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Modern modelling methods can now give uniquely detailed understanding of
enzyme-catalyzed reactions, including the analysis of mechanisms and the
identification of determinants of specificity and catalytic efficiency. A new field of
computational enzymology has emerged that has the potential to contribute
significantly to structure-based design and to develop predictive models of drug
metabolism and, for example, of the effects of genetic polymorphisms. This review
outlines important techniques in this area, including quantum-chemical model studies
and combined quantum-mechanics and molecular-mechanics (QM/MM) methods.
Some recent applications to enzymes of pharmacological interest are also covered,
showing the types of problems that can be tackled and the insight they can give.

) Techniques capable of modelling enzyme reactions
and analysing determinants of enzyme activity and
specificity have the potential to contribute signifi-
cantly to drug design and development. Perhaps the
most obvious benefits are in structure-based design,
where mechanistic knowledge (e.g. identifying key
catalytic interactions at an active site) should assist
in rational ligand design. Less obvious but increas-
ingly important is the prediction of drug breakdown
or activation by enzymes [1], enzyme-mediated adverse
reactions [2] and their potential dependence on
genetic polymorphisms, as for example in cytochrome
P450 [2-4] (Figure 1) and glutathione S-transferase
[S]. Modelling methods for mechanisms can now
address these crucial questions about enzyme-
catalyzed reactions and make predictive and practical
contributions in all these areas.

In drug discovery, enzymes are important first of
all as targets (many drugs are enzyme inhibitors),
and ligand design should significantly benefit from
knowledge of their mechanisms. For example, model-
ling can show uniquely how transition states and
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intermediates are stabilized within enzymes (which
often show exceptionally high affinity for these
unstable species), therefore helping inhibitor design
(Figure 2). Mechanistic modelling adds another
dimension to structure-based ligand design for
enzyme targets. Analysis of these biochemical mech-
anisms will also help develop better predictive models
of protein targets (e.g. kinases). A better under-
standing of the enzyme systems involved is also
needed for the reliable prediction of pharmaceutical
metabolism and toxicology (ADME-TOX) proper-
ties. Developments in pharmacogenomics will require
models to predict the effects of genetic variation on
enzyme activity and specificity. Similarly, develop-
ments in systems biology will require better quan-
titative and predictive understanding of enzyme
action. For example, reliable rates for biochemical
reactions are required as input for modelling of
cellular and metabolic networks. Reliable methods
to predict the effects of mutations on these rates are
needed. Enzymes are increasingly used to catalyze
processes in pharmaceutical synthesis, and there is
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the identities of catalytic residues, which
are usually not obvious, and their roles.
Modelling can analyze transition states
directly; transition states are central in
catalysis and cannot be studied experi-
mentally because they are extremely short
lived. Any specific interaction that stabilizes
transition states or intermediates should be
identified. These interactions might not be
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and the function and relationship of these
changes to the chemical steps should be
FIGURE 1

explored [13]. Proteins have complex
dynamics, exhibiting a wide range of
internal motions, some of which are vital
to their function. There have been many
suggestions that protein dynamics is
important in catalysis, although the sim-
ulations indicate that the direct effect of
protein dynamics in determining enzyme
chemical reaction rates is generally rela-

Aromatic hydroxylation in cytochrome P450, a key reaction in drug metabolism. Calculations on small
models can identify mechanisms of enzyme-catalyzed reactions and aid in the development of SARs.The
energy profile for aromatic hydroxylation of benzene by a model of the reactive P450 Compound | is
shown (calculated with the B3LYP hybrid density-functional quantum-chemical method). Calculations
allow the transition state (TS, the highest energy point along the reaction pathway) for the reaction to be
found and analyzed:its structure is shown on the right (the iron atom form the porphyrin is coloured in
blue, the oxygen atom in red and the sulphur atom in yellow). Two alternative modes of reaction were
found, both of which might have relevance for drug metabolism [4]. Analysis of the transition-state
electronic properties (e.g.its charge and spin distributions) shows it has mixed cationic and radical
character (top left). This insight was crucial in developing a new, predictive, structure-reactivity relationship
using simple descriptors [3,4].

a clear need to extend beyond the activities and speci-
ficities of naturally occurring enzymes for biocatalytic
applications, for example with specifically designed protein
catalysts. In all of these areas, molecular modelling of
enzyme activity can make important practical contributions.

