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ABSTRACT: Computational enzymology is a rapidly maturing field that is
increasingly integral to understanding mechanisms of enzyme-catalyzed reactions (

and their practical applications. Combined quantum mechanics/molecular <
mechanics (QM/MM) methods are important in this field. By treating the
reacting species with a quantum mechanical method (i.e., a method that calculates
the electronic structure of the active site) and including the enzyme environment
with simpler molecular mechanical methods, enzyme reactions can be modeled.
Here, we review QM/MM methods and their application to enzyme-catalyzed -
reactions to investigate fundamental and practical problems in enzymology. A =
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range of QM/MM methods is available, from cheaper and more approximate

methods, which can be used for molecular dynamics simulations, to highly accurate electronic structure methods. We discuss how
modeling of reactions using such methods can provide detailed insight into enzyme mechanisms and illustrate this by reviewing
some recent applications. We outline some practical considerations for such simulations. Further, we highlight applications that
show how QM/MM methods can contribute to the practical development and application of enzymology, e.g., in the
interpretation and prediction of the effects of mutagenesis and in drug and catalyst design.

E nzymes are both essential and extraordinary due to their
phenomenal capability to catalyze biochemical reactions
efficiently, typically with high specificity and under mild,
physiological conditions. Understanding how enzymes achieve
these remarkable feats is not only one of the most important
fundamental problems in biology, it will also contribute to a
range of technological applications such as designing inhibitors
that serve as lead compounds in drug discovery, predicting the
metabolism of drugs, and designing catalysts for specific
transformations. A wide variety of experiments in structural
biology, enzyme kinetics, and mutagenesis have given insight
into enzymes. Because of the complexity of enzymes and the
difficulty of studying reactions in them, however, many
questions and uncertainties remain, giving rise to many heated
debates in enzymology. Computational modeling and simu-
lation, with their unique potential to offer detailed, atomic-
resolution insight into the dynamics and reactions of
biomolecules,' can help resolve such controversial questions
by interpreting, complementing, and expanding results
obtained from experiment. Perhaps most obviously, calculations
can study transition state structures, which are central to
reactivity but cannot be studied directly by experiments on
enzymes.

Computational enzymology can be defined broadly as the
study of enzymes and their reaction mechanisms by molecular
modeling and simulation. This field has matured rapidly in
recent years, and increasingly experimental and computational
enzymologists are collaborating to explain experimental data
(see, e.g., refs 2 and 3) and use insights from modeling to guide
further experiments. A number of different types of simulation
have proved useful in computational enzymology. Combined
quantum mechanics/molecular mechanics (QM/MM) meth-
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ods have been involved in this field,** ever since the pioneering
work of Warshel and Levitt in 1976.° The desire to model
reactions within enzymes has been an important driving force
in the development of QM/MM methods. This review will
primarily focus on QM/MM methods in computational
enzymology; other simulation and modeling methods are also
important in this field. In particular, the empirical valence bond
(EVB) approach (which typically uses a combination of
molecular mechanics representations rather than a molecular
mechanics and an electronic structure QM method) has
provided many fundamental insights into enzyme catalysis.””
Calculations that employ QM methods only'® also provide a
good route to modeling many enzyme mechanisms, differing
from QM/MM calculations mostly in the size of the system
that can be modeled. In this review, we discuss different types
of QM/MM methods, their scope, and practical considerations
in their application to modeling enzyme reactions. We indicate
how QM/MM methods have contributed to debates on the
sources of enzyme catalytic power and provide detailed insight
into individual mechanisms. We further highlight how modeling
of reactions with QM/MM methods is contributing to
developments in drug design, drug metabolism, and biocatalyst
design. QM/MM methods are also being applied to other types
of problems in biomolecular science, e.g, in the calculation of
spectroscopic properties, photochemistry, pK,’s, and predic-
tions of ligand binding affinities in docking and free energy
simulations,"* ™" but such applications are outside the scope of
this review.
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B MODELING ENZYME-CATALYZED REACTION
MECHANISMS WITH QM/MM METHODS

QM/MM methods are now widely applied to enzymes: since
2007, over 100 studies have been published every year (with
139 and 124 original articles published in 2011 and 2012,
respectively”). It is therefore not possible to cover all or even a
majority of recent QM/MM studies on enzymes in a short
review. The level of detail, sophistication, and accuracy in these
studies is generally increasing. This has been made possible by
increased computer power, greater accessibility of software in
which QM/MM methods are implemented, and developments
in methodology. The principle of QM/MM approaches is to
treat a small part of the system with a quantum mechanical
(QM) method (ie., a method that describes the electronic
structure of molecules) and the rest of the system with a
molecular mechanical method (i, a method that describes
interactions between atoms using a simple potential energy
function, a ‘force field'®). The QM treatment allows modeling
of the electronic rearrangements involved in the breaking and
making of chemical bonds, while the MM treatment allows for
the efficient inclusion of the wider environment and its effects
on the reaction energetics. QM/MM methods as agglied to
enzymes have been described in detail elsewhere."”*° Two
general types of QM/MM method are the additive approach
(Eeorat = Equuiqu) + Envtovv) + Equam interactions With Equ(qu
the energy of the QM region according to the QM method,
Eynvium) the energy of the MM region according to the MM
method, and Eqniam interaction the interaction energy between
the two regions) and the subtractive approach (Eyu = Eygotal
+ Eqmam) — Evm(qumy With Eyprora the energy of the total
system and Eyp(qu) the energy of the QM region as calculated
by the MM method), as used in the ONIOM method.”" In the
subtractive approach, the active site region is modeled at the
MM level, and choice of suitable MM parameters (e.g., atomic
charges) for all states of the reaction is an important
consideration, which may not be apparent to the unaware
user. Until recently, calculations using the subtractive approach
typically applied the more approximate ‘mechanical embedding’
scheme, whereas currently, most implementations of both
approaches allow ‘electrostatic embedding’,”" which takes into
account the (often important) electrostatic influence of the
MM region on the QM region, ie, polarization of the QM
region by the atomic charges of the MM region.

Five general aspects are important in planning a QM/MM
calculation on an enzyme:

(1) Choice of the QM method

(2) Choice of MM forcefield (including MM parameters
required for the QM region)

(3) Partitioning of the system into QM and MM regions
(including treatment of covalent bonds at the boundary)

(4) Type of simulation (e.g, a molecular dynamics

simulation, or calculation of potential energy profiles),

e.g, whether extensive conformational sampling will be

performed

Construction (and testing) of an accurate molecular

model of the enzyme complex

The choice of QM method is crucial: the method should be
suitable for the reaction of interest as well as computationally
teasible for the type of simulation required. A plethora of
different QM methods exists, ranging from fast, semiempirical
methods (e.g., AM1, PM3, SCC-DFTB) to more accurate, but
more computationally expensive, density functional (e.g,

(5)
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B3LYP) and molecular orbital ab initio (e.g, MP2, coupled-
cluster) methods. Not all methods are applicable to all systems,
either for reasons of accuracy, practicality (e.g, correlated ab
initio methods are too expensive for routine agzplication to
transition metals, although this picture is changing™), or lack of
parameters (e.g,, for semiempirical methods). Generally (but
not always), improved accuracy comes at the price of increased
calculation expense. It is possible, however, to reparameterize
approximate methods, or to apply simple corrections, to
improve accuracy for specific reactions; >~ >° this can provide
accurate methods for applications that require many energy
evaluations, such as molecular dynamics simulations (vide
infra). Also, newer semiempirical methods can offer increased
accuracy and wider areas of application.*™** Correlated ab
initio QM methods are useful in testing the accuracy of less
computationally demanding QM methods (e.g., semiempirical,
or density functional theory, DFT), because the latter can have
important (and sometimes unsuspected) limitations for specific
enzyme reactions.””*° For DFT calculations, inclusion of
dispersion effects (e.g, by empirical corrections)®' can be
important for modeling reactions.>”

The MM force field employed in a QM/MM study should be
chosen such that it accurately describes the part of the system
outside the QM region and its interactions with the QM region.
For proteins, standard all-atom force fields such as
CHARMM?27, AMBER 99 or ff99SB, and OPLS-AA are
commonly used. Apart from selecting suitable QM and MM
methods and a QM/MM approach, modeling an enzyme
reaction with a QM/MM method requires several other
important choices, such as deciding which atoms to include
in the QM region, how to treat covalent bonds that cross the
QM/MM boundary (e.g, introducing additional link atoms
between MM and QM atoms, hybrid orbitals on MM atoms or
a ‘pseudobond’ to replace the QM-MM covalent bond** — all
these methods can give reasonable results), determining the
protonation states of residues, and how (long-range) electro-
static interactions are treated. (The two latter choices apply to
other types of biomolecular simulation also.) Again, it is
advisable to test the influence of such choices on the
results”**™” in order to draw reliable conclusions. Recently
developed methods allow relocating the QM-MM boundary
on-the-fly (adaptive partitioning), which could help with some
types of application.*®

