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The large amount of data on enzyme structures obtained to date allow us to discuss general regularities in the formation of
catalytic centres of enzymes. Approaches based on a comparison of structures in large data arrays made it possible to reveal a
number of non-obvious regularities and to elicit principles of the design of catalytic centres.

In the past few decades, enzymes that have extraordinary
catalytic efficiencies exceeding 1010–1015 times the efficiencies
of classical chemical catalysts such as hydrogen or hydroxyl
ions became the subject of a detailed study by modern physico-
chemical, structural and kinetic methods. 

Intensive studies of enzymes as catalysts of chemical reactions
resulted in a rather deep understanding of the physicochemical
bases of enzyme catalysis and the origins of the high activity
and specificity of enzymes.1–5

The established concepts of molecular processes occurring in
the active centres of enzymes within a catalytic cycle are based
on the simultaneous use of two approaches. On the one hand,
these are structural studies of enzymes as proteins based on
data at atomic resolution; on the other hand, these are detailed
kinetic studies of enzyme catalysis.6,7 The extremely ample
structural and kinetic data obtained in the past decade now
require systematization and generalization. This analysis that
would allow general properties of enzyme catalysis as a natural
phenomenon to be revealed at a molecular level may be based
on the methods of bioinformatics.8–10

The use of approaches and methods of bioinformatics allows
one to discover certain non-obvious specific features of the
structures of active centres.

Modern computer databases contain ample data on the struc-
tures of proteins and enzymes. This concerns both primary
sequences of amino acids in polypeptide chains and structures
of proteins at atomic resolutions.11–14 It is important that data-
bases that allow large amounts of data to be handled also serve
as a means for the systematization of structural data and for the
analysis of such data by means of algorithms specific to each
database.

Data on primary structures, that is, the sequences of amino
acids in proteins, are most abundant. Studies on genomes gave
huge amounts of data, which continue to increase exponentially.

It is well known that the primary sequence determines all

structural hierarchies of a protein. A scientific problem obviously
arises: how can the full 3D structure of a protein, including the
structure of its active centre, be forecasted based on a known
sequence of amino acids? At present, at least two approaches
are used to solve this problem. One is based on theoretical
calculations of the energetics of a protein globule with a search
for structures with minimum energies.15 This approach demands
a large amount of computation. Furthermore, in the majority of
cases, the problem does not have an unambiguous solution,
though it can be expected that progress in this field will provide
practically valuable results.

The second approach is considerably simpler: a structure is
built by homology. This approach is based on the fact that
many proteins, especially proteins from different sources, which
perform the same function or similar functions, are very much
alike and have a high degree of homology. Since full 3D struc-
tural information is available for many proteins, it is possible to
use these structures to build the structure of a homologue. This
simplifies the computation considerably.

To reveal the amino acids that form the active centre of an
enzyme and the structure-forming amino acids that ‘assemble’
the side radicals of the amino acids to the catalytically active
centre, we used an approach based on the comparison of amino
acid sequences in homologous proteins belonging to a large
family.8–10

The procedure for comparing proteins that have a sufficiently
high degree of homology (30% or higher) was called multiple
alignment. If one protein in a set is taken as the base, other
homologous proteins can be aligned to it by means of a
computer-based procedure that compares the degree of identity
of each position in the sequence within the entire set. The
multiple alignment algorithm automatically takes into account
the ‘insertions’ (additional sequences aside from the general
sequence) and ‘deletions’ (missing partial fragments of the
chain). Multiple alignment results in a matrix of probabilities of
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finding specific amino acids at each position of the polypeptide
chain chosen as the base. This approach makes it possible
to determine the positions of amino acids that have high
probabilities of conservation of the given amino acid, that is, to
find so-called conservative positions characteristic of all proteins
in a set. In this case, the probability of finding the jth acid at the
ith position is close to unity. On the other hand, this approach
makes it possible to determine the positions which can contain
virtually any of the twenty natural amino acids. A powerful
filter that allows one to extract a ‘signal’ from statistical noise
is provided by Shannon’s entropy

where pj
i  is the probability or relative frequency of occurrence

of the jth amino acid at the ith position.
A remarkable property of this function is that Shannon’s

entropy equals zero when the probability of the event equals
unity, which allows the signal to be ‘filtered off’ from noise.