The field of computer modelling of enzyme reactions
has matured to such a degree that it is now realistic and
sensible to talk about computational enzymology [6,7].
Computer modelling and simulation methods can address
fundamental questions that cannot easily be tackled
experimentally [8-10]. Recent years have seen an explosion
in the number of modelling studies of enzyme reactions and
a transformation in their sophistication and reliability. As
well as mechanisms, modelling can address questions of
specificity, the effects of mutations or genetic variation
and the derivation of SARs [11].

Goals in modelling an enzyme reaction

Taking experimental data, particularly structural infor-
mation, as a starting point, modelling can tackle questions
that are hard to answer experimentally [12]. An essential
first step in studying an enzyme-catalyzed reaction is to
establish its chemical mechanism. This means determining
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tively small [8,10,14]. Nevertheless, it is

certainly important to consider a repre-
sentative sample of possible conformations and the
effects of conformational variations in enzyme reactions,
for example through dynamics or Monte Carlo simula-
tions. Quantum effects, such as nuclear tunnelling, are
important in many enzyme reactions involving hydrogen
transfer [15,16]. Finally, when the interest lies in under-
standing why an enzyme is an effective catalyst (i.e. why
the enzymatic reaction is faster than its uncatalyzed coun-
terpart) the enzymatic reaction should be compared to an
equivalent reaction in solution. Overall, understanding
enzyme activity involves many different levels of complex-
ity and presents a range of challenges, for which different
theoretical approaches can be best suited, depending on
the exact question of interest in a drug design problem.

Methods for modelling enzyme reactions

A central challenge in modelling enzyme reactions is the
sheer size of enzymes. Standard ‘molecular-mechanics’
(MM) methods (e.g. the well-known force fields developed
for AMBER, CHARMM and GROMOS) can deal with
protein structure and dynamics, but are not applicable to
chemical reactions. This is because of their simple functional
forms (e.g. harmonic terms for bond stretching) and
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can currently be used to study reactions in
molecular systems containing tens of atoms.
Small ‘cluster’ models of approximately this
size can represent key features of an enzyme
reaction and can identify possible mecha-
nisms. This is particularly true for metal-
loenzymes, where all the important chem-
ical steps take place at one metal centre,
where the metal holds its ligands in place,
limiting the need for artificial restraints to
maintain the enzyme structure.

Reliable calculations have increasingly
been made possible by the development
of methods based on density-functional
theory. Widely used functionals (e.g. the

(b)

Reaction coordinate (A)
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1 B3LYP hybrid functional) give good results
for many reactions in a reasonable amount
of time. The work of Siegbahn and col-
laborators exemplifies the biochemical
insight that calculations on small models
can provide, for example in identifying
enzyme mechanisms [17]. Another exam-
ple, cytochrome P450, is discussed below.
Examples of important functional groups
are amino-acid side chains involved in
catalysis or binding, and the substrate,
with their positions taken from a repre-
sentative X-ray crystal structure of an
enzyme complex. It can then be possible
to optimize the geometries of complexes
representing the reactants, transition state,
intermediates and products of the reac-
tion, although a small model might not
contain all the important functional groups.
Environmental effects, such as solvation

FIGURE 2

and long-range electrostatic interactions,
can be included in an approximate way

Transition-state stabilization in enzyme reactions. Enzymes often show high affinity for binding
transition states and reaction intermediates. Modelling can identify the interactions involved, knowledge
that can help in designing ligands with increased affinity as pharmaceutical leads. (a) Transition-state (TS)
stabilization in the enzyme chorismate mutase: combined quantum-mechanics and molecular-mechanics
(AM1/CHARMM QM/MM) modelling of the reaction in the enzyme shows that the stabilization provided by
the enzyme is maximal for the transition state, indicating their complementarity. The transition state is
stabilized by specific electrostatic interactions at the active site [26]. (b) Identification of a key catalytic

via continuum solvation models, but
these cannot fully represent the hetero-
geneous enzyme environment [10]. An
important practical consideration is that
it might be difficult to optimize the geom-

interaction in a flavoprotein monooxygenase: QM/MM modelling of aromatic hydroxylation in para-
hydroxybenzoate hydroxylase showed the transition state to be stabilized by a hydrogen bond (dotted

yellow) with the carbonyl of a conserved proline residue (green) [24].

