binding sites in several non-
related oxidoreductases.

Although this method is applicable to the study of substrate-
binding sites, it does not seem to be suitable for the search for the
catalytic sites themselves. For instance, it is only the serine residue
in serine hydrolases with the catalytic triad Ser-His-Asp that is
localised on the surface of the protein globule, while histidine and
aspartic acid residues are embedded inside the protein.

The so-called method of geometrical invariants was suggested
for classification of proteins according to the presence of clusters
built of several amino acid residues with similar spatial distribu-
tions.®® All possible combinations of several amino acid residues
are sorted out for each protein; the geometrical invariants, i.e., the
parameters dependent on the coordinates of the appropriate
atoms, but independent of translations and frame rotations are
calculated. These include the distance between two atoms, the
volume of a tetrahedron formed by four atoms, etc. For each
group of residues, there is a single point in the n-meric space (7 is
the selected number of invariants) and a set of such points for each
protein. By applying this procedure to all proteins, one can obtain
several domains in the n-meric space where the points correspond-
ing to different proteins are concentrated. All these proteins are
characterised by a similar arrangement of amino acid residues
within the protein structure. This method has made it possible to
determine the active site residues for many enzymes including
cysteine proteases, xylanases and p-lactamases. The advantage of
this method is that it permits an automated search for common
structural elements for different proteins and does not require
preliminary elucidation of common elements of the tested pro-
teins. Besides, it enables the detection of common elements even in
the sites where their occurrence was thought to be hardly
probable.

In yet another approach, which is based on expert knowledge
and analysis of the published data, a desired spatial arrangement
of amino acid residues or individual atoms,” which corresponds,
e.g., to the active site of the enzyme, is preset, and the search
routine finds the corresponding proteins in the structure database.

The graph-theoretic approach based on the use of templates
for the classification of proteins has been suggested.®’-%® Each
amino acid residue is represented by a vector between two atoms
depending on the type of the amino acid residue. The reciprocal
spatial arrangement of two vectors is determined by the distances
between their initial, final and central points. A template repre-
sents an array of the vectors and a matrix of triples of distances
between them plotted as a graph; each graph vertex corresponds
to an amino acid residue and each edge is a set of distances
between the vectors of the residues. One graph isomorphism
search algorithm is used as a template in a search for protein
structure coincidence. This method has been realised in the
program ASSAM, which was successfully used for a correct
search of the catalytic triad Ser-His-Asp, the zinc-binding site of
thermolysin (and related enzymes) and a great number of other
functional sites of proteins.

The transition from the presentation of an amino acid residue
as a vector (which imparts an additional degree of axial symmetry
to the amino acid residue) is an obvious route to further perfection
of the method. This approach was realised in the programs TESS
and JESS.%°~7! The coordinates of the atoms from the primary
database PDB of amino acid residues with established functional

T The set of limitations for the types of amino acid residues or atoms and
their reciprocal spatial distributions is usually referred to as a template,
although the terminology used by different authors may differ.
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significance were used as templates. This approach resulted in the
construction of the database PROCAT 70 (http://www.bioche-
m.ucl.ac.uk/bsm/PROCAT/), which comprises the data on the
active sites in protein structures.

The aforementioned methods make use of the data only on
three-dimensional structures of proteins. They seemed opposed to
the methods based only on the primary structures data. In actual
research practice, both approaches are used to determine the
functional significance of amino acid residues.

The Evolutionary Trace method7? consists of the search
(usually automated, employing the BLAST method) of a set of
homologous proteins, their alignment and construction of a
dendrogram (a tree) from the alignment data obtained. Each
terminal node in the tree corresponds to a real protein and each
intermediate node corresponds to a certain hypothetical protein
called ‘evolutionary precursor’. In the sequence of the latter, only
that part of the amino acid sequence is known which is common
for all the proteins of the daughter nodes. Therefore, the amino
acid residues of the starting protein can be ranged from the most
conserved, identical in all homologous proteins of the set, to the
most variable ones, which are different in the original protein and
its closest relative. The depth of the node in the dendrogram where
the divergence took place is a quantitative measure of amino acid
residue conservation. Having removed the residues below a
certain degree of conservation, one can isolate clusters of residues
which, according to the structural data, are in contact with one
another. A correlation exists between the conserved clusters and
the functional sites of the protein. The method allows correct
determination of 70% —90% of the functional sites.

IV. Catalytically important groups and structure-
forming amino acids in the active sites of enzymes

The answer to the question: which amino acids constitute active
sites in enzymes the most often, was obtained by a comparison of
amino acid sequences of proteins united in one large fam-
ily.!1-73.74 The results of the alignment of sequences of large
families of enzymes deposited with the database HSSP (http://
www.sander.embl-heidelberg.de/hssp/) have been analysed.

The alignment is usually presented in the form of tables
obtained by superposition of a protein sequence and a basic
sequence. Visual detection of the conserved elements of a sequence
is possible. Apparently, this method provides insufficient infor-
mation where more than three to five proteins are to be compared.
This can be automated to quantitate the conservation of amino
acid positions in a sequence. The statistic criterion in the form of
the Shannon entropy can serve as a quantitative measure of the
conservation of each amino acid in the amino acid sequence of the
protein.”>~77 It is noteworthy that the Shannon entropy is one of
the most important functions in the theory of information. This
was introduced as a measure of the degree of uncertainty which
describes events characterised by a definite probability. In this
case, the information can be defined as a measure of the level of
uncertainty, which is corrected after the acquisition of informa-
tion. Formally, the amount of information is presented as a
difference between the information entropies before the experi-
ment and upon its completion, i.e., receipt of a message. The
information entropy (the Shannon entropy) is the most conven-
ient function for a comparison of related proteins differing in
amino acid sequences. The alignment of sequences relative to a
reference protein implies arrangement of their amino acid sequen-
ces one above the other with fixation of homologous sites,
detection and elimination of the inserts. A comparison of a large
panel of proteins allows calculation, with a sufficiently high degree
of accuracy, of the probability of localisation of amino acids in
each position of the protein sequence. This probability is defined
as a relative frequency of the appearance of an amino acid of the
type i in position j. The entropy function can be calculated for each
position of all the 20 amino acids of the protein sequence.”’