Data on the alignment of homologous proteins are presented
in the HSSP database.13

We have applied the alignment procedure to homologous
proteins: calculation of probabilities of finding the given amino
acid at the given position and calculation of Shannon’s entropy
for each position in the sequence in order to determine the
amino acids that constitute the active centre of the enzyme. The
procedure allows one to identify with high reliability the active
centre groups and structure-forming amino acids based on the
knowledge of the sequence of amino acids in the protein poly-
peptide chain.5,9,10

A necessary condition for the applicability of this approach
is that the protein belongs to a sufficiently representative group
of homologous proteins. The statistical sample should include
at least 50 to 100 proteins. As an example, Figure 1 shows
multiple alignment data and calculated Shannon’s entropy
values for Fe2+-dependent superoxidedismutases, i.e., enzymes
that eliminate superoxide radicals in biological systems.

Analysis of such dependences for a large number of enzymes
makes it possible to reveal a number of interesting regularities.
Some of the regularities discovered are non-obvious and para-
doxical.

(1) The sequences of amino acids within a single protein
family that has a well-defined biological function, e.g., specific
enzyme activity, are rather diverse. However, there are positions
at which amino acids are virtually invariant; that is, the same
particular amino acids remain at certain positions within the
entire family (sometimes, up to 1000 proteins). These positions
are found rather easily within the approach used since Shannon’s
entropy for such amino acids approaches zero at certain posi-
tions. Let us call them conservative positions and conservative
amino acids, respectively.

(2) A large fraction of amino acids in a polypeptide chain of
related enzymes is highly variable (Shannon’s entropy varies in

the range from 1 to 3). During evolution and mutagenesis,
nature has created a wide variety of related structures that have
the same functions, e.g., ability to perform an enzymatic reac-
tion. The same enzyme can be isolated from different organisms
(from E.coli to human beings). Such proteins differ considerably
in composition and amino acid sequence but have a virtually
identical structure of the catalytic centre. Note that the active
centre of any enzyme is represented by two substructures: a
binding centre, which ensures binding and orientation of the
substrate relative to the catalytically active groups, and the
catalytic centre itself, which performs the elementary acts of
bonds redistribution. The wide variety of polypeptide chain
sequences along with the virtually identical spatial structure of
the catalytic centre shows that only a limited number of amino
acids at certain positions of the polymeric chain are important
when forming a catalytic centre. The natural variation of amino
acids demonstrates that the majority of amino acids in a poly-
peptide chain can be replaced by other amino acids. Shannon’s
entropy is up to 2.5–3 at many positions, which suggests that
virtually any of the 20 natural amino acids can occupy each of
these positions. As a result, certain characteristics of proteins,
such as stability, isoionic point, hydrophilicity or hydrophobicity,
would change. However, the main function, i.e., catalytic activity,
and the structure of the catalytic centre remain invariant for the
entire family.

(3) The amino acids forming a catalytically active centre
always manifest themselves as conservative amino acids with
Shannon’s entropy approaching zero. This has been verified
with a large set of enzymes with known structures of catalytic
centres. The group of amino acids forming catalytic centres
include aspartic acid, histidine, arginine, serine, and glutamic
acid; that is, the amino acids that carry an expressed acid–base
function capable of activating a molecule by the nucleophilic–
electrophilic mechanism.

(4) Which amino acids appear most frequently as con-
servative? Amino acids were rated as conservative in terms of
occurrence. Figure 2 shows this rating for the two largest classes
of enzymes, viz., hydrolases and oxidoreductases.16 It was found
unexpectedly that glycine is the most essential amino acid,
which is met most frequently as conservative. The paradox is
that glycine, the simplest amino acid that has no expressed
chemical function in the polypeptide chain, is the most essential
amino acid in forming the protein structure and hence the active
centre.

