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ABSTRACT: Modeling methods allow the identification and analysis of determinants of reactivity and
specificity in enzymes. The reaction between glutathione and 1-chloro-2,4-dinitrobenzene (CDNB) is widely
used as a standard activity assay for glutathione S-transferases (GSTs). It is important to understand the
causes of differences between catalytic GST isoenzymes and the effects of mutations and genetic
polymorphisms. Quantum mechanical/molecular mechanical (QM/MM) molecular dynamics simulations
have been performed here to investigate the addition of the glutathione anion to CDNB in the wild-type
M1-1 GST isoenzyme from rat and in three single point mutant (Tyr6Phe, Tyr115Phe, and Met108Ala)
M1-1 GST enzymes. We have developed a specifically parameterized QM/MM method (AM1-SRP/
CHARMM22) to model this reaction by fitting to experimental heats of formation and ionization potentials.
Free energy profiles were obtained from molecular dynamics simulations of the reaction using umbrella
sampling and weighted histogram analysis techniques. The reaction in solution has also been simulated
and is compared to the enzymatic reaction. The free energies are in excellent agreement with experimental
results. Overall the results of the present study show that QM/MM reaction pathway analysis provides
detailed insight into the chemistry of GST and can be used to obtain mechanistic insight into the effects
of specific mutations on this catalytic process.

Glutathione S-transferases (GSTs1) are a widely distributed
family of detoxification enzymes, which catalyze the con-
jugation of the tripeptide glutathione (γ-Glu-Cys-Gly) to a
wide range of compounds. This reaction is an important step
in the detoxification of a large variety of xenobiotic com-
pounds including many carcinogens and toxins in mammals
and other organisms (1). GSTs are an example of phase II
metabolizing enzymes, which conjugate an endogenous
hydrophilic molecule to reactive electrophilic xenobiotics
thereby detoxifying them and/or facilitating their excretion
from the organism. At least 19 different glutathione S-trans-
ferase isoenzymes have been found in the human genome
(http://www.ncbi.nlm.nih.gov/genome/guide/human/). This is
a remarkably high number given that the human genome

codes for only 20,000-25,000 unique genes (2). The
differential expression of these enzymes has been implicated
in resistance to chemotherapeutic drugs (3). GSTs exhibit a
wide range of substrate specificities, which is achieved not
only by distinct classes of GST enzymes but also by the fact
that an isoenzyme can be specifically catalytically active
toward a large variety of exogenous substrates. GSTs also
show distinct genetic polymorphisms which can alter the
enzyme’s activity (4). A fuller understanding of the catalytic
mechanism of GSTs and the effects of mutations is therefore
intrinsically important, for example to understand and
eventually predict the biological consequences of SNPs
(single nucleotide polymorphisms).

The reaction between glutathione (GSH) and 1-chloro-
2,4-dinitrobenzene (CDNB) is catalyzed by different GST
isoenzymes (4), and is widely used as a standard activity
assay for glutathione S-transferases (5) (Figure 1). Hence,
studying this catalytic reaction in particular may help to
understand the differences between GST isoenzymes and the
effect of genetic polymorphisms. There is a need for
computational simulation techniques capable of dealing
accurately with this challenging reaction. The abundance of
experimental data relating to this system provides a stringent
test and validation of modeling techniques.

The five genes encoding the Mu class of GST enzymes
are organized in a gene cluster on chromosome 1p13.3, have
high sequence identity (80-90%), and are known to be
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highly polymorphic (http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db)gene&cmd)Retrieve&dopt)Graphics&
list_uids)2944). Different Mu class glutathione S-trans-
ferases show major differences in the substrate specificity.
A library of variant GST M1-1 and GST M2-2 enzymes has
been created and tested for its catalytic activity toward a set
of substrates, including CDNB, by the group of Mannervik
(6). The rates of reaction were shown to vary up to 5 orders
of magnitude. Recently, amino acid residues of the Mu class
GSTs which give rise to the functional catalytic diversity in
this class of enzymes have been studied (7). It has been
shown by Ivarsson and co-workers that the catalytic ef-
ficiency toward a set of substrates can differ strongly in the
Mu class of GSTs (7). An accurate and well-calibrated
approach for understanding the catalytic reaction mechanism
of the Mu class of GSTs is therefore of great importance.

Experimental work (8-11) points to three mutations
(Tyr6Phe, Tyr115Phe, and Met108Ala) which may affect the
catalytic activity of Mu class GSTs. Spectroscopic and kinetic
experiments show that Tyr6 is a vital residue for catalysis
(8). The hydroxyl group of Tyr6 is part of the electrostatic
environment of the active site that lowers the pKa of the GSH
thiol bound to GST. The pKa for GSH in solution is 9.0; it
drops to 6.2 when bound to the wild-type enzyme; and it is
somewhat higher at 7.8 when bound to the Tyr6Phe mutant
(11).