H;y=— Zl’f log,p?.
i

An important feature of this function is that it is close to zero
for both the events occurring with high (p — 1) and low (p’ — 0)
probabilities. Calculation of the Shannon entropy for a protein
sequence may result in the detection of common (i.e., absolutely
conserved) sites for the whole large family of proteins. This is a
position where the probability of appearance of the given amino
acid is close to unity, whereas that in the remaining positions is
close to zero. High values of the Shannon entropy are character-
istic of amino acids with variable positions in the amino acid
sequences, being low for amino acids with conserved positions in
the amino acid sequence. At the limit, for p%—1 (absolute
conservation), H; — 0 (Fig. 1).
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Figure 1. A presentation of alignment of the caspase family (PDB code
lcp3) in the form of the Shannon entropies. The amino acid residues of the
active site are encircled.

The Shannon entropy criterion was used in the analysis of
protein superfamilies with such basic proteins as trypsin/chymo-
trypsin, subtilisin, lipase, cytochrome C oxidase, pepsin/pepsin-
ogen, enolase, lactate dehydrogenase, DNAse, aminoacyl-tRNA
synthase and lysozyme.”>7* This sample of enzyme families
comprises 2281 proteins with the overall length of 249252
amino acid residues.

This analysis revealed the following regularities.

1. Upon alignment of amino acid sequences in enzymes, the
amino acids that form the catalytic site are always detected as
conserved elements.

2. A comparison of amino acid sequences shows that glycine
and aspartic acid are most commonly detected as absolutely
conserved elements.

From our point of view, consideration of the results of the
analysis of the most conserved amino acids with H; = 0 (or close
to zero) is of interest. A somewhat unexpected finding was that
glycine appeared to be the most common conserved amino acid.
The second position was occupied by aspartic acid; in total,
glycine and aspartic acid constitute approximately one third of
the conserved amino acids altogether.

The rating of amino acids according to their conservation in
the protein families studied has been carried out. To this end, the
frequency of occurrence of each amino acid as a conserved
element (H; ~ 0) was determined relative to the total number of
conserved positions for all amino acids in the families. The
conservation ratings of amino acids for two enzyme classes, viz.,
hydrolases and oxidoreductases, are presented in Fig. 2. Despite
the differences in the reactions catalysed by these enzymes, the
mode of distribution of conserved amino acids virtually coincide.

It can be seen that glycine, aspartic acid, cysteine, proline,
arginine and histidine in the amino acid sequences of enzymes
usually manifest themselves as conserved amino acids and con-


http://www.biochem.ucl.ac.uk/bsm/PROCAT/
http://www.biochem.ucl.ac.uk/bsm/PROCAT/
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Distribution of conserved amino acids (%)
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Figure 2. The rating of conservation of amino acids.

stitute ~ 60% of all conserved positions. Methionine and iso-
leucine are never conserved.

It seems logical to divide all conserved amino acids into two
groups, different in principle, namely, amino acids involved in the
elementary acts of activation of substrates as acids and bases
(aspartic acid, histidine, arginine) and amino acids responsible for
the architectonics of the active site (glycine, cysteine, proline).

A physicochemical interpretation of the role of acids, bases
and structure-forming amino acids (glycine, proline, cysteine) in
enzymatic catalysis will be given below in the example of hydro-
lases.

V. Classification of hydrolases according to the
types of catalytic sites and catalytic mechanisms

In discussing the structures of active sites of enzymes, it is
necessary to discriminate between two structural components of
the active site, viz., a sorption subsite responsible for the binding,
fixation and orientation of substrates (its properties determine the
specificity of the enzyme),! 3 and a catalytic subsite responsible
for general acid-base catalysed chemical transformations of sub-
strates.*~¢

The structures and functions of hydrolases are extremely
diverse. In addition to traditional involvement in the cleavage of
biopolymers (proteins, nucleic acids, polysaccharides) into con-
stituent monomers, hydrolases play a central role in some vital
processes, such as regulation of fibrinolysis and thrombo-
lysis,”8 80 apoptosis,®! ~83 signal transmission in protein phos-
phorylation —dephosphorylation systems,34—3 restriction and
modification of DNA,3-% resistance against antibiotics,’!-%?
regulation of the level of proteins,”3 %3 nerve pulse transmission,”®
carcinogenesis,”’ efc. Within the framework of a traditional
enzyme classification approved by the International Union of
Biochemistry and Molecular Biology, hydrolases are classified
according to the type of the reaction catalysed by them (hydro-
lysis) and enzyme specificity (the substrate structure). At present,
the imperfection of this nomenclature is becoming more and more
evident. On the one hand, the majority of enzymes do not possess
absolute specificity and, which is even more important, manifest
different types of activity. On the other hand, many enzymes with
the same specificity and utilising the same substrate differ essen-
tially in their primary structures, compositions of the active sites
and fold of the polypeptide chain.

The analysis of the published data devoted to the mechanisms
of action of different hydrolases suggests that despite the great
diversity of enzymes, the number of catalytic sites that are differ-
ent in principle is rather small.”3- 74,98

Hydrolases differ in the nature of the catalytic groups activat-
ing the water molecule in the course of the catalytic cycle. In
principle, this information is imprinted in the spatial structure of a
protein. The difficulty consists of an unambiguous identification
of the catalytic group and the water molecule underwent activa-

tion. An active site may contain several water molecules among
which only one is activated in the catalysis.

A comparative analysis of the compositions of active sites of
hydrolases and mechanisms of activation of water revealed four
main types of catalytic sites that are directly involved in the
activation of water, viz.:

(1) hydrolases containing aspartic or glutamic acid in their
active sites (pepsin and retroviral pepsins, glycosidases, dehalo-
genases and epoxide hydrolases);

(2) hydrolases containing histidine in their active sites (ribo-
nucleases including pancreatic ribonuclease and barnase, acid
phosphatases, hydrolases containing the Ser-His-Asp triad and
its isomorphic substitutions, thiol hydrolases);

(3) zinc-dependent hydrolases containing one (carboxypepti-
dase A) or two (alkaline phosphatase, organophosphate hydro-
lase) zinc ion(s) used for the activation of water and the substrate;

(4) magnesium-dependent hydrolases (enzymes of the inor-
ganic pyrophosphatase type, aryl sulfatase).