inability to model changes in electronic polarization. It
is possible to develop MM parameters for a specific reaction,
but this is highly laborious and these parameters might
not be applicable to other cases. Also, the form of the
potential function can impose severe limitations, such as
neglecting the electronic polarization. A description that
takes into account the fundamental quantum mechanics
of electronic structure is more general and often easier to
apply for reactions. Quantum-chemical methods, based
on ab initio molecular-orbital or density-functional theory,

etry of the model (for example to locate
a transition-state structure) while main-
taining the correct orientations of the
groups in the protein.

More approximate quantum-chemical methods (e.g.
the semiempirical molecular-orbital techniques AM1 and
PM3) can model larger systems (hundreds of atoms) but
are often inaccurate and in some cases not easy to use
(e.g. for many transition metals). Techniques have been
developed that allow semiempirical electronic-structure
calculations on whole proteins [18-20] and efforts are
being made to improve the scaling properties of higher-
level quantum-chemical methods, to extend them to
larger systems. However, solvated enzyme complexes can
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GLOSSARY

Ab initio quantum-mechanical methods are becoming a valuable tool in studying not only atoms and small molecules but also biological molecules.They are
quantum-mechanical methods, sometimes described as quantum chemical. Literally, ab initio means ‘from the beginning’ - this signifies that ab initio methods
aim to work from basic physical principles.These methods calculate the electronic distribution and other properties in a molecule. A wide range of methods, of
varying accuracy and computational requirements, have been developed - the best are extremely computationally demanding. Currently, typical ab initio
methods can be applied to reactions in molecular systems containing tens of atoms. The large computational cost precludes ab initio calculations on reactions
in whole enzyme-substrate complexes (which typically contain thousands of atoms).

Cluster (or ‘supermolecule’) models include only a small number of essential groups (e.g. the substrate and key catalytic groups).They are the simplest models
of an enzyme-catalyzed reaction and are used because it is not possible to study reactions in larger models by quantum-mechanical calculations.
Density-functional theory (DFT) methods are now among the most popular type of quantum-mechanical (electronic-structure) calculations for molecular
systems.The energy is calculated from the electron density. Developments in theories, software and hardware during the 1990s enabled reliable DFT
calculations for many molecules and their reactions. Hybrid DFT methods include a more traditional, Hartree-Fock, molecular-orbital, quantum-chemical
calculation to calculate part of the energy. DFT methods are available ‘off the shelf’in several popular quantum-chemical software packages.

Empirical valence bond (EVB) methods have been used to study many enzyme reactions. Unlike QM/MM calculations, EVB methods do not use a quantum-
chemical calculation - the distribution of the electrons is not treated explicitly. Instead, a small number of chemical structures (valence bond structures) is
usually used to represent the important species in a reaction or reaction step (e.g. the reactants and products). Each structure is modelled by a specialized
molecular-mechanics type of energy function.The total energy of the system during the reaction is found as a ‘mixture’ of the energy of the different possible
structures. EVB calculations can give detailed insight into the energetics of an enzyme reaction, but careful parameterization of the energy functions (e.g.
against experimental data) is required for each new system.

Molecular-dynamics simulation methods for proteins and other biological macromolecules model molecular motions, typically using the laws of classical
dynamics. Molecular-dynamics simulations can be performed with molecular-mechanics methods or with quantum-mechanics and molecular-mechanics
techniques.

Molecular mechanics (MM) is the name given to methods which treat a molecule as ‘balls’ joined by springs.These methods are empirical, which means they
are not based on fundamental physics, instead they contain parameters optimized to reproduce experimental data. Simple functions are used to calculate the
energy for stretching bonds and rotating torsion angles, for example. Being relatively simple, molecular-mechanics calculations are fast and can be used for large
molecules, such as proteins. However, typical protein molecular-mechanics methods cannot model chemical reactions.The parameters and potential function of
a molecular-mechanics method are described as a force field. Several reliable molecular-mechanics force fields have been developed for proteins.
Pharmacogenomics aims to examine variations in genes that might affect drug efficacy and response, and to understand and predict these effects.The aim is
to explore how genetic variations can be used to predict whether a patient will benefit from the treatment with a particular drug, might suffer a bad response to
a drug (e.g.an adverse drug reaction) or might not benefit from a drug.Variations causing differences in activity and specificity in enzymes that metabolize
drugs, such as the cytochromes P450, are of particular interest in this growing area.