The second important place in the conservatism rating
belongs to aspartic acid, which most commonly occurs in active
centres as a nucleophile (in deprotonated form) or electrophile
(in protonated form). Another extremely important amino acids
include histidine with an imidazole group (for hydrolases) and
arginine carrying a positively charged guanidine moiety (for
oxidoreductases). Structure-forming amino acids, such as proline
and cysteine, also rather commonly occur as conservative.

The distribution of functions of conservative amino acids of
different types is rather obvious. The carboxy group of aspartic
and glutamic acids, the imidazole group of histidine and the
guanidine moiety of arginine form three-dimensional catalytic
structures that perform concerted nucleophilic–electrophilic
catalysis. The elementary act of catalysis involves a relatively
small proton transfer (by 1–1.5 Å along the hydrogen bond) or
polarization of the bond by an electrophilic agent. As a result,
the reactivity of the substrate molecule or the active centre group
increases by a factor of 106–107. For example, the transfer of a
proton away from water, which approximates the structure of
the reagent in the transition state to a hydroxyl ion, increases its
reactivity in nucleophilic substitution by a factor of 107. If the
process occurs in the concerted mode and each substrate is
activated in this way, acceleration of the reaction by a factor of
1012–1015 can be expected.

(5) Catalytically important amino acids are spaced along the
entire polypeptide chain of a protein. During folding and the
formation of a the three-dimensional structure, catalytically
important functional groups become close in space and thus
form the three-dimensional structure of the catalytic centre.

H = –Σp j
i log p j
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Figure 1 Shannon’s entropy calculated for multiple alignment posi-
tions for proteins of the Fe2+-dependent superoxidedismutase family
(371 compared proteins).
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Proper folding of the polypeptide chain is ensured by the
presence of structure-forming amino acids (glycine, proline,
and eventually cysteine) at proper positions. However, the order
of catalytically important amino acids in a polypeptide chain
can vary. For example, two catalytic proteases, chymotrypsin (a
protein of animal origin) and subtilisin (a protein from micro-
organisms) have the following sequences of amino acids that
form the catalytic triads: His57, Asp102, Ser195 (chymo-
trypsin) and Asp32, His64, Ser221 (subtilisin). However, the
active centres are structurally identical in the three-dimensional
structures of catalytic centres formed from quite different poly-
peptide chains. Two different sequences of catalytic groups
result in the formation of two different secondary structures. All
serine proteases in which the catalytic groups are arranged by
the α-chymotrypsin type are β-proteins. All proteases in which
the catalytic groups are arranged by the subtilisin type are α/
β-proteins according to the classification of secondary structures.

(6) The main structural paradox of enzyme catalysis is that
the huge number of catalytic reactions involving a virtually
infinite number of proteins differing in primary structures is
based on quite a limited number of catalytic centres.

For example, hydrolases are the most numerous class of
enzymes counting about one-third of all the currently known
enzymes (about 1100 enzymes from 3700 in accordance with
the enzyme classification). Each of these enzymes is subject
to biological variety since these proteins are represented by a
virtually infinite number of variants of amino acid sequences in
biological systems. However, there are only five main catalytic
centres that perform activation and a catalytic cycle.5,9 The
diversity of reactions (about 1100 for hydrolases) is due to the
action of the binding centre, which performs the complexation
of a substrate and orientation of the reaction centre relative to
the catalytic groups of the protein. Thus, catalytic centres in
enzymes are unique structures that have appeared during evolu-
tion, probably, as a result of trying numerous intermediate
structures, and have been fixed at a genetic level as certain
positions of catalytically important amino acids and structure-
forming amino acids, which gather the functional groups of
catalytic amino acids in the required point of space and with a
required steric conformance.