Taking into account the great abundance and significance of
hydrolases containing serine, cysteine or threonine residues and a
proton-transfer chain responsible for the activation of a hydroxy
or a thiol group, it seemed expedient to group them in an
individual subtype [the nucleophile —imidazole —aspartic (gluta-
mic) acid subtype]. These enzymes form stable intermediates
identified as acyl-enzymes in the course of catalysis.

The analysis of mechanisms of catalytic reactions shows that
aspartic acid and histidine, in principle, play a crucial role in the
majority of catalytic sites. The mechanisms of hydrolase catalysis
can be illustrated by schemes that, though being rather approx-
imate and not reflecting all the details of the reaction mechanisms,
include their main stages, viz., activation of water and substrate
hydrolysis.

1. Hydrolases containing aspartic or glutamic acid in their
active sites

Hydrolases containing aspartic or glutamic acid in their active
sites cleave ester, amide and glycosidic bonds. The catalytic sites of
these enzymes contain two or more carboxy groups.* ¢ The non-
dissociated carboxy group acts as an electrophile and takes part in
the activation of the substrate as a generalised acid, while the
deprotonated group acts as a nucleophile in the activation of the
water molecule.*> Enzymes of this group usually manifest max-
imum activity at relatively low values of pH. Pepsin (protease) and
lysozyme (glycosidase) are typical representatives of this
group.”®- 100 The essential role of the carboxy groups of Asp-32
and Asp-215 in pepsin consists of formation of a hydrogen bond
with each other and with the water molecule attacking the
substrate (the spatial arrangement of the Asp-32 and Asp-215
residues is shown in Fig. 3). At optimum pH values, the carboxy
group of Asp-32 becomes ionised, whereas the carboxy group of
Asp-215 exists in the non-dissociated form. The processes occur-
ring in the active site are shown in Scheme 1.99-103

Figure 3. The active site of pepsin (PDB code 1flh). The residues of the
active site are highlighted.
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Human immunodeficiency virus protease (retroviral pepsin)
has the same mechanism of action, but its two aspartic acid
residues (Asp-25) are localised in two identical subunits. It is
assumed that animal pepsin was formed from a protein precursor
similar to retroviral pepsin by duplication and concatenation of
the corresponding genes. In the course of evolution, the local
environments of two aspartic acid residues of pepsin changed,
which resulted in the enhancement of its catalytic properties. !4

The active sites of glycosidases also contain two aspartic (or
glutamic) acid residues localised on opposite sides of the bond to
be hydrolysed. One of these carboxy groups, viz., the non-ionised
group, activates the substrate by a proton-transfer mechanism
thus decreasing the electron density on the carbon atom of the
bond to be hydrolysed. The second carboxy group activates the
water molecule (the mechanism with inversion of configuration of
the carbon atom) or attacks the substrate directly resulting in the
formation of an intermediate which is further decomposed by the
water molecule (the mechanism with retention of configura-
tion).193-106 This mechanism operates in the case of lyso-
zyme '97-19 and chitinases.!10- 111

The three-dimensional structures of dehalogenases were
established relatively recently.!'? 113 The interest in this group of
enzymes is explained by the possibility of using them for the
decomposition of halogen-containing organic environmental pol-
lutants. The active sites of dehalogenases also contain two
carboxy groups. One of them (a nucleophile) attacks the substrate
with the elimination of the halide ion to give a covalent inter-
mediate. The second carboxy group activates the water molecule
involved in the dealkylation of the enzyme.

/\H20<)

m_crm~
X

2. Hydrolases containing histidine residues in their active
sites

Histidine residues of hydrolases are either involved in the activa-
tion of water or react with substrates directly.

According to classical concepts, the mechanism of catalytic
cleavage of phosphodiester bonds in ribonucleic acids by pancre-
atic ribonuclease A (see Ref. 114)is provided by a concerted action
of the imidazole groups of two histidine residues (Fig. 4). The
imidazole group of His-12 activates the 2-hydroxy group of ribose
by a proton transfer in the step involving the formation of a 2,3-
cyclophosphate intermediate, whereas the imidazole group of His-
119 activates the water molecule that hydrolyses the cyclophos-
phate.

The active site of barnase contains a glutamic acid residue
(Glu-73) instead of His-12. A detailed mechanism of catalysis of
barnase has been described.!!3 116

In acid phosphatases,'!” histidine plays the role of a nucleo-
phile that attacks the phosphorylated substrate. This results in the

RCH2C1

+ RCH,OH

Figure 4. The active site of pancreatic ribonuclease (PDB code 1a5q).

formation of phosphohistidine and the liberation of the non-
substituted substrate (in the next step, the phosphoenzyme is
hydrolysed with water).

It is of note that there is no hydrolase known at present for
which the catalytic mechanism includes the formation of substi-
tuted histidine with the nitrogen of histidine and the carbon atom
of the substrate. Apparently, this can be attributed to the fact that
such a bond is relatively stable, so its cleavage would be a limiting
step in the catalytic cycle.

3. Hydrolases containing a nucleophilic serine, cysteine or
threonine residue

Serine proteases (chymotrypsin and trypsin) and cysteine protease
(papaine) are typical representatives of this group of enzymes.
Their catalytic mechanisms include acylation of the hydroxy or
thiol group of the enzyme with the formation of an intermediate
(acylenzyme) and its subsequent hydrolysis.*!18:119 As the
hydroxy group is a weak nucleophile, all the enzymes of this type
contain amino acid residues essential for its activation and
deprotonation (the proton-transfer chain). The same residues
activate the water molecule in the enzyme deacylation step.

Hydrolases containing the catalytic triad Ser-His-Asp seem to
be especially well studied. They include proteases (trypsin, chy-
motrypsin, elastase, subtilisin, carboxypeptidase Y and many
others),* 120-123 Jipase,'?* and acetylcholinesterase '>> (the latter
contains a glutamic acid residue instead of aspartic acid). The
active site of chymotrypsin contains Ser-195, His-57 and Asp-102
residues (Fig. 5). The catalytic mechanism of chymotrypsin is
presented in Scheme 2.

Numerous isomorphic substitutions of the amino acids of the
triad are known; this problem has been discussed in detail.'?® Thus
thiol hydrolases contain a cysteine residue instead of serine. Since
the thiol group is a stronger nucleophile than the hydroxy group, a
shorter (in comparison with serine hydrolases) proton-transfer
chain can be used. For example, many thiol proteases homologous

Ser-195

f

Figure 5. The active site of trypsin (PDB code 1fmg).
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Scheme 2
Lys-169
Ser-195
His-57
Asp-102

to trypsin proteases contain asparagine able to form a hydrogen
bond with histidine instead of aspartic acid, which polarises the
imidazole ring of histidine. Some enzymes which do not involve
histidine for the activation of the thiol group are known.!'?’