Quantum-mechanics (QM) or quantum-chemical methods calculate computationally the distribution of electrons in molecules, using the principles of
quantum mechanics, which means treating the electrons as waves, with their distribution described mathematically by wavefunctions.The atomic nuclei (which
are much heavier) are usually treated as classical particles, like billiard balls. Quantum-mechanical methods can be used to calculate what happens in a chemical
reaction - the distribution of electrons changes in a reaction as bonds are broken and formed. Among the types of quantum-mechanical methods used in
chemistry are ab initio and semiempirical molecular-orbital calculations and methods based on density-functional theory.The best of these methods can give
results very close to experiment, but need large amounts of computer time and resources.

Quantum-mechanics and molecular-mechanics (QM/MM) methods use a quantum-mechanical treatment of the electrons in a small region, for example at
the active site of an enzyme. Only a relatively small number of atoms can be included in a quantum-mechanical calculation.n a QV/MM calculation, most of the
protein, the solvent and any other groups bound to the protein, are treated by molecular mechanics.To include the effects of the environment on the reaction,
the QM and MM regions should interact, which means the QM region should ‘feel’ the influence of (and be polarized by) the MM atoms. QM/MM methods are
sometimes described as hybrid, because they combine QM and MM methods, but this term has other meanings in chemistry, so can be confusing,and in any
case QM/MM itself implies a combination of methods.

Semiempirical quantum-mechanical methods apply several approximations to make electronic structure calculations faster (for example, they include only
the valence electrons in a molecule). To overcome some of the inaccuracies these approximations cause, semiempirical methods are parameterized to
reproduce experimental data for small molecules.They can deal practically with molecular systems containing hundreds of atoms.

Tunnelling is a quantum-mechanical process in which a light particle is able to pass through an energy barrier, instead of going over it. Tunnelling can be
important in enzyme reactions involving the transfer of hydrogen atoms or nuclei.

Zero-point corrections. Usually,as mentioned above, atomic nuclei are treated as fixed in a quantum-chemical calculation. In fact, quantum mechanics requires
that all bonds vibrate with ‘zero-point’ energy and this energy should be added to the electronic energy found in a quantum-chemical calculation. When a bond
breaks, its zero-point energy is lost. Zero-point energy is large for light atoms, therefore it can be a particularly significant factor in determining the strength of
chemical bonds involving hydrogen and the rates at which they break.

contain tens of thousands of atoms, currently even
beyond semiempirical methods.

Equally important in modelling a reaction is the need
for extensive reaction-pathway calculations and confor-
mational sampling, which are significant challenges for
large molecules. The environment of the enzyme (typically
aqueous solution, but some enzymes operate in concen-
trated solutions, in membranes or in protein or nucleic
acid complexes) must be considered. Because of the com-
plexity of protein internal motions, many conformational
substates can exist and a single structure might not be
truly representative [21]. For conformational sampling

1396 www.drugdiscoverytoday.com

(e.g. to calculate free energy profiles and potentials of
mean force [22]) a simulation method must be capable of
calculating trajectories of at least many picoseconds. It
can be useful to use MM molecular-dynamics simulations
(which can run to relatively long, nanosecond timescales)
or to use multiple different crystal structures, to gener-
ate multiple models for mechanism calculations and
ensure wide sampling of possible enzyme configurations.