(7) The phenomenon of structural unity of construction of
catalytic centres manifests itself when active centres of enzymes
other than hydrolases are compared with those of hydrolases.

Analysis shows that active centres of enzymes other than
hydrolases are built from the same nucleophilic–electrophilic
units as the active centres of hydrolases. The reaction centres of
molecules are activated by the same nucleophilic–electrophilic
mechanisms and the activation frequently involves the same
three-dimensional structures.

For example, it occurs very often that the charge transfer
chain comprising the imidazole–carboxyl group pair can be
identified in the active centres of oxidoreductases. The His194–
Asp165 pair, which performs the nucleophilic activation of lactic
acid, can be found in the active centre of lactate dehydrogenase,
as well as in those of many NAD+-dependent dehydrogenases.
Proton transfer along the hydrogen bond between the imidazole

group of histidine 194 and the hydroxy group of lactic acid
induces a negative charge on the reaction centre (the α-hydrogen
atom), which favors hydride transfer to the NAD+ molecule.
The positively charged guanidine moiety Arg105 is the electro-
philic mediator in this transfer.

In peroxidases, i.e., enzymes that use hydrogen peroxide for
the oxidation of various molecules and contain hemin as a
prostetic group, an imidazole group (e.g., His175 for cyto-
chrome C-peroxidase) serves as a ligand for the iron ion. The
positively charged iron ion interacts with the unshared electron
pair of the imidazole group to form a strong coordination bond.
On the other hand, the imidazole group is connected by a
hydrogen bond (through the second nitrogen atom) with the
carboxy group of aspartic acid Asp135. As in hydrolases,
imidazole is a mediator of electron density transfer; in this
case, it performs the polarizing partial charge transfer from the
negatively charged carboxy group to the metal ion. Like in
the triad of serine hydrolases (dehydrogenases), peroxidases
contain a reactive dynamically mobile nucleophilic agent, which
consists of a structurally organised pair ‘histidine imidazole
group–carboxy group of aspartic acid’. As in the case of de-
hydrogenases, the catalytic cycle involves the guanidine moiety
of arginine (Arg48), which favours electron transfer from the
substrate to the peroxide through the iron ion in oxidised form.

(8) The phenomenon of structural unity of active centres in
enzymes becomes even more obvious when one compares the
structures of active centres of hydrolases with the correspond-
ing structures of synthetases, which perform the formation of
bonds and do not involve a water molecule as a reagent. In this
case, the transition from hydrolytic to synthetic reactions is
carried out by the replacement of water activation to the activa-
tion of, e.g., the hydroxy group of a carbohydrate with total
retention of the structure of the activating centre.

The catalytic centre of exonucleases, which hydrolyse nucleic
acids, is a complex of magnesium ions formed with the
participation of carboxy groups of aspartic and glutamic acids
(the pyrophosphatase type). The active centre of the enzyme
that synthesizes DNA, i.e., DNA-polymerase, is highly homo-
logous to that of nuclease, i.e., the enzyme that hydrolyses
DNA. The nucleophile reaction centre in DNA-polymerase is
activated by the same functional groups as in pyrophosphatase
or exonuclease. However, instead of the activation of water, a
carbohydrate hydroxy group is activated in DNA-polymerase.
A nucleophilic attack on the reaction centre of the phosphate
group ensures the formation of a phosphodiester bond and
continuation of the DNA chain. Thus, here we can see an
example of transition from enzymes that hydrolyse bonds to
enzymes that create such bonds. Structural replacement of water
in the active centre by another possible nucleophile is suffi-
cient for creating an active centre that can perform a synthetic
reaction.

The identification of catalytic and structure-forming amino
acids from the primary sequence of amino acids in the poly-
peptide chain as described above and the phenomenon of struc-
tural unity of enzymes belonging to different classes have many
consequences.