Enzymes in which the amino group acts as a proton
acceptor 28 in the activation of the hydroxy group constitute a
separate group of enzymes. An example is a non-charged amino
group in the side chain of lysine (B-lactamase '>° and asparagin-
ase '39). Serine, threonine or cysteine are N-terminal amino acids
in N-terminal hydrolases, which include proteosome!3! and
penicillinase components;'3? the free amino group in the main
protein chain activates the hydroxy or the thiol group of the same
amino acid.

4. Zinc(nickel, cobalt)-dependent hydrolases

This type of hydrolase contains one or several zinc ions (which can
be replaced by cobalt or nickel without any loss of activity). Metal
ions localised in the active sites of enzymes fulfil two main
functions,* 133-134 yjz. that of an electrophilic agent activating
the reaction centre of the substrate that is being attacked, and that
of an electrophilic activator of water as a source of hydroxyl ions.

Enzymes of the carboxypeptidase A type, thermolysin or
botulinic toxin,'3> each contains one zinc ion in their active sites;
the role of ligands is played by aspartic or glutamic acid, histidine
or cysteine residues. The metal ion complexes in the active sites of
these enzymes act as electrophilic reagents which activate the
reaction centres of the substrates. The activation of the attacking
water molecule is induced by the deprotonated carboxy group of
glutamic acid that is not involved in the coordination sphere of the
zinc ion.

Enzymes of the type of alkaline phosphatase,'30~ 138 urease, !
metal-dependent PB-lactamase®> or organophosphate hydro-
lase 140- 141 contain two zinc ions in their active sites; these ions
form structurally similar complexes with the protein (Fig. 6).
Aspartic and glutamic acid residues as well as histidine (or
cysteine) and N-carboxylysine residues act as metal-ion ligands.
As a rule, one of the zinc ions activates the substrate by reducing
electron density on the atoms being attacked, whereas the second
zinc ion activates the water molecule or, in the case of alkaline
phosphatase, the hydroxy group of serine. For organophosphate
hydrolase,'40~ 144 the enzyme catalysing hydrolysis of organo-

Figure 6. The active site of organophosphate hydrolase (PDB code
ldpm).

phosphorous pesticides and war gases such as Sarin, Soman or Vx,
the catalytic mechanism '4> can be described by Scheme 3.
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5. Magnesium(manganese)-dependent hydrolases

This type of hydrolase contains magnesium or doubly charged
manganese ions in the catalytic site.'4%-147 As in the case of zinc-
dependent enzymes, the metal complexes in the active sites of
hydrolases behave as strong electrophilic reagents which activate
the substrates (or the water molecule) by reducing electron density
on the reaction centre. Such behaviour of metal ions became
especially apparent in the analysis of the structure and catalytic
mechanism of inorganic pyrophosphatase.!48~153 The substrate is
fixed in the active site of the enzyme due to ionic interactions with
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Figure 7. The active site of inorganic pyrophosphatase (PDB code lipw).

positively charged groups of the protein, Lys-103, Arg-78 or Lys-
56. The main catalytic events involve two metal ions (Mg?" or
Mn?27").154 The carboxy groups of the residues Asp-65, Asp-70 and
Asp-102 and three water molecules play the role of ligands for the
ions in the high-affinity site where the formation of the Mg?™ (or
Mn?*) complex takes place. The low-affinity site is formed by the
metal ion, water molecules and the carboxy group of the Glu-20
residue (Fig. 7). It can be assumed that the high-affinity site
functions as the electrophilic activator of water (a generator of
hydroxyl ions), while the low-affinity site plays the role of an
electrophilic activator of the substrate.

I g
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These examples illustrate the role of aspartic acid and histidine
in the mechanism of action of enzymes. Obviously, concerted
action of nucleophilic and electrophilic components of the active
site is the major principle in the functioning of active sites of
enzymes.

It seems interesting to follow the transition from enzymes that
catalyse hydrolysis of particular bonds to enzymes that catalyse
the formation of these bonds. It is known that the active sites of
exonucleases, which catalyse hydrolysis of DNA, 35159 represent
complexes of magnesium ions with the carboxy groups of aspartic
and glutamic acids and resemble the active site of pyrophosphat-
ase. The active site of DNA polymerase, which catalyses synthesis
of DNA, is largely homologous to the active site of this nucle-

ase.!>~ 15 The same functional groups of DNA polymerase
activate the reaction centre and the nucleophile; however, the
hydroxy group of the sugar (but not water) becomes activated
owing to the abstraction of a proton. The nucleophilic attack on
the reaction centre of the phosphate group ensures the growth of
the DNA chain.

It should be noted that the structural elements constituting the
active sites of hydrolases were also detected in the active sites of
other classes of enzymes. Thus the proton-transfer chain, which
includes the pair ‘imidazole—carboxy group of aspartic acid’ is
often identified in the active sites of oxidoreductases. In perox-
idases and in the protein environment of heme, the pair ‘imid-
azole—carboxy group’ plays the role of a generalised nucleophilic
reagent which activates the iron ion of hemin.!%9~162 The same
structural element of the proton-transfer system, viz., the imid-
azole complex with the carboxy group, is identified in the active
sites of dehydrogenases.!63-163

VI. Glycosyl hydrolases, cellulases

The diversity of structures and fold of the polypeptide chain with
simultaneous preservation of the main mechanism of water
activation and the structure of the catalytic site can be illustrated
in the examples of 1,4-B-glycosyl hydrolases and cellulases. Two
carboxy groups of these enzymes, which induce concerted cleav-
age of 1,4-B-glycosidic bonds, are involved in the catalytic
process.196-166 Xylanases, chitinases and lysozyme act in a similar
way.!07- 111 Cellulases are multidomain proteins, which contain
one catalytic and one cellulose-binding domain. These enzymes
are represented by a vast array of structures.'®” According to the
fold of their polypeptide chains, they are classified into 15 clans,
each containing > 90 structural families.!67~173 It is interesting to
note that in contrast to 1,4-B-glycosidases, a-glycosidases are
represented by only three families.!®”-17# The immense diversity
of structural elements of catalytic domains of glycosyl hydrolases,
of cellulases, in particular, is determined by the peculiarities of
their primary sequences and the folding of their polypeptide
chains. The database CAZY offers the most complete structural
classification of glycosyl hydrolases. However, the structures of
the catalytic sites of the whole array of proteins differing in their
primary sequences and secondary structures are rather monoto-
nous. The activation of the water molecule and the hydrolytic
catalytic cycle are supported by the concerted action of two
carboxy groups.