Ideally, a method for simulating enzyme reactions
should capture the essential details of the chemical reac-
tion, while including the enzyme and solvent. One notable
method is the empirical valence bond (EVB) model [23],
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FIGURE 3

QM/MM methods for modelling enzyme reactions. QM/MM methods are an
increasingly popular and powerful approach to investigating enzyme mechanisms,
specificity and catalysis. The essence of the QM/MM technique is simple: a small region
at the active site containing the substrate, catalytic residues and any cofactors
(coloured in red) is treated by a quantum-chemical method capable of modelling the
making and breaking of bonds.This small region interacts with the protein (in yellow)
and solvent environment (in blue), which are treated by a standard empirical
molecular-mechanics force field.

in which resonance structures are chosen to represent
the reaction, with the energy of each given by a simple
empirical force field. The EVB Hamiltonian is calibrated
to reproduce experimental data for the reaction in solution,
or alternatively ab initio results can be used. The free energy
of activation for the reaction in solution and with the
enzyme can be calculated using free-energy perturbation
simulations.

Combined quantum-mechanics and molecular-
mechanics methods

Combined quantum-mechanics and molecular-mechanics
(QM/MM) methods are increasingly popular and powerful
for modelling enzyme reactions. They combine a quantum-
chemical description of the groups directly involved in
the reaction with a simpler molecular-mechanics treat-
ment of the enzyme and the environment (Figure 3).
Different coupling schemes can be used to treat the inter-
action of the QM and MM regions. Enzymes are polar,
so it is probably important to include polarization of the
QM atoms by their MM neighbours, as included in most
QM/MM enzyme studies. Interest in QM/MM methods
has grown rapidly in recent years and it is now clear that

they can provide biochemically useful insight into the
mechanisms of enzymatic reactions [8-12]. They have
demonstrated their value in identifying catalytic func-
tions for active-site residues (such as a conserved proline
in flavin-dependent monooxygenases (Figure 2b) [24]),
in addressing mechanistic questions and suggesting and
testing catalytic principles (such as conformational effects
and transition-state stabilization in chorismate mutase
(Figure 2a) [25,26,12] - lively current debates on the origin
of catalysis in this apparently simple enzyme reaction
show how modelling can help to formulate and test
mechanisms and hypotheses). Many different QM/MM
implementations are available in several widely used
program packages. QM/MM calculations can be carried
out at different levels of QM electronic structure calcula-
tion, such as ab initio [24,27,28], semiempirical [29,30],
density-functional [31] or approximate density-functional
(e.g. the self-consistent charge density-functional tight-
binding (SCC-DFTB) [32] method combines computational
efficiency with reasonable accuracy for many applications).
Transition-state structures can be optimized and molecular-
dynamics simulations can be carried out with more
approximate, less computer-intensive, QM/MM methods
(such as semiempirical QM/MM). Free-energy differences,
such as activation free energies, can be calculated, as well
as quantum effects, such as tunnelling and zero-point
corrections [8,22]. These methods have an important role
as they allow more extensive simulations to be performed
(e.g. dynamics or Monte Carlo simulations, conforma-
tional sampling and reaction pathway calculations).
Specifically parameterized semiempirical methods can
give improved accuracy for a particular reaction [5,9,22].
High-level QM/MM calculations (e.g. ab initio or density-
functional level QM) are highly computationally demand-
ing but are required for some systems and can be used to
test more approximate approaches.

Building models for simulating enzyme reactions:
challenges and pitfalls

Applying QM/MM methods does need care and attention
to detail, for example in the choice of the QM system and
the QM/MM partitioning [33]. For a small number of
enzymes (e.g. chorismate mutase [12,25,26,28]) there is
no covalent interaction between the enzyme and the sub-
strate and the separation into QM and MM regions is
straightforward; the QM/MM interaction would only include
MM terms for van der Waals interactions [34] and QM/MM
electrostatic interactions, although in most cases the
boundary between the QM and MM regions must separate
covalently bonded atoms. Several methods have been
developed to allow this QM/MM separation, including
‘link’ atoms (e.g. a hydrogen atom added to the boundary
QM atom) [29,35], generalized hybrid orbitals [36,37],
‘pseudobonds’ and localized orbitals [30]. These methods
have been extensively tested and it has been found that
when applied sensibly (e.g. partitioning C-C single bonds
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far from the site of chemical change) most can give
reasonable descriptions [33]. As important as the choice
of the QM/MM partitioning method is the location of the
boundary, the treatment of QM/MM bonded interactions
(e.g. all MM bonded terms involving at least one MM
atom might be retained) and the treatment of QM/MM
electrostatic interactions at the boundary (e.g. it is often
advisable to remove QM/MM interactions with any
covalently bonded MM atoms). Long-range electrostatic
effects might be significant and might need to be included
(e.g. via continuum solvation models in combination
with QM/MM modelling).