After preparing an atomic model of the enzyme and substrate
(usually based on a X-ray crystal structure), the next step is to
study the enzyme reaction in this model. An important
outcome of such a study can be detailed structural information
of the conformation that represents the highest energy during a
reaction, the transition state (TS) structure. TSs are not directly
accessible by experiment, due to their short lifetime and the
complexity of enzymes, but are essential in understanding
reactivity. Information on the enzyme—TS complex can also
potentially be exploited in the desi§n of enzyme inhibitors (e.g.,
drug leads)**** and catalysts.*' = Various simulation techni-
ques can be applied to model reaction pathways in enzymes
and obtain TSs (see e.g, refs 19 and 20). Depending on the
goals of the study, one can focus on obtaining (relative)
potential energies, or alternatively free energies, for the
reaction. A potential energy profile or minimum energy
pathway (MEP) can be obtained by minimizing the energy of
the system at several points along the reaction coordinate. The
structure highest in energy on this MEP represents a TS
structure. It must be noted that multiple enzyme—substrate

dx.doi.org/10.1021/bi400215w | Biochemistry 2013, 52, 2708—2728



Biochemistry

conformations should ideally be considered when MEPs are
calculated, because the barriers and TS structures for different
starting conformations can differ significantly.””***> The
barrier to reaction from a free energy profile can, in principle,
be directly compared to an (apparent) activation free energy
obtained from an experimental apparent first-order reaction
rate constant (k) using transition state theory (TST).** QM/
MM modeling approaches, however, are not yet at the stage
where quantitatively accurate free energy profiles, e.g, using
high-level QM methods, can routinely be obtained. Free energy
profiles ideally involve sampling of the structural fluctuations of
the system. Sufficient sampling requires many calculations,
which can be expensive for QM/MM methods. One strategy is
to model the QM region using cheap, approximate methods
(e.g, semiempirical QM). By comparing free energy and
potential energy profiles obtained using such approximate
methods, estimates of the activation entropy can be calculated.
In turn, these can be added to the potential energy barrier from
a high-level MEP, to estimate the activation free energy (see,
e.g., refs 47—49). In favorable cases, QM/MM simulations can
thereby calculate enzyme reaction barriers in quantitative
agreement with experiment.47 It is important to note, however,
that qualitative agreement is often sufficient to distinguish
between alternative mechanisms, determine substrate specific-
ity, or assess the effect of mutations. A popular strategy that
avoids using approximate QM methods to obtain QM/MM
free energy differences involves taking points on the high-level
MEP, fixing the QM region, and sampling the MM region
around it extensively.’® Fixing the QM region can be a serious
limitation of this QM/MM-FE approach, but may be alleviated
by reintroducing ways to sample conformations in the QM
region.”"** Promising methodological developments use the
QM/MM-FE principle to optimize the minimum free energy
path of a reaction.> A different strategy is to perform Car—
Parrinello molecular dynamics to sample conformations in the
QM region.>* This approach is typically limited to the use of
generally less accurate gradient-corrected DFT methods
(instead of hybrid DFT methods such as B3LYP), and even
short simulations (~10—100 ps) demand significant computa-
tional resources. More recently, Born—Oppenheimer QM/MM
molecular dynamics simulations (e.g., using B3LYP) have also
been employed to study enzyme mechanisms, typically by
starting trajectories from different points of a previously
calculated MEP.>>*°

B ESTABLISHING AND TESTING REACTION
MECHANISMS

Typically, hypotheses for reaction mechanisms are developed
based on structural, kinetic, and mutational data. Such
experimental data, however, cannot give a complete picture of
a reaction pathway and may be consistent with multiple
possible mechanisms. Establishing the likely mechanism from
experimental data alone can thus be far from trivial, as is clear
from recent studies that indicate that several ‘textbook’
mechanisms may be wrong.*”*® An example is hen egg white
lysozyme (HEWL), the first enzyme to have its structure solved
by X-ray crystallography.”® Lysozyme is a glycosidase that
catalyzes the hydrolysis of the glycosidic bond between N-
acetyl-muramic acid (NAM) and N-acetyl-D-glucosamine
(NAG) found in peptidoglycans that occur in the cell walls
of (mainly Gram-positive) bacteria. The mechanism proposed
by Phillips,* based on the structure of HEWL was commonly
found in biochemistry textbooks and involves an oxacarbenium
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ion intermediate, formed by proton transfer from Glu3$ to the
glycosidic oxygen and the subsequent cleavage of the glycosidic
bond. Later, crystallography and mass spectrometry experi-
ments>”° indicated that instead, a previously proposed general
mechanism by Koshland,®" featuring a covalent intermediate
with a bond between Asp52 and NAM, was preferred. These
experiments required the use of HEWL mutants and/or
unnatural substrates, leading to suggestions that it was unclear
whether the covalent mechanism was used by wild-type HEWL.
Bowman et al.>® calculated QM/MM free energy profiles for
the protonation of the glycosidic bond by Glu3S and
subsequent cleavage, at the PM3-CHARMM?27 level.” They
observed spontaneous formation of the covalent intermediate
with Asp52. The barrier for this reaction, using higher level QM
corrections, appears reasonably consistent with experiment, and
importantly the ionic intermediate was found to be significantly
higher in energy than the covalent form. Together with the
experimental findings, this provides convincing evidence that
the Koshland-type mechanism is indeed correct. The TS for
glycosidic bond breakage was found to be oxacarbenium ion-
like; the very first QM/MM study of an enzyme concluded that
lysozyme provides good electrostatic stabilization of such a
species.” More recently, QM/MM studies have also revealed
oxacarbenium ion-like TSs in 1,3—1,4-ﬂ-glucanase62 and
lipopolysaccharyl-a-1,4-galactosyltransferase C,°* and covalent
intermediate formation with a similar energy barrier was
predicted for Trypanosoma cruzi trans-sialidase.®*

Another example of an enzyme for which QM/MM
modeling has helped elucidate the mechanism is citrate
synthase. It catalyzes the first reaction in the citric acid cycle,
the conversion of oxaloacetate into citrate, and is an important
model for carbon—carbon bond formation in biology. The
reaction features proton abstraction from acetyl-coenzyme A
(acetyl-CoA), condensation of acetyl-CoA with oxaloacetate to
form citryl-CoA, and hydrolysis of this stable intermediate to
form citrate and CoA. The nature of the deprotonated acetyl-
CoA intermediate was previously uncertain, with proposals of
either an enolate or enol of acetyl-CoA or an ‘enolic’ form, with
a so-called ‘low-barrier’ hydrogen bond between His274 and
the acetyl oxygen. Early QM/MM modeling of the proton
abstraction reaction, first at the AMI1-CHARMM?27° level and
later the higher MP2/6-31+G(d)-CHARMM27°¢ level, in-
dicated that the enolate was energetically favored in the enzyme
active site, with conventional (rather than ‘low-barrier’)
hydrogen bonds from His274 and a conserved water molecule
providing stabilization of this species (Figure 1).5%7 Polar-
ization of oxalacetate by the enzyme active site, observed
spectroscopically,®® was shown not to influence the activation
barrier or stabilization of the intermediate significantly (by
QM/MM calculations varying the polarization of oxaloace-
tate),69 in contrast to some suggestions of its importance in
catalysis. Recent high-level QM/MM calculations, at up to the
local coupled-cluster level of QM theory, have provided further
confirmation of the previous results.” Extensive testing of QM
methods in that work further highlighted that the commonly
used DFT-functional B3LYP does not correctly describe the
energetics of the reaction due to overestimation of the enolate
energy in the enzyme, whereas spin-component-scaled MP2"°
(SCS-MP2) is much more accurate. Subsequent QM/MM
modeling using this method analyzed the enantioselective
conversion of fluoroacetyl-CoA to fluorocitrate by CS, which
causes the toxicity of the pesticide fluoroacetate.”” Enantiose-
lectivity arises from preferred abstraction of the pro-R proton
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Figure 1. Reaction mechanism for carbon—carbon bond formation in citrate synthase as suggested by high-level QM/MM calculations. Proton
transfer to Asp375 leads to an acetyl-CoA enolate intermediate (light blue), which subsequently attacks the carbonyl carbon of oxaloacetate (light
green). To arrive at the citryl-CoA intermediate, an unusual proton transfer from Arg329 appears to be required. Structures are obtained by B3LYP/

6-31+G(d)-CHARMM?27 optimization.”®

from the CFH, group. First, AM1-CHARMM?27 MD
simulations were performed with a model of the enzyme with
oxaolacetate and fluoroacetyl-CoA bound (based on a crystal
structure of chicken CS cocrystallized with acetyl-CoA and R-
malate, PDB code 4CSC). This revealed that the fluoroacetyl-
group can present both the pro-S and pro-R proton to the
proton abstracting Asp375. Five TS structures for each reaction
were then generated by AM1-CHARMM?27 MD simulations
along a reaction coordinate representing proton transfer (r=
d(OASP375H) — d(Cp,copaH)), which also gave estimates of the
activation entropy (see above). These TS structures were
subsequently used to obtain five potential energy profiles for
each reaction along the reaction coordinate by optimizing the
geometry at the B3LYP/6-31+G(d)-CHARMM?27 level and
calculating energies at the SCS-MP2/aug-cc-pVDZ-
CHARMM?27 level. The Boltzmann-weighted energy differ-
ences between the reactant state and enolate state for the pro-R
and pro-S abstracting reactions indicated that pro-R abstraction,
ultimately leading to the major product 2R,3R-fluorocitrate, was
favored by ~2 kcal mol™". This quantitatively agrees with the
relative amounts of the major and minor products found in
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experiment and thereby indicates that the inherent energy
difference between the two enolates that leads to the different
fluorocitrate enantiomers is the main cause of the observed
selectivity.