Enzymes containing two carboxy groups in their active sites,
which represent concertedly acting electrophilic and nucleophilic
agents, are especially widely occurring in nature. The results of
alignment and calculation of the Shannon entropy for pepsin are
shown in Fig. 8. As can be seen, Asp-32 and Asp-215 represent
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Figure 8. A presentation of alignment of the pepsin family (HSSP code
1pso) in the form of the Shannon entropy. The amino acid residues in the
active site are encircled.
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conserved amino acids. The activities of other proteases as well as
peptidases, lysozymes, chitinases and many other hydrolases (the
set of structures is virtually unlimited) are also mediated by the
two carboxy groups. All these proteins are built in such a way as to
favour the spatial approach and concerted action of two carboxy
groups of the catalytic site. These data clearly demonstrate the
structural paradox of enzymatic catalysis, namely: the immense
diversity of protein structures provides the formation and assem-
bly of a limited number of unique catalytic sites.’!-175-176

VII. Serine hydrolases. Automatic search for a
catalytic triad

We have carried out an automatic search for definite structures in
the catalytic site of hydrolases based on an analysis of primary
sequences within the framework of ‘alignment’ studies and
calculations of the Shannon entropies using a template of three-
dimensional structures of catalytically important residues. In the
four classical types of active site structures of hydrolases, identi-
fication of catalytic groups of Zn(Co)- and Mg(Mn)-dependent
enzymes is the least difficult. The localisation of the metal ion and
its environment allows identification, with a high degree of
reliability, of the components of the catalytic process. The
identification of catalytic sites of hydrolases containing carboxy
groups in the active sites was especially difficult because of the
limited number of enzymes containing such catalytic sites and the
lack of additional criteria characteristic of active sites and differ-
entiating it from other potential structures, the use of an auto-
matic procedure has led to the detection of a large number of false
examples. Probably, this task would be solved more successfully in
future upon introduction of additional structural limitations. The
most adequate results were obtained in the analysis of protein
structures containing the catalytic triad serine— histidine—car-
boxy group.

Serine hydrolases containing the catalytic triad Ser-His-Asp
constitute the most well-studied representative group of hydro-
lases. This type of a catalytic site was first discovered in bovine
pancreatic a-chymotrypsin (for a review see Ref. 177). Later, an
identical catalytic site was found in bacterial subtilisin which is not
homologous to chymotrypsin. The same triad was also found in
lipases, while a similar triad (Ser-His-Glu) was detected in
acetylcholinesterases. In more recent studies, new families of
hydrolases (brain cortex esterases, virus envelope proteins, efc.)
non-homologous to the known enzymes and containing the same
residues in the catalytic site with the same spatial arrangement
were established.!?® Various physiologically active substances,
e.g., cocaine '7® or the platelet activation factor,'” can serve as
the substrates.

Serine hydrolases form covalent intermediates with these
substrates; in their active sites, the hydroxy group of the serine
residue is acylated by the acidic fragment of the substrate (the
acyl-enzyme-type intermediate). In the active sites of all enzymes
of this type, the spatial localisation of the triad Ser-His-Asp is
similar despite the difference in the fold of the polypeptide chain.

The catalytically important groups were identified using the
method previously developed for estimating the conservation of
residues deposited with the database HSSP, which is based on
pairwise alignment and the Shannon entropies and employs the
data on the coordinates of individual atoms used for data retrieval
in the structural bases of these proteins.

The data on the arrangement of residues in chymotrypsin and
subtilisin (for typical arrangement of the residues see Fig. 9) were
used for designing a template for the catalytic triad (the con-
straints on type of the appropriate amino acid residues are listed in
Table 1); this was followed by a search on the set of non-
homologous hydrolases from the data bank PDB. Over 100
structures with a required arrangement of catalytically important
functional groups containing unique primary sequences were
found.
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Figure 9. A typical distribution of catalytic triad residues. The names of
amino acid residues are capitalised; the names of individual atoms are
given in lower case letters. The dotted lines indicate the distances between
the atoms on which certain restrictions were imposed in the search (for
explanations see text).

Table 1. The criteria of a search for the triads Ser-His-Asp through the
protein structures.

Parameter @ Allowable values, amino

acids, atoms

Type of limitation

Conservation of value of the Shannon < 0.9
the amino acid entropy
residue
Limitation for the residue S1 Ser
type of the amino  residue H1 His
acid residue residue Al Asp or Glu
Limitation for the atom ol atom OG ® of residue S1
type of the atom atom nl atom NE2 Y of residue H1
atom n2 atom NDI1 P of residue H1
atom 02 atom ODI1, OD2, OEl1
or OE2" of residue A1l
Limitation for distance between <4A
the distance atoms ol and nl
between atoms distance between <3.4A
atoms n2 and 02
Limitation for angle between atoms  100°—180°
allowable angles ol,nl, n2
between three angle between atoms  125°—180°
atoms nl, n2, 02

aThe designations of the atoms and amino acid residues coincide with
those used in Fig. 9. "The names of the atoms correspond to the
nomenclature of the Protein Data Bank.

The next step included the use of the database SCOP, where
the proteins are systematised according to the fold of the poly-
peptide chain (see above). The data on the folding of the catalytic
domain for each protein were retrieved from the database SCOP.
The two upper levels of the hierarchy obtained are shown in
Fig. 10. The most characteristic enzymes of each group are listed
in Table 2. It was found that all serine hydrolases containing the
triad Ser-His-Asp(Glu) are made up exclusively of B-sheets (e.g.,
chymotrypsin), or irregularly alternating a-helices and B-sheets
(e.g., subtilisin). None of the hydrolases of this type, known so far,
are built up exclusively of a-helices. Considering that primary
sequences differ in the types of spatial folding of the peptide chain,
all hydrolases can be divided into families according to this
particular criterion. By choosing different levels of folding, hydro-
lases can be divided into families with different levels of similarity.
From Fig. 10 it follows that all Ser-His-Asp-containing hydro-
lases form two clans; it is noteworthy that the clan of proteins built
up of B-sheets comprises only one family, while the clan of a,-
proteins includes five different families. These families differ not
only in the type of chain folding, but also in the order of
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Protein structures deposited
with the database SCOP

/\

b, all B proteins

¢, o and f proteins (a/b)

v

v c.14, ClpP/crotonase,

¢.23, Flavodoxine-like,
¢.40, Methylesterase CheB,
c.41, Subtilisin-like,

¢.69, a,,B-hydrolases

b.47, Trypsin-like
Serine proteases

Figure 10. The classification of protein structures deposited with the
database SCOP.