At first sight, these factors could make a QM/MM cal-
culation appear intimidating. The application of QM/MM
method is not, as yet, as standardized as for purely MM
or purely QM calculations. However, extensive work has
determined procedures and approaches that have been
demonstrated to be reliable and have been shown to make
useful predictions. In some cases, it has been possible to
validate calculated QM/MM activation energies through
correlations with experimental rate constants for enzyme
reactions [38]. It is also important to bear in mind the
usual complications that can arise in protein modelling
(e.g. quality and suitability of the crystal structure, effects
of disorder, such as alternative conformations or miss-
ing residues, and likely protonation states of ionizable
groups). In practice, a high-resolution crystal structure of
a relevant enzyme complex (e.g. with a bound substrate
or transition-state analogue) is needed for reliable mecha-
nistic modelling [33]. The resolution of the crystal structure
is an indication of the precision of the structure but it is
certainly not the only factor to consider: the complex
must represent the reactive complex and not for example
an unreactive conformation, in conditions of pH and
solute concentration relevant to the environment in which
the enzyme actually functions. Crystal structures represent
an average over all the molecules in the crystal and over
the time course of the crystallographic experiment; this
averaging manifests itself in the alternative conformations
sometimes found for some amino acid sidechains. A pro-
tein crystal structure should not be viewed as a simple struc-
ture of a single molecule. As with any biomolecular simu-
lation, the starting structure should be examined carefully
in the early stages for potential difficulties or uncertainties.
Expert advice from a structural biologist can help to identify
and iron out potential problems.

When embarking on simulation of an enzyme mech-
anism, it is very important to choose the protonation
states of protein groups correctly. The pK,s of acidic and
basic amino acid sidechains in enzymes can be significantly
different from expected values in solution. Choosing pro-
tonation states based on standard pK, values might give
an incorrect model, which in the worst case could lead to
the wrong mechanism being modelled. It can be a good
idea to use methods of pK, prediction, particularly for
active-site residues.

1398 www.drugdiscoverytoday.com

Applied carefully, QM/MM calculations can give unique
insight into enzyme mechanisms and specificity. QM/MM
methods are also increasingly important in studies of
ligand binding, where they offer several advantages over
MM methods, including a better physical description of
a ligand (e.g. its polarization) and avoiding the need for
time-consuming parameterization. The field is still evolving
and it is not yet at the stage where quantitative, exact pre-
dictions of, for example, reaction rates can routinely be
made. For this reason, it is important to validate predic-
tions from modelling with experimental data: prediction
of pK,s of functional groups in proteins provides a
useful and accurate example of this type of test. Current
developments include the use of QM/MM methods in
free-energy perturbation simulations [34], for example to
calculate relative binding affinities, and in molecular
docking [39]. QM/MM methods will undoubtedly become
more important in practical drug design applications.

Examples of recent applications

A Kkey decision in modelling an enzyme reaction is the
choice of an appropriate method for the questions of
interest, which should be practical in terms of delivering
a reliable result in a reasonable time. The capabilities of
current methods are best illustrated by some recent appli-
cations to enzymes of pharmacological interest.

Cytochrome P450

Recent work on aromatic hydroxylation by cytochrome
P450 shows how quantum-chemical calculations on small
models can help in developing structure-reactivity
relationships. Cytochrome P450 catalyzes a variety of
oxidation reactions in many vital processes, such as in
carcinogenesis and drug metabolism [40]. A particularly
important reaction in drug metabolism [41] is hydroxyla-
tion of C-H bonds. This type of reaction can activate pro-
drugs or influence the bioavailability of pharmaceuticals.
For ADME-TOX predictions, the aim is to develop SARs
to predict conversions of drugs [1]. Approaches based only
on the structures and properties of substrates have proved
to be of limited use. More-detailed models are needed to
account for the reaction mechanism and specificity of
different cytochrome P450 isozymes. P450s have com-
plicated reaction cycles, with several steps, each of which
can be rate-limiting, depending on the particular substrate
and enzyme. Oxidation is not always the rate-limiting
step, but for understanding regioselectivity and predicting
ratios of alternative products from a given substrate for
example, structure-reactivity relationships for oxidation
might be useful.