The high-level QM/MM modeling of the formation of the
acetyl-CoA enolate in CS also indicated that this step may not
be rate-limiting (i.e., that this step does not have the highest
barrier along the whole reaction path).*” This would mean that
condensation of acetyl-CoA with oxaloacetate is probably rate-
limiting for the mesophilic forms of the enzyme’' (although
condensation and hydrolysis will have similar barriers).”” The
mechanism for condensation is not clear, however, in particular
regarding the necessary protonation of the former carbonyl
oxygen of oxaloacetate. Suggestions include proton donation
from one of the several histidines in the active site,”>”*
protonation coinciding with hydrolysis,”® and, somewhat
controversially, proton donation by Arg329,”* which forms a
hydrogen bond to the carbonyl oxygen. Van der Kamp et al.
used QM/MM calculations to consider different proton donors
in the reaction step.”® Initill AM1-CHARMM?27 level
calculations indicated that Arg329 was best suited to donate
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the proton, which was subsequently confirmed by B3LYP/6-
31+G(d)-CHARMM?27 optimization of the whole condensa-
tion reaction path (including enolate formation, Figure 1), and
ab initio QM/MM energy calculations: MP2/aug-cc-pVDZ-
CHARMM?27 energies are in agreement with experiment’”
(barriers of 14.2 kcal mol™" and 14.7 kcal mol™’, respectively),
confirming the likelihood of proton donation by Arg329. This
unusual role can help explain how citrate synthase avoids
overstabilization of the citryl-CoA intermediate. Furthermore,
the related loss of the salt-bridge between oxolacetate and
Arg329 may trigger the opening of the active site required for
the subsequent hydrolysis step, thereby indicatin_; how
chemical and conformational changes may be coupled.”

B INVESTIGATING PRINCIPLES OF ENZYME

CATALYSIS

The origin of the catalytic power of enzymes is still hotly
debated. Many proposals have been put forward throughout the
years, arguing for example the importance of ‘Tlow-barrier’
hydrogen bonds,”® so-called ‘near-attack conformations’,”’
enzyme dynamics,*® and quantum tunneling®’ in some or all
enzyme-catalyzed reactions. When considering such proposals
(as pointed out, e.g,, by Warshel et al.**~**) it is important to
(a) define them rigorously in physical terms and (b) design and
perform (in silico) experiments to test them. Molecular
simulation is very useful for the latter, because it is possible
to separate various effects in ways that are extremely difficult or
impossible experimentally. For example, the contribution of
quantum tunneling can be considered separately (vide
infra).3>7%

Almost all computational studies on enzyme reactions rely
on transition state theory (TST) to connect to experimental
rates of reaction. TST relates the rate constant of a reaction to
the Gibbs free energy of activation (AG®). Modern TST
includes a generalized transmission coefficient, which can
incorporate the effects of recrossing of the energy barrier,
quantum tunneling, and nonequilibrium contributions.*® Tt is
possible to include these effects in some simulations. The
applicability of TST to enzyme-catalyzed reactions has been
questioned (see, e.g., refs 89 and 90). The success of QM/MM,
QM, and EVB modeling in calculating activation energies
consistent with experiments for enzyme reactions, however
(e.g, with high-level QM/MM calculations)*”*" supports the
applicability of TST.”>** So too, e.g, does the correlation
observed between calculated barriers and experimental rate
constants for some enzymes, such as phenol hydroxylase and
para-hydroxybenzoate hydroxylase.”*™® QM calculations on
active site models give barriers that agree with experiment for
many enzymes, in a TST framework.'*"”

The potential role of protein dynamics is at the forefront of
current debates on enzyme catalysis.”**?*7'%°  Although
conformational changes related to protein dynamics are often
crucial for enzyme turnover (e.g, allowing substrate binding
and product release), computer simulations, including QM/
MM simulation,'*™'** indicate that dynamical effects do
generally not contribute significantly to the rate-enhancement
of chemical steps in enzymes versus solution; true dynamical
effects on the rate are generally relatively small and similar in
solvent and in enzymes.****'% That is not to say that protein
dynamics are unimportant; the rates of conformational change
often limit the overall rate of enzyme-catalyzed reactions, and
formation of reactive conformations (via structural fluctuations)
may be an important part of many reactions, something that is
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of interest intrinsically in understanding the nature of enzyme
activity, if not of catalysis.*>'*

The enzyme chorismate mutase has played a central role in
debates on the origin of enzyme catalysis.””'*~'%® It catalyzes
the Claisen arrangement of chorismate into prephenate.
Importantly, the mechanism of the reaction is the same in
the enzyme as in solution (e.g, it does not involve covalent
bonds between the enzyme and the reacting species). QM/MM
modeling of the reaction in this enzyme has, for example,
validated the view that TS stabilization by the enzyme
contributes significantly to the rate-enhancement of the
reaction, 71971997113 Thig contradicts proposals that binding
a reactive conformation (sometimes described as a ‘near-attack’
conformation (NAC)) is all that is required for catalysis.79 Free
energy perturbation molecular dynamics studies with both
QM/MM'” and EVB'® methods indicate that forcing the
conformation of chorismate from that preferred in solution
(diequatorial) into the enzyme-bound conformation (diaxial)
costs 3.8—5 kcal mol™!, which represents 40—55% of the
difference in activation free energy between solution and the
enzyme; the remainder of the barrier lowering is due to specific
transition state stabilization. A recent analysis of multiple DFT
QM/MM reaction pathways in the enzyme and in water
indicated that the reaction pathways in these environments are
subtly different, including small but significant differences in the
TSs.** The enzyme compresses chorismate, which destabilizes
the enzyme-bound substrate compared to solution; this
difference is related to the high affinity of the enzyme for the
TS. Importantly, comparison between the pathways calculated
in the enzyme and in water accounts for catalysis by the
enzyme, ie, the lowering of the energy barrier. As was
ascertained in previous work,'**'%*!'* TS stabilization in the
enzyme is predominantly electrostatic.

Central to recent debates on dynamics in catalysis are the
large kinetic isotope effects (KIEs) found for a number of
enzyme-catalyzed hydrogen transfer reactions and their often
unusual temperature dependence. KIEs are found in the
transfer of hydrogen (as a proton (H'), hydride (H™) or
hydrogen atom), which is an important step in many enzyme-
catalyzed reactions; when the transferring particle is replaced by
a heavier isotope of hydrogen (trittum (T) or deuterium (D)),
this can lead to a measurable change in reaction rate. When the
KIE is large (e.g., kuy/kp > 7), the reaction rates must be due in
large part to quantum tunneling through the barrier.>"'>'"”
Experiments have indicated unusual temperature dependencies
of KIEs in some enzyme reactions dominated by tunnel-
ing.>""”~"2° This has led to suggestions that new concepts may
be needed to understand enzyme catalysis, such as the
controversial hypothesis that specific motions or dynamics of
the enzyme (‘promoting vibrations’) promote H-transfer,''?
and that enzymes may have evolved for this purpose.®" Others,
however, argue that similar tunneling is observed in enzymes
and equivalent nonenzymatic reference reactions, and therefore
the effect is not catalytic.”'*"'** The temperature dependence
of KIEs can be accounted for (in models based on TST) by a
few (e.g, two) conformations with different reactivity.'>>"**
Molecular modeling and simulation of the enzyme reactions
involved is important to resolve these debates, because such
detailed modeling offers a means to analyze what is happening
at the atomic level. Applications of QM/MM methods to
model tunneling-dominated reactions in enzymes such as
soybean lipoxygenase-1, dihydrofolate reductase, methylamine
dehydrogenase (MADH), and aromatic amine dehydrogenase
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(AADH) have been reviewed in detail (e.g, refs 19 and 94).
QM, QM/MM, and EVB modeling generally have indicated
that there is no direct evidence for the existence of catalytic
‘promoting vibrations’.>”***>'*! QM/MM simulations of
AADH and MADH indicate that subtle conformational changes
in the active site can affect tunneling probability and reaction
barriers. %% For example, the presence or absence of a
hydrogen bond from Thrl72 to the reacting Aspl28
carboxylate in AADH (Figure 2) affects which carboxylate
oxygen of Asp128 is favored to receive the proton, leading to
different barriers.

Figure 2. Tryptamine-derived iminoquinone complex (prior to the
tunnelling-dominated proton transfer) in aromatic amine dehydrogen-
ase, optimized at the B3LYP/6-31G(d)-CHARMM27 level.*” Both
Asp128 oxygens can in principle accept the hydrogen (depicted as a
small sphere), but transfer to the oxygen that accepts a hydrogen bond
from Thrl72 is preferred.

Kanaan et al. recently studied the temperature dependence of
the KIE related to hydride transfer in thymidylate synthase,*
which converts 2’-deoxyuridine S'-monophosphate (dUMP)
into 2’-deoxythymidine S'-monophosphate (dTMP) with the
use of N5,N10-methylene-5,6,7,8-tetrahydrofolate as reductant
and methylene donor. Because dTMP is needed for synthesis of
DNA, the enzyme is an important drug target for cancer
treatment. A hydride is transferred from tetrahydrofolate to an
exocyclic methylene intermediate, resulting in dihydrofolate
and dTMP. This was previously established to be the rate-
limiting step in the enzyme, by experiment'>® and QM/MM
modeling.'”*'*” Their previous work'”’ indicated that hydride
transfer is concerted with the breaking of a C—S bond in the
methylene intermediate (between Cys146 and the former
dUMP), but the mechanism is highly asynchronous. In the
recent study,® the antisymmetric combination of the breaking
and forming bond in the hydride transfer was therefore used as
a geometrical reaction coordinate to follow the reaction. First,
Kanaan et al. obtained potential energy surfaces (PESs) by
performing energy minimization along this coordinate. The
QM region consisted of the main parts of the folate and dUMP
as well as the side-chains of Cys146 and Argl64. Subsequently,
free energy profiles were calculated at the AM1-CHARMM?27
level by performing MD simulations along the reaction
coordinate at four different temperatures for which exper-
imental KIEs are available, with either protium (H) or tritium
(T) as the hydride. Corrections for quantum vibration,
recrossing of the barrier and tunneling were calculated using
frequencies obtained from normal-mode analysis,"*® Grote—
Hynes theory,"”””"*° and the small-curvature tunneling
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approximation,®*”"*! respectively. The phenomenological AG*

and KIE for each temperature was then obtained using
ensemble average variational transition-state theory with
multidimensional tunneling.**'*" The results indicate that
none of the contributions to the AG* are temperature
dependent, leading to temperature independent KIEs (in the
studied range) in line with experiment. KIEs calculated from
the classical barriers are smaller than the experimental ones, in
line with the observation that for protium, ~91% of the hydride
transfers proceed by tunneling, which reduces the barrier by
~1.5 kcal mol™!, whereas for tritium this is ~80% and ~1.0 kcal
mol ™!, respectively. The final calculated KIEs show large
standard deviations, which are not necessarily only due to
uncertainties in the calculation of barrier recrossing and
tunneling contributions but also reflect the fluctuating protein
environment. According to the authors, their simulations
indicate that the enzyme serves as a ‘temperature buffer’, with
the same thermal fluctuations coupled to the reaction (i.e.,
‘active site temperature’) at each global temperature studied.
Furthermore, movement of amino acids such as Argl66, which
polarizes the C—S bond that breaks before the hydride transfer
is completed, appeared to be strongly coupled to the hydride
transfer. This may demonstrate how thymidylate synthase has
evolved to create the optimal environment to enhance the most
difficult chemical step in the overall reaction.