Table 2. The order of arrangement of amino acid residues in a catalytic
centre and typical representatives of the serine hydrolase family containing
the catalytic triad Ser-His-Asp, and classified according to the fold of the
peptide chain.

Type of folding of Triads? Typical representatives of

the polypeptyide the given class

chain

b.47, Trypsin-like His-Asp-Ser a-tryptase, viral proteases,
collagenase, a complement
component plasminogen,
mast cell protease, pro-
thrombins, strepto-grisin,
trypsin, blood coagulation
factors, chymotrypsin,
elastase

c.14, ClpP/crotonase  Ser-His-Asp ATP-dependent
Clp-protease

c.23, Flavodoxin-like Ser-Asp-His acyl-CoA-thioesterase,
platelet activation factor

c.40 Methylesterase  Ser-His-Asp methyl glutamate hydrolase

CheB
c.41, Subtilisin-like Asp-His-Ser kexin, subtilisin, furin

c.69, a,p-Hydrolases  Ser-Asp(Glu)-His  acetylcholinesterase, lipase,

cocaine esterase

2 The order of the distribution of the catalytic site residues in the primary
protein sequence.

distribution of active site residues in the primary sequence (see
Table 2).

It is of note that these results were obtained as a result of an
automatic search for proteins in the structural database PDB and
were confirmed by independent literature data. Thus, the
approach based on the use of automatic bioinformatics methods
and databases in the information selection step permits the
processing of the tremendous bulk of accessible information.

VIII. Mechanism of activation of substrates by
active sites of hydrolases

Acids and bases of the active sites play a crucial role in enzymatic
catalysis by activating the substrates. Aspartic acid and histidine
are most often involved in the activation of molecules in the
enzymatic catalytic cycles in comparison with other amino acids.
Presumably, the catalytic function of aspartic acid and histidine in

the active sites of enzymes is determined by their properties as an
acid and a base.*> 11

In the non-dissociated form, the carboxy group of aspartic
acid represents a proton donor, which manifests pronounced
electrophilic properties, whereas in the deprotonated form it
plays the role of a proton acceptor (a nucleophilic agent), viz., an
electron density donor for the corresponding reaction centre. The
imidazole group of histidine is a pronounced nucleophilic reagent
able to donate unshared electron pairs of nitrogen atoms.

Several schemes of substrate activation by histidine and
aspartic acid residues represent the main reactions occurring in
the catalytic site.

1. Nucleophilic activation of the substrate by the imidazole
group.

NH
/ /) + HOR — /87 5— (l)
N N H

In this case, a negative charge is generated in the reaction centre.
2. Nucleophilic activation of the substrate by the carboxy
group of aspartic acid.

o] 0

— +uor = — )
\ \ 53—
o O~ ---H---OR

3. Electrophilic activation of water. Metal ions (Zn>*, Co? ™",
Ni2*, Mg2*, Mn2?7") present in the active sites of enzymes as
complexes with the carboxy groups of aspartic or glutamic acid
can take part in the catalytic cycle as both acids and bases. Metal
ions can replace the proton in the molecule of water thus inducing
a highly reactive and mobile hydroxyl ion.

o} Q _OH
C-0O—---M2+ Cc—0 ---M2+
R + H,0 == SN vHY G
o~ o- 2 o~ o- &)
A \C— —C/ \C—
C\\ /7 A /7
(0] O O (@)

4. Electrophilic activation of the reaction centre. The electro-
philic activation of the reaction centre of the substrate (e.g., the
carbonyl group) can be induced by both the carboxy group and
the metal ion.

(0] .0
I . I P o
—C—OH + — —C-0=----pg* | 4)
.0=C 3+
A «~ 0 o 0
C—0—---M2* + - O—--—-M?** (5)
o ’ \O // N
d , o- _
/ \ / \
. C— . _
C\\ / N\ //C
(0] O

These reactions reduce the electron density on the reaction
centre.

For hydrolytic reactions, the water activation steps in the
nucleophilic catalysis can be presented as follows:

NH NH
//) + H,0 —= @ + HO-,
N N

H

(©)

I I
—C-0"+H0O — —C—OH + HO—.
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The reactivity of the water molecule increases 107-fold upon its
conversion into hydroxyl ions.> Assuming that the electrophilic
activation of the reaction centre, which proceeds according to the
mechanisms (4) and (5), increases its reactivity 10°—107-fold, the
high efficiency of the enzymatic catalysis and its ability to increase
the reaction rate 10'3—10'-fold can be explained in the first
approximation. The hypothesis that acids and bases act concert-
edly in the catalysis was put forward on the basis of an analysis of
some independent studies.> 180 181

The degree of charge transfer in various activation processes
occurring in accordance with Schemes (1)—(6) in the transition
states of enzymatic reactions is still questionable.!$? It is obvious,
however, that the activation of well-oriented fixed (relative to one
another) molecules takes place in the reaction centres. Of crucial
importance is the fact that acids and bases within the catalytic site
form a system of hydrogen bonds with one another, which opens
up unique opportunities for the proton transfer. In systems
containing hydrogen bonds, acids and bases react much faster
than in solution. The interactions of hydroxyl ions with protons in
a system of water molecules structured by hydrogen bonds in ice
crystals (studied by Eigen '83) provides an illustrative example. It
was found that the reaction rates of the hydroxyl ion with
hydrogen ion exceed those of diffusion-controlled processes by
3—4 orders of magnitude. As a matter of fact, the proton transfer
and charge neutralisation are complete within a single vibration
with a frequency of 10'# s—!. The precise orientation of reactants
and catalytic site components is a salient feature of enzymatic
catalysis.'®*

Identification of acids and bases (electrophilic and nucleo-
philic reagents) within the catalytic site is the primary goal in the
elucidation the mechanisms involved in the functioning of cata-
lytic sites of enzymes. The activation mechanisms presented in
Schemes (1)—(6) provide an explanation for the high efficiencies
of the majority of presently known enzymatic reactions. We
described an algorithm for identification of the active groups of
the catalytic site. The knowledge of amino acid sequences of the
protein allows determination of a group of proteins (enzymes)
homologous to the given protein using bioinformatics methods.
The alignment procedure and calculation of the Shannon entro-
pies permits one to determine the positions of conserved amino
acids. The latter represent, with a high degree of probability,
catalytically important residues, which ensure substrate activation
and, correspondingly, determine the mechanism of catalytic
action.