Affinity labeling (12) and crystallographic data (13) show
that Tyr115 is located in or near the active site of Mu class
GSTs, and kinetic evidence (9) indicates that this residue is
involved in both the chemical and physical steps of the
reaction mechanism. Tyr115 has also been found to be
important in simulations of GST converting phenanthrene
9,10-oxide (14). Experimental work has shown that replace-
ment of Tyr115 with phenylalanine (Tyr115Phe) results in
a 100-fold decrease in catalytic activity with this substrate
(15). However, with the CDNB substrate the same mutation
results in a slightly more effective catalyst (an increase in
kcat from 20 s-1 to 72 s-1) (9). It is thought that the rate-
limiting step in the turnover of CDNB with GST M1-1 is
product release, as shown by stopped-flow fluorescence
measurements and viscosity effects on the steady-state
kinetics (9, 16). The Tyr115Phe mutation brings about the
loss of hydrogen bonds between the hydroxyl group of
Tyr115 and the side chain hydroxyl group and main chain
NH of Ser209. These hydrogen bonds are thought to block
the channel to the active site or inhibit the segmental motion
of the protein (9).

Met108 has been thought to play a key role in the binding
of CDNB. The steady-state kinetic parameters of the wild-
type human M2-2 GST with CDNB and GSH have been
studied experimentally, and compared to the Met108Ala
mutant enzyme (10). Substitution of Met108 with Ala leads
to no change in the steady-state mechanism or in the binding

of GSH. However, there is a decrease inVmax/KmCDNB, from
which it was deduced that the Met108Ala mutant leads to a
reduction in affinity for CDNB (10). The mutation has also
been reported to result in a slight increase in the turnover
(by a factor of 1.7), indicating that the mutation has a small
effect on the rate-limiting step in catalysis (10).

In the present study, a specifically parameterized combined
quantum mechanical/molecular mechanical (QM/MM) method
has been developed and applied to model the reaction of
glutathione with CDNB in the M1-1 GST isoenzyme from
rat. QSAR studies on the GST catalyzed conversion of
nitrobenzenes have shown that electronic parameters are of
great importance in catalysis (17, 18). Free energy profiles
have been calculated for the two step SNAr addition/
elimination mechanism. The reaction is also simulated in
three single point mutant enzymes (Tyr6Phe, Met108Ala,
and Tyr115Phe) for comparison with experiments. The QM/
MM umbrella sampling molecular dynamics approach allows
for flexibility of the enzyme active site, CDNB and glu-
tathione, and for explicit solvation of the enzyme. The QM/
MM approach, introduced for enzyme reactions by Warshel
and Levitt (19), treats the central reacting system by a
quantum chemical method, while representing the remainder
of the system by a classical empirical force field model. The
QM/MM method can provide insight into an enzyme’s
mechanism beyond that achievable by experimental methods,
e.g., by the direct visualization and analysis of the transition
state and unstable intermediates (20). Here we have devel-
oped and applied a reaction specific QM/MM method (AM1-
SRP/CHARMM22), which we have specifically parameter-
ized for the GSH/CDNB reaction, to obtain reliable energetics
and efficient conformational sampling. Specific parameter-
ization of semiempirical molecular orbital methods is a good
way to overcome their known limitations (14, 21, 22).
Reaction specific parameterization of the QM/MM approach
is analogous to the empirical valence bond (EVB) method,
in which the reacting system is represented by a combination
of simple empirical resonance forms (23). When the incor-
porated empirical terms are carefully chosen, the EVB
approach can produce highly accurate results (24). Here,
though, we apply molecular orbital electronic structure
quantum chemical techniques.

Reactions of the SNAr type usually proceed via aσ-com-
plex, often called the Meisenheimer complex (Figure 1). It
is not clear whether the Meisenheimer complex is a true
intermediate or a transition state. Unstable and short-lived
intermediates in condensed phase reactions are generally very
difficult to isolate or study directly by experiment. Compu-
tational techniques have the potential to model transition
states and reaction intermediates, and to identify and analyze
interactions responsible for stabilizing these species in
enzymes. The stability of Meisenheimer complexes in GST
enzymes has not previously been investigated to our knowl-
edge. The reaction between glutathione and 1-chloro-2,4-
dinitrobenzene in the gas phase and in solution (using a
dielectric continuum solvent model) has been investigated
by Zheng and Ornstein (25). Theseab initio studies found
the Meisenheimer complex to be a true intermediate in
solution with a 1.6 kcal mol-1 barrier to loss of the chloride.
Recently, QM/MM free energy simulations of the conversion
of 4-chlorobenzoate to 4-hydroxybenzoate catalyzed by
4-chlorobenzoyl-CoA dehalogenase showed significant sta-

FIGURE 1: The conjugation of glutathione anion with CDNB via
the Meisenheimer complex (center).
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bilization of the Meisenheimer complex by the enzyme,
resulting in a discrete intermediate along the reaction path
of this SNAr mechanism (26). In studies of GSH with 1,3,5-
trinitrobenzene, which may be a inhibitor of the enzyme, a
relatively stable Meisenheimer complex is observed (27)
experimentally, but a similar complex has yet to be detected
for CDNB. The objective of the present study is to character-
ize reaction of glutathione with CDNB catalyzed by the M1-1
GST isoenzyme, in three mutant enzymes, and also the
uncatalyzed reaction in solution, and to compare the results
with experimental findings. To obtain reliable results, we
have optimized system specific AM1-SRP parameters, and
applied these in QM/MM molecular dynamics simulations
of the reaction. The use of a specifically parameterized and
validated QM/MM model should provide reliable energetics
for this challenging reaction. We have previously demon-
strated the success of this approach in a study of the reaction
of glutathione with phenanthrene 9,10-oxide catalyzed by
M1-1 GST (14). Here, we have examined the effects of the
protein, in comparison to the uncatalyzed reaction of
glutathione with CDNB in solution, and we have investigated
the stability of the Meisenheimer complex. We discuss the
results and their implications for understanding GST medi-
ated catalysis and the consequences for reaction of some
mutations.