B EXAMPLES OF QM/MM MODELING OF DRUG
TARGET ENZYMES

Acetylcholinesterase and Butyrylcholinesterase. In-
creasingly, QM/MM methods are being applied to enzymes
that are drug targets, often with the aim of providing
information for drug design. An example is cholinesterases,
which catalyze hydrolysis of the neurotransmitter acetylcholine
(Ach), necessary for allowing cholinergic neurons to return to
their resting state. Inhibitors of cholinesterases can therefore be
used in treatment of diseases such as Alzheimer’s and
Parkinson’s. There are two types of cholinesterases: acetylcho-
linesterase (AChE) and butyrylcholinesterase (BChE). The first
has a very high catalytic efficiency for ACh hydrolysis and is
mainly found in cholinergic synapses, whereas the latter (with
lower efficiency) is widely distributed in tissues and plasma.
Both feature a typical Ser-His-Glu catalytic triad, commonly
found in serine hydrolases. Hydrolysis of ACh starts by
nucleophilic attack of the serine on to the carbonyl oxygen of
ACh, followed by proton transfer from the histidine and
elimination of a primary alcohol, leading to an acylenzyme.
Zhang et al. first studied this reaction with ab initio QM/MM
methods."*” Minimum energy paths were optimized at the HF/
3-21G-AMBER 194 QM/MM level, and single point MP2/6-
31+G(d)-AMBER {94 calculations subsequently revealed a
potential energy barrier consistent with experiment (10.5 and
12 kcal mol™!, respectively). The glutamate (Glu334) was
found to provide electrostatic stabilization of the TS and the
acyl-enzyme, in agreement with previous modeling studies'*’
(and without the need for previously proposed catalytic ‘low-
barrrier’ hydrogen bonds or ‘charge-relay’ mechanisms).
Recently, Zhou et al. calculated free energy profiles of both
reaction steps, using B3LYP/6-31G(d)-AMBER ff99SB MD
simulations.”® In the acylation step, a short hydrogen bond was
found between His447 and Glu334, and the simulations
indicated spontaneous transfer between these species. The
subsequently determined barrier for proton transfer was indeed
low (~2 kcal mol™"), but the proton was never observed to
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remain in between the residues and proton-localization on
His447 was favored. This is in line with previous QM/MM and
EVB studies on serine hydrolases, which concluded that a ‘low-
barrier’ hydrogen bond is not involved in catalysis."**'3¢ For
the deacylation step, it was shown that Glu202 (located close to
the catalytic triad) is favored to be protonated, in agreement
with previous modeling studies."*” The barrier for deacylation
was calculated to be higher than that for acylation, as expected
from experiment'*® and also in line with QM/MM potential
energy calculations using a more limited computational
protocol (e.g., without polarization of the QM region by the
MM region)."*” Chen et al. recently also reported QM/MM-FE
free energy profiles at the MP2/6-31+G(d)-AMBER level for
acylation and deacylation of ACh in BChE."*® Despite the
similarity of the AChE and BChE structures and active sites,
acylation was found to be rate-determining in this case (with a
free energy barrier that agreed very well with experiment). The
authors suggested that this can explain kinetic data that indicate
a difference between the rates of ACh and acetylthiocholine
hydrolysis by BChE'*" (but not by AChE)."*® A subsequent
QM/MM-FE study on acetylthiocholine hydrolysis by BChE
confirmed that acylation is indeed rate-limiting for this reaction
and also demonstrated that the presence of an additional
substrate molecule in a peripheral anionic site can explain the
experimentally observed substrate activation effect.'*?
QM/MM simulations have also been applied to obtain
insight into enzyme—inhibitor interactions in AChE. A very
high affinity inhibitor of AChE, syn-TZ2PA6, can be made from
its precursor fragments by a 1,3-dipolar cycloaddition reaction
between the azide and acetylene moieties.'** In solution, this
reaction results in equal amounts of syn-TZ2PA6 and anti-
TZ2PAG, the latter of which has lower affinity. However, in situ
production of syn-TZ2PA6 only is observed when the
precursors were added to AChE. Senapati et al.'** first
calculated MEPs at the B3LYP/6-31G(d)-AMBER ff94 QM/
MM level for both reactions based on the AChE-product
complexes obtained by crystallography. This indicated that the
azide and acetylene moieties need to lie parallel in order to
form the syn complex, and antiparallel to form the anti complex.
Conventional and targeted MD simulations of the reactant
complexes indicated that the enzyme enforces the parallel
orientation of the precursors, thereby explaining its selective
production of the high-affinity syn-TZ2PA6 inhibitor. The same
group also reported QM/MM-FE and MD studies that
explained how, unexpectedly, the binding of a positively
charged trifluoroacetophenone inhibitor could still lead to an
acyl-enzyme after mutation of the catalytic triad His447.'*
Apart from these reversible inhibitors, which are drug-leads for
treatment of disease, irreversible inhibitors of AChE are also
known: these are highly neurotoxic compounds that attach a
phosphorus to the catalytic serine, such as the nerve agents
sarin and tabun and the insecticide paraoxon. Liu et al. modeled
the dephosphorylation (reactivation) mechanism of paraoxon-
methyl (dimethylphosphoryl) with AChE in detail, using QM/
MM-FE calculations based on MEP optimization at the
B3LYP/6-31G(d)-AMBER level.'** QM/MM calculations
have also been used to obtain insight in the reaction
mechanisms of AChE with the nerve agents tabun'*’ and
sarin,"* and such insights may help in development of
treatments against poisoning. Finally, BChE is the primary
enzyme breaking down the widely abused drug cocaine into
inactive metabolites; QM/MM modeling has been used to help
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design variants with higher catalytic activity, as discussed below
in the section Computer-Aided Enzyme Design.

Fatty-Acid Amide Hydrolase. Fatty-acid amide hydrolase
(FAAH) is involved in the degradation of biologically relevant
fatty acid amides (including the endocannabinoid anandamide)
and is a promising target for the treatment of anxiety, pain, and
hypertension."* Tt contains an unusual Ser-Ser-Lys catalytic
triad, the function of which was elucidated by QM/MM
reaction modeling.150 B3LYP/6-31+G(d) corrected PM3-
CHARMM?27 potential energy surfaces, leading to a activation
barrier consistent with experiment for the reaction of oleamide,
indicated that the neutral Lys142 deprotonates the nucleophilic
Ser241 via Ser217, which acts as a proton shuttle. QM/MM-FE
Monte Carlo simulations by another group, using PDDG/PM3
as the QM method, also support this mechanism and,
furthermore, reproduce the influence of the Lys142Ala mutant
on the rate of hydrolysis on different substrates.">' QM/MM
and MD simulations further highlighted interesting conforma-
tional effects in FAAH: the acylation of oleamide occurs via a
high-energy conformational substate of the enzyme—substrate
complex.”™'** Subsequently, QM/MM reaction modeling
offered direct insight into the possible binding modes of
carbamic acid aryl ester lead compounds,'** which could not be
distinguished based on docking or quantitative structure—
activity relationship (QSAR) approaches.>* This knowledge
was subsequently used in the design of inhibitors with increased
potency.'> The binding mode predicted by QM/MM
modeling was later confirmed by crystallography.™*® QM/MM
modeling of the reactions of three carbamate compounds
provided further insight.">” Michaelis complexes were built
based on the previously determined preferred binding modes
and equilibrated using MM (CHARMM?27) MD. Subsequently,
QM/MM minimization of structures along geometrical
reaction coordinates describing the mechanism was performed
at the PM3-CHARMM?27 level, to generate potential energy
profiles for the whole reaction. The first reaction step was
modeled using two reaction coordinates (creating a 2D PES),
one describing proton abstraction from Ser241 by Ser217
together with nucleophilic attack by Ser241 and the other
describing the proton transfer between Ser217 and Lys142.
Energies for approximate TS and intermediate structures were
then calculated at the B3LYP/6-31+G(d)-CHARMM?27 level
and"® showed that the rate of the inhibiting carbamyolation of
Ser241 is determined by the formation of the first tetrahedral
intermediate in all three cases.>” The key TS of the reaction is
not significantly affected by electron-donating substituents on
the inhibitors (because it is dominated by the proton transfer
between Ser241 and Ser217, see Figure 3), providing an
explanation for the observation that these substituents do not
affect inhibitor potency in vivo, whereas they do affect the
intrinsic reactivity.'>* This knowledge can be used in the design
of lead compounds with improved potency and selectivity.
Together, these studies on FAAH inhibitors exemplify how
QM/MM reaction modeling can contribute directly to rational
drug design for an important drug target.