IX. Glycine, cysteine and proline as structure-
forming amino acids

A comparison of amino acid sequences in homologous families
showed that conserved glycine, cysteine and proline residues are
essential elements in the active sites of enzymes. The role of glycine
in the formation and functioning of active sites is not so apparent
as the role of aspartic acid. Evidently, conserved glycine residues
do not play any pronounced role in the activation reactions in the
catalytic cycle. Nevertheless, this amino acid is a very important
structural element of the protein 73-74-185-190 a5 can be evidenced
from the results of its site-specific substitution for any other amino
acid. As a rule, such a substitution results in a complete loss or a
significant decrease of the enzyme activity.!88

Studies of the substrate specificity of the functional domain of
halogenocarboxylic acid dehydrogenases !°! revealed that muta-
tions in the conserved Gly residue localised between the amino
acid residues of the catalytic site to Pro, Val or Ala reduce
dramatically the catalytic activity. Structural studies of mutants
have demonstrated substantial conformational changes in the side
chains of the residues forming the catalytic site. It was concluded
that the presence of Gly is critical for conferring flexibility on the
polypeptide chain in its folding in the vicinity of the active site. The

role of conserved Gly residues in the functioning of gramicidin S
synthase has been studied.!®? It was shown that single mutations
in three conserved Gly residues to Glu or Asp result in the loss of
the valine-adenylate activity of this enzyme.

Apparently, conserved glycine residues are important in
principle for the following reasons. First, glycine, being a unique
amino acid with the smallest energy of rotation around the C—N
and C— C bonds of the polypeptide chain plays the role of a node
which determines the direction of the folding of the polypeptide
chain in the assembly of the protein globule. Thus, the presence of
conserved glycine residues accounts for the structural paradox of
enzymatic catalysis, viz., the ‘assembly’ of identical active sites
from absolutely different polypeptide chains. The presence of
conserved glycine residues and stabilisation factors in the
‘assembled’ structures, e.g., disulfide bonds, are a common feature
of these chains.

The substantial effect of conserved glycine residues on struc-
ture formation of the active sites of enzymes was established in
computer studies.” Computer simulation was used to study the
changes in the conformations of amino acid residues in the active
sites of different types of hydrolases. Two series of calculations
were carried out for each representative of the hydrolase family. In
the first series, all conserved Gly were replaced by Ala and the
corresponding conformational changes in the polypeptide chain
in the vicinity of the active site were determined. Similar calcu-
lations were performed in the second series except that the non-
conserved Gly residues were replaced by Ala. The root-mean-
square deviation of the coordinates of the atoms in active site
residues (calculated per one substituted amino acid residue) in the
structure calculated after the substitutions from the coordinates in
the active site of the native enzyme following superposition of
these structures was used as a measure of distortion of the
geometry of the active sites of these enzymes. It was found that
the substitution of Ala for conserved Gly for all types of hydrolase
under study caused more significant distortions in the geometry of
the active sites of enzymes than the substitution for a greater
number of non-conserved Gly. This suggests enhanced ‘sensitiv-
ity’ of the geometry of the active sites of enzymes to the presence of
Gly residues in conserved positions.

Second, conserved glycine residues can play the role of
conformational ‘hinges’ which impart conformational mobility
to the catalytic groups. Supporting evidence can be derived from
the fact that very often the conserved glycine residues are found in
the vicinity of catalytically active groups. For example, the
conserved motifs for hydrolases belonging to different families
are as follows: Asp-215-X-Gly-217 (pepsin); Asp-170-X-X-Gly-
173 (thermolysin); Asp-32-X-Gly-34, His-63-Gly-64, Gly-219-X-
Ser-221 (subtilisin); Gly-173-X-Ser-177 (trypsin); His-76-Gly-77,
Ser-153-X-Gly-155,  Gly-175-X-Asp-177,  Gly-X-Ser-X-Gly
(lipases).'”3 The residues Asp, Ser and His of these enzymes
constitute the active sites.

Enzyme-catalysed transformation of the starting substrate
into final products is accompanied by the formation of many
intermediates with structures different from that of the starting
substrate. Glycine residues of the active site can play the role of
‘relaxing’ elements by tuning the conformation of the active site
for the subsequent elementary act.

A prominent role in the formation of the active site architec-
ture is played by cysteine and proline residues (the fourth and third
positions in the rating list of conserved amino acids). Proline is
known to be a unique amino acid responsible for the unfolding of
the polypeptide chain.

In all probability, the role of cysteine residues consists in the
‘fixing’ of the required configuration of the active site built up of
different, often remote fragments of the polypeptide chain, by
forming a chemical bond in the form of a disulfide bridge. For
many enzymes, this process completes the formation of the active
site architecture.
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X. The rates of conformational changes and proton
transfer as the limiting steps

The numeric values of the rate constants (kcat) of the limiting and
known elementary steps of catalytic processes involving enzymes
are worth analysing and comparing. To date, much is known on
Vimaxs Km (the Michaelis constant) and k., values.

Figure 11 shows the distribution density curves of different
enzymes according to their kca, Km and kcai/Km values and the
rate constants for the elementary steps (ki, k—1 and kconr) (see
Ref. 11). The shapes of these curves are characteristic of normal
logarithmic distribution.

The kcar values lie in the range of 10'—10% s—!. Enzymatic
reactions in which the limiting step is of the order of 102 s—! are
especially abundant in nature. The distribution patterns of
enzymes according to their Ky, values are similar. This parameter
changes in the range from 10=2 to 10~7 mol litre~!. The
distribution density has a maximum at Ky, ~ 10~* mol litre ~ .
The kcat/Km values for different enzymes lie in the range
of  10'-10'0 litre mol=!' s—!; enzymes with Kkcat/Km =
10° litre mol—! s—! are especially numerous.