Bathelt et al. [3,4] have studied reactions of simple
aromatic compounds with Compound I [a haem oxoiron
(IV) porphyrin radical cation, thought to be the active
species in oxidation] in a model consisting of the porphyrin
without side chains and with the iron coordinated by a
methyl mercaptide group (MeS-, representing cysteinate)
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FIGURE 4

Modelling of antibiotic breakdown by a Class A -lactamase. Understanding the mechanisms of enzyme targets should help in the development
of new therapies. The acylation mechanism of benzylpenicillin with a Class A B-lactamase, an important cause of bacterial antibiotic resistance, has
been identified by combined quantum-mechanics and molecular-mechanics (QM/MM) modelling [46]. (a) The enzyme modelled was the TEM1
B-lactamase from E. coli.The simulation system consisted of all residues within 18 A of the active site. (b) Important active site residues were included
in the QM region (70 atoms in total). (c) Structure of the Michaelis (substrate) complex, optimized at the AM1/CHARMM QM/MM level, showing some
important residues. (d) The reaction was modelled by defining approximate reaction coordinates in terms of combinations of key interatomic
distances (shown in colour).The results identified Glu166 as the base in acylation, acting via a structurally conserved water molecule. Glu166
deprotonates the water molecule, which in turn activates Ser70 as the nucleophile for attack on the B-lactam antibiotic.

(Figure 1). The B3LYP hybrid density-functional theory
method used has been shown to predict accurately struc-
tures and energetics for bioinorganic systems such as P450
Compound I and other transition-metal complexes.
Two different reaction routes were found, differing in
the orientation of the benzene ring as it approaches
Compound I (‘side on’ and ‘face on’, the second with a
lower barrier). Both orientations might be important in
the reactions of different drugs. The transition state was
found to have mixed radical and cationic character, and
this insight led to the development of new structure—
reactivity relationships (SARs to predict how small mol-
ecules will react and be transformed by particular enzymes
in metabolism) for a range of substituted benzenes, using
a dual-parameter approach combining radical and cationic
electronic descriptors.

The reactive properties of the haem group and
Compound I are intrinsically similar for all CYP450s.
However, substrate specificity and positions of hydroxy-
lation differ widely between different P450 isoenzymes
and can be dominated by orientation or affinity effects
in the binding site [42] or by the chemical reactivity of
different positions of the substrates. Genetic polymorphisms
can also be important, for example in drug metabolism [2].
The reactivity of P450s could also be affected by modulation
of the electronic properties of Compound I by the pro-
tein environment. To examine specificity questions like
this, models that take the protein into account are needed.
Important steps in this direction have been taken with
QM/MM studies of bacterial P450,,,, which have raised
controversial reactivity issues [43,44]. With the recent
solution of the crystal structures of human P450s,
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QM/MM studies of enzymes directly relevant to drug
metabolism are now possible [45].

Mechanisms of antibiotic resistance: class A B lactamase
QM/MM methods have recently been used to model the
mechanism of antibiotic breakdown in one of the most
important class of bacterial resistance enzymes, Class A
B-lactamase [46]. The acylation of the Escherichia coli TEM1
lactamase with benzylpenicillin has recently been modelled
by QM/MM methods (Figure 4). The QM region (70 atoms)
included all active site residues directly involved in the
reaction and the substrate. Structures and interactions
with the protein were modelled by the AM1/CHARMM22
QM/MM approach, because of the high computational
cost of higher level QM/MM modelling, whereas calculation
of reaction energies at a better level (B3LYP/6-31+G(d))
corrected for limitations of the semiempirical AM1 method.
Potential energy surfaces were calculated by QM/MM
energy minimization, using defined reaction coordinates
to test possible mechanisms. The results show Glu166 as
the general base, deprotonating a structurally conserved
water molecule, which in turn activates Ser70 for nucle-
ophilic attack on the antibiotic. Subsequently, the acylen-
zyme is formed, with Ser130 as the proton donor to the
antibiotic thiazolidine ring, with Lys73 acting as a proton
shuttle. This mechanism is consistent with experimental
kinetic and structural data. For example, the calculated
QM/MM energy barrier (9 kcal mol?) is consistent with
the experimental activation energy (12 kcal mol-).
Important interactions were identified, which could help
in the development of stable $-lactam antibiotics and in
designing new lactamase inhibitors.