HIV-1 Protease. Human immunodeficiency virus type 1
(HIV-1) causes the acquired immunodeficiency syndrome
(AIDS), which is still one of the most serious health problems
in the world. Three enzymes are essential for replication of
HIV-1 and can thus be targeted by anti-AIDS drugs: reverse
transcriptase, protease, and integrase. All three enzymes have
been studied using QM/MM modeling, offering detailed
pictures of their reaction mechanisms."**~'%* HIV-1 protease,
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Figure 3. Transition state structures (from B3LYP/6-31+G(d)//PM3-
CHARMM27 modeling) for the formation of covalent enzyme—
inhibitor complexes in fatty acid amide hydrolase, with three different
carbamate compounds (in green, cyan, and orange).">” The TSs are
very similar and are dominated by deprotonation of Ser241.

an aspartic protease which cleaves the peptide bond between
Phe/Tyr and Pro, has been the main target for anti-AIDS drug
therapy. The homodimeric enzyme features two aspartic acid
residues that form a so-called aspartyl-dyad, Asp25/25’ (one
from each dimer). It has now been established that the reaction
proceeds by nucleophilic attack of a water molecule (placed
near the aspartyl-dyad) on the peptide carbonyl carbon
(concerted with proton transfer to one of the aspartates),
followed by protonation of the peptide nitrogen (from the
aspartate that received the proton in the first step). The nature
of the intermediate between these two steps, however, is still
debated: it is probably either a gem-diol'>® or an oxyanion.'®®
This issue is relevant for drug design, because the enzyme is
expected to show high aﬂinity toward analogues of the
intermediate. Carnevale et al.'® used QM/MM (BLYP-
AMBER ff94) and QM only (B3LYP) calculations to argue
that the gem-diol intermediate is much more stable than the
anionic intermediate. This conclusion is in line with subsequent
X-ray structures'®* and was recently further confirmed by a QM
study on a large part of the enzyme active site, which included
an extensive comparison of QM methods for description of the
HIV-1 protease reaction.'®® It must be noted, however, that
these studies did not include comprehensive conformational
sampling, and thus no final conclusion about the nature of the
intermediate can be drawn.

QM/MM simulation has been used extensively to study
HIV-1 protease/inhibitor interactions (see also ref 19). For
example, Suresh et al.’® used the subtractive ONIOM method
at the B3LYP/6-31G(d)-AMBER level to investigate the role of
a conserved water molecule (W301) in six enzyme—inhibitor
complexes. W301 forms four hydrogen bonds to bridge the
Ile50/50” NH groups in the active site cleft opposite from the
aspartyl-diad (the so-called flaps) and the CO groups at
positions P2 and P’1 of the inhibitor. The approved inhibitor
tipranavir is designed to replace W301. AM1-CHARMM27
MD simulations indicated that the potency of tipranavir can
indeed be attributed to interactions with both Asp25/25" and
1le50/ 50’,167 and the authors suggested that introduction of a
hydrogen bond donor to interact with Asp30 would lead to a
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more potent inhibitor. Garrec et al. recently used QM/MM
Car—Parrinello MD modeling to investigate a new class of
HIV-1 protease inhibitors, based on the presence of a
noncovalently interacting tertiary amine and carbonyl, the so-
called N---CO bond."®® The idea behind these amino-aldehyde
peptide inhibitors is to replace the hydroxyl group, present in
the natural peptide substrates as well as many current
inhibitors, with a group that is a better TS analogue, providing
a stronger interaction with the aspartyl-dyad.'® By considering
an amino-aldehyde peptide bound to the enzyme in all possible
protonation states of the aspartyl-dyad, they asserted that
N--CO bond formation competes with the W301 hydrogen
bond network: the two cannot coexist, which can explain the
relatively poor inhibition of amino-aldehyde peptides. The
simulations also indicated, however, that hydrogen bond
formation between N--CO and the aspartyl-dyad is feasible,
and the authors conclude that designing N---CO containing
inhibitors that can replace W30l is a promising strategy.
Finally, a recent study demonstrates the complementarity of
QM/MM modeling, docking, and experimental methods in the
analysis of another new class HIV-1 protease inhibitors.'”
Pentacycloundecane (PCU) lactam-peptide compounds with
nanomolar activity against HIV protease were synthesized, and
NMR techniques and QM/MM (AM1-MM) MD simulations
were used to assert that effective inhibition was related to the
chirality of the PCU group and its influence on the
conformation of the attached peptide chain. A unique binding
mode for these inhibitors was found by docking and AM1-MM
MD simulations of the enzyme—inhibitor complexes, ration-
alizing the experimentally observed inhibition of the different
compounds.

B MECHANISM AND SPECIFICITY OF
DRUG-METABOLIZING ENZYMES

Cytochrome P450 enzymes (P450s) are well-known for their
role in drug metabolism. They catalyze a variety of reactions
(e.g, hydroxylation and oxidation) for a very wide range of
compounds. As well as affecting the bioavailability of drugs,
they are often the cause of unwanted drug—drug interactions
and variation in drug metabolism between individuals.
Understanding the reactivity and selectivity of the different
P450 enzymes is therefore of great pharmaceutical interest. QM
calculations have been essential in elucidating fundamental
details of P450 reactions.'”’ For questions of specificity, large
models including significant portions of the protein are often
required, and QM/MM methods are particularly important in
this respect. The complex electronic structure of the heme
group and species involved in reaction, such as Compound I (a
high-valent Fe(IV) oxo state of the heme, see e.g., Figure 9 in
ref 172), can be treated using reliable QM methods (e.g,
B3LYP) while the enzyme environment is treated MM.*>""
Inclusion of the latter can be important to reveal potential
differences between isoenzymes. Compound I (Cpd I) is
important for the reactivity of P450s. In contrast to suggestions
that other states may also be involved in certain oxidations,
QM/MM studies consistently indicate that Cpd I has the
highest reactivity.'’>'”* Bathelt et al. studied this species in
three important human P450s (2C9, 2D6, and 3A4), together
with the drugs ibuprofen and diclofenac.'”> The electronic
structure did not vary significantly between the species and was
insensitive to the presence or absence of a substrate (as well as
the QM region and the enzyme—substrate conformation). This
indicates that the large differences in substrate selectivity

dx.doi.org/10.1021/bi400215w | Biochemistry 2013, 52, 2708—2728



Biochemistry

between P450 isoforms are not related to differences in
reactivity of their Cpd I species, but rather to differences in
substrate interactions in the active site (that can influence
binding orientation, for example). Fishelovitch et al. studied
Cpd Iin P450 3A4 with no, one, or two molecules of diazepam
bound.'”® With no or one diazepam molecules present, Cpd I
could form hydrogen bonds that may lead to the destruction of
the reactive species, whereas binding of two molecules
prevented this. These results can help explain the unusual
kinetics often observed for 3A4."”” These authors also argued
that Cpd I may be different in 3A4 compared to other P450
isoforms, in contrast to the results obtained by Bathelt et
al.'”>'”® To investigate whether the different protein environ-
ments in different P450 isoforms can influence Cpd I reactivity
or not, Lonsdale et al. recently performed a comprehensive
analysis of different Cpd I-enzyme conformations.'”” They first
performed S ns MM (CHARMM?27) MD simulations for the
human P450 isoforms 2C9, 2D6, and 3A4 and the bacterial
P450,,, both in the presence and absence of substrates. From
each of the MD simulations, 26 conformations were optimized
with a QM/MM method, using B3LYP and the LACVP and 6-
31G(d) basis sets for the iron and all other atoms in the QM
region, respectively. The results demonstrate that the electronic
structure of Cpd I varies significantly more between different
conformations for any individual human isoform than between
isoforms (Figure 4). Cpd I in the bacterial P4S0,,,, did differ
from the human isoforms, displaying a significant decrease in
spin density on the sulfur (accompanied by increased density
on the porphyrin ring). The reactivity of Cpd I was estimated
using an approximation of the Fe—O bond enthalpy, and
differences between the isoforms were again not significant
(smaller than the variation in different conformations, Figure
4A). This conclusion is important, as it indicates that Cpd I
reactivity is essentially identical between (human) isoforms, an
assumption often used in high-throughput prediction of drug
metabolites. In the presence of substrates, the reactivity of Cpd
I increases somewhat. This difference was argued to be due to
the substrate restricting the number of water molecules that are
able to hydrogen bond to the ferryl Cpd I oxygen. The spin
density of the oxygen thereby increases, which in turn affects
the Fe—O bond enthalpy, related to reactivity.