These values define the limiting step of the substrate conver-
sion in the active site of the enzyme. The energy barrier (10—
17 kcal mol—') seems to be determined by physicochemical
factors. Other reaction steps proceed at faster rates.

Structural isomerisations are substantial steps of the catalytic
cycle. If conformational changes affect the active site of the
enzyme, this is reflected in the kinetics of the enzymatic reaction.
In many cases, binding of the enzyme to the substrate (or the
inhibitor) occurs by a two-step mechanism:

E+S— X, — X5,

where E is the enzyme, S is the substrate, X; is the primary
complex and X is the enzyme —substrate (or enzyme —inhibitor)
complex.

As the formation of enzyme—substrate (or enzyme —inhibi-
tor) complexes is not accompanied by the formation of covalent
bonds, the second step of the reaction represents a conformational
transformation of the primary complex X;. Presumably, this fact
provides the strongest evidence in favour of conformational
changes in the active site of the enzyme during enzymatic
catalysis.!!

Very often, the conformational changes X; ==X, occur at
faster rates (103—10* s—1) than the limiting step of the catalytic
process.

The rate constants of many conformational changes in pro-
teins involved in catalytic transformations have now been estab-
lished. These data can be used for conducting statistical analyses
and revealing ‘typical’ characteristics of the catalytic reaction.
Figure 11 a shows the curve of the distribution density of rate
constants of conformational changes (kconf). The maximum of the
distribution density lies around 103 s—!. It can be seen that the
distribution density curve kconf 1S very similar to that for the

limiting steps. It may thus be assumed that sometimes the rates of
conformational changes determine the rates of enzymatic reac-
tions.

However, in the majority of cases conformational changes
occur faster and precede the rate-limiting step. The role of
conformational changes in enzymatic catalysis is evident. The
mechanisms of enzymatic reactions are rather complex involving
rearrangement of numerous bonds. Such processes cannot occur
in one elementary step. The mechanisms of action of enzymes
include the formation and conversion of a great number of
intermediates. The enzyme ensures the reaction pathway with
the least energy and entropy expenditures. The mechanism of
action of an enzyme can be compared to that of a programmed
control machine which operates at the molecular level and its
functioning is provided by conformational changes.

In terms of chemical kinetics, this means that the structure
similar to the transition state is formed as a result of conforma-
tional changes in the ground state. Conformational changes ‘push’
the reactants along the reaction pathway. The formation of a
conformer structurally similar to the transition state or the
reaction product significantly lowers the potential reaction bar-
rier. The lowering of the reaction barrier the greater the more
similar the structure of the conformer to that of the transition state
or the reaction product.

Proton transfer is yet another process which limits the rate of
an enzymatic reaction. It follows from the above-said that the
acid-base nature of enzymatic reactions is their main character-
istic feature.

Owing to the classical works by Eigen,!% 195 the mechanisms
of reactions of the proton with bases and of the hydroxyl ion with
acids are now well understood. The main conclusion is that
these reactions do not depend on the basicity or acidity of the
reactants, but represent diffusion-controlled processes (k ~
1019 litre mol—! s—1). Correspondingly, the rate constants of
reverse reactions are determined by the values of equilibrium
constants. In some cases, the proton transfer steps can be limiting
for the enzymatic process.

Since in the course of an enzymatic reaction the catalytically
active group undergoes both protonation and deprotonation, the
proton transfer poses certain restrictions on the efficiency of acid-
base catalysis. The reactions occurring in this process can be
described as:

BHY == B+H", (7a)
B + H,O == BH* + OH. (7b)

Since the reverse steps of these reactions are controlled by the
diffusion of the reactants, the rate constants of the direct reactions
can be presented as 10'°K, s~ ! and 10'%(Kw/K,) litre mol—! s—!
(K, is the acid dissociation constant of BH* and Kw is the
ionisation constant of water). The maximum value of the rate
constant of the overall reaction is approximately equal to 103 s—!
at K, ~ 10~ ! mol litre—!. Indeed, for K, < 10—7 mol litre !, the
dissociation rate constant of the acid BH™ [reaction (7a)] is

f(x) a fix) b fx) ¢

- 0.4 |
0.4 04 b

kcul/Km
02 - 02 L 02 -
(o]
0 L 1 L 1 0 1 0 | | |
10 102 103 10* k [s! 10=7 1075 1073 Ky /mol litre=!  10* 10° 106 kear/Km litre mol =1 s =1

Figure 11. The distribution of enzymes according to their kcat (@), Km (b) and kcat/ Km (¢). values.
(a) First-order rate constant, (») the Michaelis constant, (¢) second-order rate constant.
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smaller than 10° s—!, while at K, > 10—7 mol litre !, the hydrol-
ysis rate constant of the base [reaction (7b)] is smaller than
103 s—!. Therefore, the maximum value of the rate constant for
an acid-base catalysis involving water is equal to 103 s—!. This
conclusion can be used for interpreting the maximum rates of
enzymatic catalysis. The value 103 s—! is characteristic of the
turnover number of many enzymes (see Fig. 11 a). Besides, the

optimum value of pK, ~ 7, which is necessary for effective
catalysis, corresponds to pK, of the imidazole group of the
histidine residue.

Analysis of the structures of active sites of enzymes shows that
in many cases the imidazole group of histidine participates in the
catalytic act as a complex with a stronger nucleophile (proton
conjugation), viz., a deprotonated carboxy group of aspartic or
glutamic acid. The kinetic significance of such conjugation is
obvious. The proton transfer from the protonated imidazole to the
carboxy group in the last step of the catalytic cycle enables
regeneration of properties of the catalytic site within micro-
seconds. Indeed, the rate constant for the reaction

R—COOH —=R—COO~ + H*
is equal to 10° s— 1. .

Thus, the enzymatic catalysis illustrates the maximum cata-
lytic accelerations which can be realised for the reactions occur-
ring in solutions.

In all probability, the evolution of biocatalysis has long been
searching for effective structures by the trial-and-error method.
Having fixed these structures at the genetic level, the biosystems
have learnt to use them for the formation of various active sites,
and not only of the hydrolase type.
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