Predicting the effects of genetic variation: glutathione-
S-transferase

QM/MM molecular-dynamics simulations have been used
to model the conjugation of glutathione to phenanthrene
9,10-oxide in a glutathione-S-transferase (GST), pinpointing
a determinant of stereospecificity in this epoxide ring
opening [5]. A single amino acid difference, not obvious
from structural or sequence data, was identified as impor-
tant in determining the stereospecificity of GST isoen-
zymes for this reaction. Optimized AM1 parameters were
used for the sulphur nucleophile. Umbrella-sampling
molecular-dynamics (using the CHARMM program, and
CHARMM?22 MM protein parameters) simulations were
used to calculate free-energy profiles for the reaction,
using an approximate reaction coordinate (the difference
between the Sy,;q1aeCepoxide 31 Cepoxide=Oepoxide distances).
The barriers agree well with experiment. Differences
between GST isoenzymes were analyzed by calculating
the effects of mutations on barrier heights and reaction
energy in the formation of the two possible diastereomeric
products, illustrating the potential of QM/MM modelling
for understanding and predicting the phenotypic conse-
quences of genetic variations.
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Other recent applications

Similar QM/MM methods (AM1/CHARMM and AM1/OPLS-
AA) applied to influenza neuraminidase [47] did not
support a covalent intermediate but indicate a direct
hydroxylation mechanism. However, only a small energy
difference was found between these two paths, suggest-
ing that it might be possible to design new covalent
inhibitors.

Other interesting recent modelling studies of enzyme
reactions include density-functional modelling of the
mechanisms of 4-hydroxyphenylpyruvate dioxygenase
[48]; naphthalene dioxygenase [49] and class III ribonu-
cleotide reductase [50]; PM3/CHARMM QM/MM modelling
of the formation of the Meisenheimer intermediate in
4-chlorobenzoyl-CoA dehalogenase [51]; proline isomeriza-
tion in cylcophilin and mutants with SCC-DFTB/CHARMM
QM/MM [52]; QM/MM calculations of kinetic isotope
effects in chorismate mutase [53] and catechol O-methyl-
transferase [54]; QM/MM dynamics and density-func-
tional theory studies of a metallo 3-lactamase [55]; QM/MM
study of the contribution of the protein backbone in the
mechanism of 4-oxalocrotonate tautomerase [56]; density-
functional QM/MM calculation of the free-energy profile
in chorismate mutase by multiple steered molecular-
dynamics simulations [57]; QM/MM Monte Carlo free-
energy perturbation simulations of macrophomate
synthase [58]; QM/MM modelling of inhibition mecha-
nisms of neutrophil elastase [59]; demonstration of substrate
autocatalysis in uracil DNA-glysosylase [60]; and simu-
lation of redox-coupled proton transfer in cytochrome
c oxidase [61]. A recent study used a validated homology
model to examine the substrate binding mode and reaction
mechanism of a malaria protease with a novel active site
[62]. This histo-aspartic protease (HAP) from the malaria
parasite Plasmodium falciparum is a target for drug design
but its 3D structure is not known. Bjelic and Aqvist [62]
used a combination of homology modelling, automated
docking, and molecular-dynamics and reaction free-
energy profile simulations to predict the structure of the
enzyme and the conformation of the bound substrate, and
its catalytic mechanism. The reaction mechanism was
found to involve directly only a catalytic aspartate and
was stabilized by a histidine residue. The calculated
reaction rate agreed well with experimental kinetic data
for a hexapeptide substrate derived from human haemo-
globin.

Conclusions

The availability of new powerful methods makes model-
ling and simulation excellent ways of investigating enzyme
activity, specificity and catalysis. Given the complexity of
enzymes, this should always be done with care and
detailed testing. These techniques can then provide
uniquely detailed analysis and useful practical insight into
key enzymological problems in drug discovery, and their
contribution will increase in the future.
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