QM/MM methods have also been applied to model
oxidation reactions in P450 enzymes. For example, Bathelt et
al. studied the hydroxylation of benzene in P450 2C9. Similar
barriers indicated that oxidation of benzene in a side-on or face-
on approach to Cpd I may be competitive (in contrast to QM
model calculations). Further, the side-on pathway appeared to
favor an epoxide product, whereas the face-on pathway could
lead to both epoxide and ketone products. The results indicate
that aromatic hydroxylation by P450s can involve several
different pathways. Oxidation reactions have also been modeled
extensively in P450.,,,'*°"'®* the first P450 to have crystal
structures available. Recently, Lonsdale et al. studied the
chemoselectivity of P450,, toward hydroxylation or epox-
idation of cyclohexene and propene.®® The difference in
activation energies, based on Boltzmann-weighted averaging of
multiple QM/MM pathways, indicates that P450 chemo-
selectivity can be predicted by considering Cpd I reactivity,
within the range of errors for the employed QM/MM methods.
Nevertheless, the calculations predicted hydroxylation to be
favored in both cases, whereas this is not found by experiment.
A subsequent study showed that the use of dispersion-corrected
B3LYP (B3LYP-D) improves the accuracy significantly,”® now
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Figure 4. (A) Fe—O bond enthalpy, E(Fe—O) [kcal mol™'] plotted
versus Cpd I ferryl oxygen spin density (p(O)) for multiple structures
for different cytochrome P450 isoforms, in the absence (circles) or
presence (triangles, squares) of ligands (isoforms indicated by different
colors as shown in the legend; reproduced from ref 179). (B)
Examples of structures of Cpd I with dextromethorphan in 2D6 (blue)
and 3A4 (red) obtained from MM molecular dynamics simulation and
subsequent QM/MM (B3LYP/6-31G(d)-CHARMM?27, with LACVP
basis for Fe) optimization.

yielding the correct chemoselectivity for propene oxidation.
This result demonstrates again the importance of testing QM(/
MM) methods for the task at hand, as well as the potential for
QM/MM modeling to predict chemoselectivity in P450s.
Recently, Olah et al. showed how QM/MM reaction modeling
can be used for the prediction of pharmaceutically relevant
P450 enzyme metabolites.'*® They investigated two different
metabolic routes of dextromethorphan in P450 2D6 (Figure
4B): aromatic hydroxylation and O-demethylation. Although
the former is a major route for other compounds with
methoxyaromatic rings, it is not observed experimentally in
2D6. Gas phase QM calculations of Cpd I and the model
substrate anisole, using B3LYP/LACVP** for geometry
optimization and B3LYP with the LACV3P basis on iron and
the 6-311++G(d,p) basis on other atoms for energy calculation,
suggested that the two reactions can occur competitively.
Enzyme—substrate models were built by placing the substrate
in five different positions, and both stereoisomers of N-
protonated dextromethorphan were considered. Subsequently,
the system was solvated and truncated to 25 A around the
heme iron, and after the system was heated to 300 K, 2 ns of
MM (CHARMM?27) MD was performed. The simulations

dx.doi.org/10.1021/bi400215w | Biochemistry 2013, 52, 2708—2728



Biochemistry

indicated that a pose with a salt-bridge to Glu216 was most
stable. Both putative reactive sites could readily approach the
reactive Cpd I oxygen, so MD simulation alone cannot explain
the lack of aromatic hydroxylation found experimentally. For
both aromatic hydroxylation and O-demethylation, three
favorable conformations were selected from the MD simulation
to perform QM/MM reaction modeling employing the same
QM method and basis as the gas phase calculations. After MM
minimization, the system was optimized with heme and the
aromatic ring (incl. O-methyl) of dextromethorphan treated
QM. Potential energy profiles (for each snapshot) were
obtained along the distance between the ferryl oxygen and
the abstracted hydrogen atom or the aromatic carbon.
Calculated energies (including zero-point energy corrections
from the QM calculations) indicate a strong preference for O-
demethylation (by >12 kcal mol™), consistent with experi-
ment. This preference arises because interactions between
dextromethorphan and the enzyme prevent the formation of
the preferred TS conformation for aromatic hydroxylation.

In addition to the above applications, QM/MM methods
have been applied to the metabolism of nicotine by P450 2A6
(providing insights that might help in the design of smoking
cessation drugs),'®” the selectivity for hydroxylation or
desaturation of alkanes by P450_,,'®® and the deactivation of
P450 2B4 by a single mutation.'®

After initial metabolism by CYP450s or other enzymes, many
drug metabolites need to undergo a conjugation reaction before
they can be eliminated. Enzymes catalyzing these so-called
phase II reactions include methyltransferases, sulfotransferases,
epoxide hydrolases, and glutathione S-transferases. QM/MM
reaction modeling has been used to provide insight into the
mechanisms of these enzymes (see, e.g., refs 48, 190—193) Of
particular importance to understanding individual differences in
drug metabolism is the influence of polymorphisms on the
catalytic efficiency for different substrates. Bowman et al.
modeled conjugation of glutathione with 1-chloro-2,4-dinitro-
benzene (CDNB) by wild-type and active site mutants of M1-1
glutatione S-transferase (GST),* a reaction often used as an
activity assay for GSTs. The reaction involves significant
changes in solvation, emphasizing the need for QM/MM
dynamics simulations.'”® To combine computational efficiency
with accuracy, specifically parametrized AM1 was used as the
QM method. Overall, the results agreed well with experiment.
For the wild-type enzyme, a very low activation barrier (~1 kcal
mol™") for glutathione conjugation was found, in line with the
expectation that product release is rate-limiting. The Tyr6Phe
mutation increased the barrier of the formation of the initial
Meisenheimer-complex (an unstable tetrahedral-intermediate)
to ~4 kcal mol™!, but did not alter the energetics of the
subsequent elimination of chloride. This implies that Tyr6
mostly serves to reduce the pK, of the enzyme-bound
glutathione thiolate. The Met108Ala mutation did not alter
the reaction profile compared to the wild-type, confirming that
Met108 is important for binding of CDNB, but not for
catalysis. The reaction profile for Tyr116Phe GST was also very
similar to wild-type, in line with experiments that suggest that a
slight increase in activity toward CDNB for this mutant is due
to product release. In contrast, the mutation has decreased
activity toward phenanthrene 9,10-oxide, which was previously
modeled successfully with similar QM/MM methods.'”> QM/
MM modeling has also been used to investigate the catalytic
mechanism of glutathione S-transferase A3-3'"* and the
irreversible inhibition of glutathione S-transferase P1-1 (which
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is overexpressed in certain cancers) by the cancer-drug ethacra-
platin.'®> Further, a recent QM/MM study revealed in detail
the determinants of regio- and enantioselectivity for nucleo-
philic rin%—opening in two substrates by soluble epoxide
hydrolase;*® understanding the determinants of selectivity in
epoxide ring-opening may help in the design of biocatalysts for
synthesis of enantiopure compounds.

B UNDERSTANDING DRUG RESISTANCE

The emergence and spread of drug resistance in pathogenic
bacteria and viruses is a major problem for public health. j-
Lactamases are the main family of enzymes responsible for
antibiotic resistance in pathogenic bacteria. They can be divided
into four classes: classes A, C, and D are serine f-lactamases,
and class B enzymes are metallo-f-lactamases (MBLs). The
enzymes break open the f-lactam ring, present in most
clinically used antibiotics, and then release the inactive product.
Detailed understanding of the enzyme mechanisms may help
the design of inhibitors for these enzymes and new antibiotics.
The TEM enzymes are the archetypal class A f-lactamases and
are extremely widespread in Gram-negative bacteria such as
Escherichia coli and Klebsiella pneumoniae. Hermann et al.
studied the acylation step of benzylpenicillin in TEM-1'"*'""
and subse%uently also the deacylation step with QM/MM
methods.'”® They obtained potential energy surfaces by AM1-
CHARMM?27 optimizations corrected by single point B3LYP/
6-31G(d) calculations. The mechanism for deacylation,
reasonably well established experimentally, was confirmed,
with Glul66 acting as the base. The mechanism for the rate-
limiting acylation step, however, was previously not well
established. The studies by Hermann et al. indicated that the
mechanism with Glul66 abstracting the proton from Ser70
(which subsequently attacks the f-lactam ring) via a conserved
water molecule was feasible. Lys73 was found to stabilize the
TS of acylation and to act as a proton shuttle in the subsequent
steps. Meroueh et al."®® used the subtractive ONIOM method
to calculate pathways for acylation of TEM-1 with penicillic
acid, using optimization at the HF/3-21G-OPLS-AA level and
energy calculation at the MP2/6-31+G(d)-OPLSA-AA level.
They concluded that both Lys73 and Glul66 could act as the
base, with Lys73 somewhat favored. They suggested that the
alternative mechanisms could be competitive and that serine f-
lactamases may use different pathways for different substrates.
Because of the relatively low levels used in QM/MM
optimization in both studies, and limited consideration of
conformational effects, the conclusions are not certain. More
recently, however, the pathway with Glul66 acting as a base
was recalculated for benzylpenicillin in TEM-1 using high-level
QM/MM methods,*®° employing B3LYP/6-31+G(d) for QM/
MM optimization and up to SCS-MP2/aug-cc-pVTZ for QM/
MM energy calculations (Figure S). It was confirmed that
proton abstraction from Ser70 is concerted with the
nucleophilic attack of Ser70 on the f-lactam ring. The highest
level of theory indicates a barrier of 4.1 kcal mol™ for this
probable rate-limiting step, somewhat low compared to
experiment, but reasonable considering that multiple en-
zyme—substrate conformations and entropy effects were not
included. Importantly, this result strongly supports the
mechanism with Glul66 acting as a base, which is further
supported by recent neutron-diffraction experiments.”*"
Gherman et al*** studied the deacylation of cephalothin
from the class C f-lactamase P99 and a penicillin binding
protein (PBP), which is a target for f-lactam antibiotics.
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Figure S. Potential energy surface of tetrahedral intermediate (TI) formation in the acylation step of the class A f-lactamase TEM-1 with
benzylpenicillin, calculated at the B3LYP/6-31G+(d)-CHARMM?27 level.*®® Rx describes the proton transfer from the water molecule to Glu166,
and Ryz describes both the proton transfer from Ser70 to the water molecule and the nucleophilic attack on the B-lactam carbonyl group. Figure
reproduced from ref 200. Copyright 2009 American Chemical Society.