Obviously, proteins with catalytic activity can be constructed
from fewer amino acids than the twenty that occur in nature.
The acids in the majority of positions in a polypeptide chain
can be replaced by other amino acids without changing con-
siderably the catalytic properties of the protein. It is important
that certain positions contain a number of critical amino acids,
either amino acids with acid–base properties that form the
catalytic centre or structure-forming amino acids that assemble
the catalytic groups in a certain point in space.

Traditional methods for modifying enzyme properties include
the site-directed mutagenesis or the directed evolution method.5
Results of the analysis performed show that amino acids can
be varied freely only at positions that are not conservative.
Otherwise, there is a high probability for a modified enzyme to
lose its enzyme activity.

Obviously, the type of catalytic reactions involving an enzyme
is largely determined by the structure of the binding centre,
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which ensures the position for an attack by catalytic groups.
This creates prospects for developing protein catalysts for reac-
tions unknown in the biological world; thus, the applicability
of enzymes for solving chemical problems may be expanded
considerably. The current level of development in chemical
enzymology makes it possible to set the problem of creating
enzymes for a required chemical reaction that is not a natural
reaction.

As an example, we describe below such a reaction. We have
shown that enzymes can be efficient catalysts for the oxidation
of metals by atmospheric oxygen or hydrogen peroxide (experi-
mental data by I. K. Sakodynskaya) and, in this case, the enzy-
matic reaction can be transported through an electronic con-
ductor.

We have shown previously that enzymes can act as the
catalysts of electrochemical reactions when they are adsorbed
on electronic conductors.17–20 Adsorption of blue copper-con-
taining oxidase (laccase) on an inert electrode shifts the potential
of the latter to the oxygen ionization potential (~1.2 V vs. a
hydrogen electrode in the same solution), while the adsorption
of hydrogenase shifts the potential to the hydrogen ionization
potential. Immobilised peroxidase shows a similar acceleration
of the electrochemical reaction of hydrogen peroxide reduction.
In all these cases, direct electron transfer occurs between the
electrically conductive matrix and the active centre of the
enzyme. Theoretical calculations and experimental data show
that the ‘electrical connection’ between the electronic con-
ductor and the active centre of the enzyme is formed due to
the relatively fast transfer of an electron by the tunneling
mechanism.21 The phenomenon of acceleration of electrode
processes by enzymes involving the mechanism of electronic
contacts between a conductor and an enzyme active centre was
called bioelectrocatalysis.22 Bioelectrocatalysis finds various
applications, primarily, in the construction of biosensors23–25

and fuel cells.26–29

Bioelectrocatalysis was studied using corrosion-resistant elec-
tronic conductors, such as carbon and gold. It could be expected
that, if corroding metals were used, enzymes would accelerate
the oxidation of such metals. We have found that laccase is a
catalyst of oxidation of metals when oxygen is used as an
oxidant, whereas peroxidase behaves similarly when hydrogen
peroxide is used. Enzymes efficiently accelerate the oxidation
of iron, steel, stainless steel and copper.

It is of fundamental interest to determine the mechanism of
the oxidation processes. In particular, the question is whether
metal ionization (transition of a metal from neutral to ionized
form) occurs directly in the zone of action of the enzyme active
centre or the transfer of electrons to the oxidant via the
active centre and abstraction of a metal ion from the substrate
are spatially separated. To answer this question, we designed a
cell consisting of two spatially separated vessels connected by
a salt bridge and a metallic conductor (a copper wire). An
enzyme (laccase) was added to one of the vessels and an
equivalent volume of the corresponding buffer solution was
added to the other vessel. The formation and accumulation of
metal ions was observed in both vessels; sometimes, this occurred
faster in the enzyme-free vessel than in the vessel containing
the enzyme. This suggests that the enzyme adsorbed on the
metal surface works as a catalyst of electron transfer from the
metal substrate to oxygen, whereas the electron vacancy formed
manifests itself as the transition of a metal ion to the solution
from a metal surface in a place remote from the location of the
enzyme molecule. This experiment demonstrates the amazing
prospects of transferring an enzymatic reaction through electric
wires.
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