B3LYP/6-31G(d)-OPLS-AA optimizations were performed for
the acyl-enzymes and some deacylation TSs with different
protonation states of the relevant residues. Free energies of
activation were estimated using vibrational analysis, which
indicate that deacylation is efficient in P99 and ineflicient in
PBP, as expected. For P99, a pathway with Tyr150 acting as the
base is supported, with the hydroxyl proton transferred to an
unprotonated Lys67 in a concerted fashion. For PBP, it was
suggested that the equivalent Lys (Lys65) could act as the base,
whereas the equivalent Tyr (TyrlS9) cannot. The difference
between P99 and PBP was found to be the more favorable
electrostatic environment of Tyr150 in P99, which includes an
important interaction with Lys31S. More recently, the covalent
inhibition of PBP 2a with the p-lactams methicilin and
nitrocefin was studied with the ONIOM QM/MM ap-
proach,203 and Carr-Parinello QM/MM molecular dynamics
studies were employed to obtain insight into the active-site
protonation states of the class C f-lactamase 908R in the
absence and presence of cephalothin.*®* It is important to stress
here that for p-lactamases, as for many other enzymes,
conformational sampling (e.g,, in molecular dynamics simu-
lations) may be essential for understanding and modeling
activity.zo5

Although metallo-f-lactamases (MBLs) are still relatively
rare, they do form a significant threat due to their rapid
evolution and spread across species as well as the difficulty of
finding general inhibitors.”® MBLs can be subdivided into
enzymes active with either one or two Zn** bound (class B1),
those active only with one Zn*>* bound (B2) and those active
only with two Zn** bound (B3). For dizinc MBLs, it is believed
that the hydrolysis of the p-lactam ring starts by the
nucleophilic attack of a zinc-bound hydroxide on the f-lactam
carbonyl, followed by the cleavage of the C—N bond. The latter
could either be assisted by protonation of the nitrogen or by
stabilization of the second zinc ion when present. The nature of
the proton donor is still debated. Dal Peraro et al. used QM/
MM Car—Parrinello MD at the BLYP-AMBER {94 level to
study the hydrolysis of cefotaxime in the B1 MBL Bcll, with
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one Zn>* bound.*” A series of short MD simulations followed
the nucleophilic attack of a zinc-bound hydroxide and showed
that a water molecule enters the solvation sphere of the zinc.
They suggest that this water molecule can subsequently serve as
the proton donor, regenerating the zinc-bound hydroxide.
Later, they also modeled the hydrolysis of cefotaxime in the B1
MBL CcrA, which has two Zn®*, with similar methods.>*®
Essentially the same pathway was proposed, but now with
nucleophilic attack and proton transfer to the nitrogen
concerted.

It is important to note, however, that the enzyme—substrate
complex used by Dal Peraro et al.”*”*%° is questionable: the
carboxylate moiety on the substrate was assumed to interact
with the zinc ions through a water molecule, whereas protein
crystallography indicates a direct interaction.”” This binding
mode was further verified by QM/MM studies”'® and
subsequently used for the modeling of moxalactam hydrolysis
in the dizinc B3 MBL L1'' SCC-DFTB-CHARMM?27
modeling of the ring-opening was performed by following the
nucleophilic attack of the hydroxide and the C—N bond
cleavage in one reaction coordinate and a proton transfer from
the (former) hydroxide to Asp120 in another. The resulting 2D
minimal energy surface showed that the reaction is essentially
stepwise, starting with a rate-limiting nucleophilic attack and
C—N bond cleavage, followed by an almost spontaneous
protonation of Aspl20. On the basis of the optimized
geometries, a free energy profile was obtained using SCC-
DFTB-CHARMM?27 MD simulations and subsequent energy
corrections using single-point B3LYP-CHARMM?27 calcula-
tions (with LANL2DZ for zinc and sulfur and 6-31G(d) for all
other atoms as basis sets). The barrier is in line with experiment
(23.5 vs 18.5 kcal mol™’, respectively) and indicates that a
reasonably stable intermediate is formed, in which the newly
formed carboxylate is stabilized by one Zn>' and the
(unprotonated) nitrogen leaving group by the other. Xu et al.
also studied the interaction and hydrolysis of biapenem with
the monozinc class B2 MBL CphA using QM/MM
methods.*>™>'* On the basis of a crystal structure of an
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enzyme-intermediate complex of CphA with a biapenem,*"

they first investigated the enzyme—substrate complex using
SCC-DFTB-CHARMM?27 MD simulations,*'> confirming that
the Zn>* was coordinated by the substrate carboxylate, Cys221,
His263, and Aspl20. Importantly, a crystallographically
observed water was found to from stable interactions with
the f-lactam carbonyl and Aspl20. Subsequent reaction
modeling at the SCC-DFTB-CHARMM?27 level (validated by
single-point B3LYP-CHARMM?27 and small model B3LYP
calculations) indicated that the reaction proceeds via a
concerted Sy2-like mechanism, with the water attacking the
carbonyl carbon, cleavage of the C—N bond, and Asp120
accepting the remaining proton from the nucleophilic water.
They also considered His118 as the base instead of Asp120, as
originally suggested,”'> but found it not to be competitive.
More recently, the full reaction of biapenem with CphA was
also modeled at the SCC-DFTB-CHARMM?27 level*'* This
indicated that Asp120 donates the proton it obtained from the
nucleophilic water to the former p-lactam nitrogen. As
expected, the initial Sy2-like nucleophilic addition and
elimination was found to be rate-limiting. Interestingly, this
work further identified the crystallographically observed
enzyme-intermediate complex as belonginsg to a minor pathway,
in contrast to the original suggestion.21 A recent QM/MM
(B3LYP/LACVP*-OPLS-AA) and MM metadynamics study
supports the mechanism for biapenem hydrolysis in CphA
obtained by Wu et al.*'* and further indicates that the bicyclic
derivative of biapenem has significant affinity for B2 MBLs,
highlightin% the potential of designing inhibitors based on this
derivative.”"® Overall, these studies on MBLs demonstrate the
mutual benefit between protein crystallography and QM/MM
modeling. On the one hand, high-resolution experimental data
on the enzyme—substrate complex is required to set up reliable
models for QM/MM calculations. On the other hand, QM/
MM modeling can verify or help modify mechanistic proposals.

B COMPUTER-AIDED ENZYME DESIGN

The remarkable rate-enhancements achieved by enzymes have
inspired scientists to develop methods to design enzymes for
specific industrial or medical applications. Computer modeling,
and QM/MM reaction modeling in particular, can assist in the
rational design of enzymes by understanding the factors that
affect catalysis and potentially predict mutations that enhance
activity.**'” Marti and co-workers have demonstrated the use
of QM/MM reaction modeling to design alternative catalysts
for the chorismate to prephenate rearrangement,*®>!

reaction normally catalyzed by chorismate mutase (see section
“Investigating Principles of Enzyme Catalysis”). First, they
compared AM1-CHARMM?27 QM/MM free energy profiles
for the reaction in aqueous solution, chorismate mutase (from
Bacillus subtilis and E. coli) and the synthetic catalytic antibody
1F7.'® The obtained differences in the barriers agreed well
with experimental data. Comparison of TS binding in the
natural enzymes and 1F7 indicated that the interactions of the
carboxylate groups in the reacting species with 1F7 were far
from optimal. By making a single mutation, they improved the
TS interactions with the binding site. The computed barrier for
the mutant 1F7 was 4.5 kcal mol™" lower than the original, only
2.4 kcal mol™" above the most efficient enzyme. Subseguently,
they turned to isochorimsate pyruvate lyase (IPL),*'® which
catalyzes the conversion of isochorismate into pyruvate but also
shows activity for the chorismate to prephanate reaction. After a
free energy profile was obtained that illustrated the moderate
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catalysis of IPL, the simulations at stages during the reaction
were analyzed. This revealed that the diaxial conformation of
chorismate, important for formation of the TS, is not retained
in the active site of IPL. Comparison with natural chorismate
mutases indicated that this could be attributed to the lack of a
bulky residue at position 38 (35 in E. coli chorismate mutase).
The Ala38Ile mutation was therefore proposed, and reaction
modeling confirmed that this mutation helps constrain
chorismate in the diaxial position. Furthermore, the calculated
free energy barrier of the mutant IPL showed a decrease of 4.4
kcal mol™" compared to the wild-type. The work of Mayo et al.
on E. coli chorismate mutase corroborates the influence of the
proposed mutation: a bulkier residue at 35, introduced by the
Val3Slle mutation, increases the rate for the reaction (by a
factor of 2), whereas the Val35Ala mutation reduces the rate.*>°
Further calculations indicated that the Ala38Ile mutation may
also somewhat improve the catalytic efficiency of IPL for its
natural reaction.”*'

Zhan et al. have provided a prime example of how such
computationally obtained insights can complement experimen-
tal techniques in the optimization of an enzyme to catalyze a
reaction of biomedical relevance:***">*° the detoxification of
cocaine by butyrylcholineesterase (BChE, see section “Exam-
ples of QM/MM Modeling of Drug Target Enzymes” above).
The primary pathway for cocaine metabolism is hydrolysis by
BChE, but this reaction is not very eflicient. BChE mutants
with a higher catalytic activity against (—)-cocaine (the active
enantiomer) can be designed, offering an attractive “protein-
drug” for treatment of cocaine abuse and dependence. The
mechanism is essentially the same as ester hydrolysis catalyzed
by other serine hydrolases, involving enzyme acylation and
deacylation. Four steps can be distinguished: (1) nucleophilic
attack of Ser198 on the ester carbon to form a tetrahedral
intermediate (TI), (2) proton uptake from His438 by the
leaving alcohol group, (3) nucleophilic attack of a water
molecule (assisted by proton transfer to His438) to form
another TI, and (4) breakdown of the TI with the carboxylic
acid leaving and the enzyme returning to its resting state. Zhan
and Gao first studied these steps in BChE using the ONIOM
method,226 with geometries optimized at the HF/3-21G-
AMBER level and energies calculated at the MP2/6-31G(d)-
AMBER level. The substrate, catalytic triad (S198, H438, and
E325) and oxyanion hole (formed by the backbone of G116,
G117, and A199) were treated QM. The first and third steps
were calculated to have similar energy barriers, with the latter
just higher (13.0 vs 14.2 kcal mol™"). The barrier for the first
step was ~3.7 kcal mol ™" higher than that for hydrolysis of ACh
by AChE calculated using QM/MM methods at a similar
level,*! and the authors attributed the difference to the fact
that only two of the three possible hydrogen bonds in the
oxyanion hole were formed in the TSs for cocaine hydrolysis in
BChE. Subsequently, MM MD simulations of the TS for the
first step were used to propose mutations to improve
interactions between the TS carbonyl oxygen of (—)-cocaine
and BChE,*” starting from the A328W/Y332A mutant
previously designed to improve reactivity.””® The simulations
indicated that the A199S/S287G/A328W/Y332G mutant
would significantly increase effective hydrogen bonding to the
TS. Kinetic measurements showed that this mutant is indeed
much more efficient than the previous mutant: catalytic
efficiency improved ~456-fold (instead of ~9-fold with
A328W/Y332A BChE) over WT BChE. Similar work indicated
that the A199S/F227A/A328W/Y332G mutant had a ~151-
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Society.

fold efficiency.* Zheng et al. used the interaction energy
between the TS and the enzyme to select for rate-enhancing
mutations, followed by B3LYP/6-31G(d)-AMBER optimiza-
tion of the reaction path to determine an activation barrier.”**
They showed that A199S/F227A/S287G/A328W/Y332G
BChE had a barrier for the first step of only 10.4 kcal mol™
(compared to 16.2 kcal mol™ for A328W/Y332A BChE), and
kinetic measurements indicated a ~2000-fold improved
efficiency for cocaine hydrolysis. In vivo experiments further
showed that this mutant BChE can protect mice against cocaine
overdose. More recently, the full hydrolysis pathway in this
efficient mutant BChE was simulated using the QM/MM-FE
method.”*® This indicated that the second step, dissociation of
the (—)-cocaine benzoyl ester, is rate-limiting for this mutant
(ZPE-corrected barrier of 15.0 kcal mol™, versus 14.7 kcal
mol™" derived from experiment). Further efforts to improve
catalytic activity should therefore be directed at this reaction
step. Together, these calculations show how detailed knowledge
of reaction mechanism from QM/MM modeling assisted in
redesigning BChE into an eflicient cocaine esterase.

Although efforts in improving efficiency in existing enzymes
are impressive, a more ambitious goal is the de novo design of
enzymes, especially for reactions for which no natural enzymes
exists. Rothlisberger et al.>*’ first used a computational design
procedure based on a TS from gas phase QM calculations for
Kemp elimination in S-nitro-benzisoxazole, which was expected
to be a one-step, concerted reaction. QM calculations were
used to identify a set of protein groups around the TS that
could maximize its stabilization, and a protein scaffold that
could incorporate these groups was then selected. Catalysis in a
number of the designed enzymes was investigated with QM/
MM-FE calculations to calculate free energy surfaces at the
PDDG/PM3-OPLS-AA level.** Comparison with the reaction
in solution predicted the designed enzymes to be catalytic. The
calculations indicated that the mechanism involved concerted
proton transfer and N—O bond cleavage, although proton
transfer was more advanced in the TS (Figure 6). This
suggested that increasing the acidity of the catalytic base could
help lower the barrier to reaction further, by stabilizing N—O
bond cleavage. Subsequently, a similar protocol was used to
examine catalysis by the catalytic antibody 3A4>*" and its ES0D
variant.**” This suggested that the reason for the activity drop
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in the variant, replicated by the calculations, lies in a
combination of nonoptimal substrate-base interactions, less
favorable 7-stacking with Trp91 in the active site, and increased
contact with solvent. Kiss et al. evaluated the use of QM only
calculations, ONIOM QM/MM calculations, and MM MD
simulations in the computational design of Kemp eliminases.”*®
They concluded that the use of extended (AMBER ff99SB)
MD simulations was valuable to distinguish active from inactive
designs. B3LYP/6-31+G(d,p)-AMBER calculated barriers on
B3LYP/6-31G(d)-AMBER optimized conformations of the full
enzyme—substrate obtained after 2 ns of MM MD yielded a
reasonable correlation with experimental values, whereas QM
cluster models were much less predictive. The authors
concluded, however, that their ONIOM QM/MM calculations
were too computationally expensive and too inaccurate to offer
a useful prescreening tool in enzyme design. An EVB approach
is potentially better suited for this purpose™* due to its
computationally efficient generation of free energy pro-
files,*'”*** By fitting the EVB parameters to the relevant
reference solution reactions calculated by ab initio QM
methods, Frushicheva et al. obtained an impressive correlation
between calculated and experimental reaction barriers for a
range of enzyme—substrate combinations.>'” The results
indicated that optimization of catalysis may be difficult to
achieve by designed mutations in the active site, as the
difference in charge distribution between the reactant and TS in
the Kemp elimination reactions studied is quite small.*>> In
accordance with this observation, it appeared that mutants
obtained by directed evolution in this case primarily increased
catalysis by reduction of solvation of the reactant state (instead
of specific stabilization of the TS). Indeed, the most efficient
computationally designed Kemp eliminase to date features a
deeply buried active site, shielded from solvent.”*® Overall, the
different examples described here indicate how QM/MM and
related approaches are valuable in enzyme (re)design, by
providing insight into the reaction mechanism, interactions
between the active site and the reacting species as well as the
effect of mutations. QM/MM methods also have the potential
to improve de novo enzyme designs.
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Bl CONCLUSIONS AND OUTLOOK

Since the very first studies, starting 37 years ago,” QM/MM
modeling of enzyme-catalyzed reactions has contributed to the
development and testing of theories of enzyme catalysis. QM/
MM methods are now regularly used to analyze of the
chemistry in proteins, leading to in-depth knowledge of enzyme
reaction mechanisms. When carefully applied, excellent
quantitative agreement with experiment is also possible in
certain cases.”” It must be noted, however, that careful testing
of methods (e.g, using high-level ab initio methods and
comparison to experiment) remains important; in certain cases,
‘standard’ QM methods may fail to give the correct
energetics.w’30 Qualitative insight, however (e.g, prediction of
relative barriers), is more easily obtained and is useful for many
biochemical applications.

The examples discussed in this review demonstrate that
QM/MM modeling is now increasingly used in practical
applications, such as the design of drug leads and catalysts as
well as understanding/predicting drug metabolism and drug
resistance. These examples also show the complementarity of
QM/MM modeling and experimental methods; collaboration
between experimental and computational enzymologists is now
common and is proving increasingly beneficial. Successful
collaboration requires understanding on both sides: of the
biochemical experiments, mechanistic questions, and the
strengths and limitations of modeling methods. In this Current
Topics article, we have focused on the use of QM/MM
methods for modeling reactions, but QM/MM techniques are
also increasingly being applied in other areas of biochemistry
and biophysics, such as small molecule docking,"***” structure
refinement of proteins and protein—ligand complexes,">***~**
and the interpretation of vibrational spectra.'®**!

Developments in availability, flexibility, and accuracy of QM/
MM methods for studying enzymes and enzyme reactions are
making practical applications increasingly common. In silico
screening of the effects of mutations on reactivity, for example,
will greatly assist in the design of enzymes for specific synthetic
applications and the analysis of genetic differences associated
with disease or drug metabolism. Determination of enzyme
reaction pathways and transition states (and, e.g., the
interactions of TSs and reaction intermediates) using accurate
QM/MM methods will aid efforts in structure-based drug and
enzyme design, as will the combination of QM/MM
calculations with more standard structure—activity relationship
methods.!%%**? Overall, the impact of QM/MM modeling on
enzymology and other areas of biochemistry and medicinal
chemistry will certainly continue to increase.
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B ABBREVIATIONS

QM/MM, quantum mechanics/molecular mechanics; MD,
molecular dynamics; EVB, empirical valence bond; DFT,
density functional theory; TS, transition state; TST, transition
state theory; MEP, minimum energy path; PES, potential
energy surface

B ADDITIONAL NOTES

“The Web of Science database was searched with the following
term: TS = ((qm/mm or mm/qm or gm-mm or mm-gm or
gm:mm or mm:qm or quantum mechanics/molecular
mechanics or quantum mechanical/molecular mechanical or
quantum/molecular mechanic*) and (enzym*))

A ‘forward slash’ is most commonly used in denoting QM/
MM methods (though other conventions, such as QM:MM or
MM/QM have been used), and we will use this form
throughout the review. When explicitly stating QM and MM
methods applied, however, a hyphen is used here between the
QM and the MM method (because for denoting electronic
structure calculations, the established nomenclature is to use a
forward slash to distinguish the QM method from the basis
set), e.g., B3LYP/6-31G(d)-CHARMM?27. For the applications
described, we have attempted to list both the QM and MM
method (force field) used in this way succinctly; for full details,
please refer to the original articles. It is good practice in a QM/
MM application to specify clearly the MM force field (and to
define any nonstandard parameters), and the QM method; this
is essential for reproducibility.
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