METHODS

Simulation System.The starting models for the simulations
were based on the crystal structure of rat liver M1-1
glutathione S-transferase in complex with a transition state
analogue 1-(S-glutathionyl)- 2,4,6-trinitrocyclohexadientate
(28). This structure was altered to give the Meisenheimer
complex 1-chloro-1-(S-glutathionyl)-2,4-dinitrocyclohexa-
dienate as shown in Figure 1. The methods employed here
have previously been used successfully to model GSTs and
other enzymes (14, 29-31). The procedure for the model
setup was similar to that used in simulations of the conjuga-
tion of glutathione to phenanthrene 9,10-oxide in M1-1 GST
(14). Hydrogen atoms were placed using the HBUILD
routine in CHARMM. The high computational demands of
QM/MM dynamics calculations necessitates that a balance
must be struck between system size and the extent of
sampling. The experimentally determined structures of the
enzyme bound transition state analogue (PDB ID: 4GST the
starting structure here), the product complex (PDB ID:
5GST), and the unliganded enzyme (PDB ID: 6GST) are
very similar. Comparison of these structures shows that there
is essentially no change in conformation associated with
reaction. It is therefore appropriate for the simulations to
focus on the active site and its immediate environment using
a stochastic boundary approach (32). The simulation system
contained an approximately spherical selection of residues
centered on the C1 atom of the substrate (atom numbering
is shown in Figure 7). All protein residues and crystal waters
with at least one atom within 18 Å of the center were
selected. The system was then solvated by superimposing
an 18 Å radius sphere of pre-equilibrated CHARMM TIP3P
water molecules (33) and deleting any added water molecule
of which the oxygen was within 2.6 Å distance of another
non-hydrogen atom. Minimization of water molecules (only)
with 100 steps of steepest descent (SD) was performed. Then
10 ps of Langevin dynamics (300K) for all water molecules

(all other atoms fixed) was carried out, finally minimizing
again with 100 steps of SD.

The QM region (i.e., 1-chloro-2,4-dinitrobenzene and the
cysteine side chain of glutathione, 21 atoms in total) was
treated with a system-specific version of AM1 (see below).
In order to describe the bond crossing the QM/MM boundary,
a link atom was placed between the CR and Câ of the
cysteinyl side chain of glutathionyl. The link atom was a
QM hydrogen without classical van der Waals or bonded
force field terms. It did, however, interact with all MM
charges except the host group. It has been shown that better
results are obtained if the link atom interacts with the entire
MM system apart from the few closest bonded classical
atoms (34). Hence, the CR and HR of the cysteinyl side chain
of glutathionyl were neutralized. The overall charge on the
QM system was-1. All other atoms (2661 in total) were
treated by molecular mechanics, using the CHARMM22 all-
atom force field (33, 35).

Throughout, a 2 Å buffer zone was defined as all atoms
further than 16 Å away from the center of the sphere, in
which the nonsolvent heavy atoms were harmonically
restrained to their crystal coordinates with force constants
based on model averageB-factors (32, 36). This is a larger
simulation system than that used in our previous work on
M1-1 GST with phenanthrene 9,10-oxide, which used a
radius of 14 Å (14). The buffer restraints were scaled
(linearly and in four steps) from zero at 16 Å away from the
center of the system, to a maximum at 18 Å. In the
simulations, Langevin dynamics was applied for the buffer
region (updated every 50 steps), using friction coefficients
of 250 ps-1 for non-hydrogen protein atoms, and 62 ps-1

for the water oxygens (32). A deformable boundary potential
was applied to restrain the water molecules to remain within
the 18 Å sphere. SHAKE was applied to fix all MM bonds
involving hydrogen atoms, and a 1 fstime step was used.
All simulations were carried out with the CHARMM
program version 27b2 (with some local modifications) (37).

Umbrella Sampling Molecular Dynamics Free Energy
Simulations.The Meisenheimer complex was used as the
starting structure for subsequent umbrella sampling molecular
dynamics simulations (14, 31, 38). The reaction coordinate
was defined in terms of the breaking and forming bond
distances asr1 ) d(Cl-C1) - d(SG2-C1), a more positive
value indicating a larger Cl-C1 distance (e.g., products) and
a more negative value corresponding to a larger SG2-C1

distance (e.g., reactants). Similar reaction coordinates have
previously been successfully applied (14). The reaction
coordinate was restrained harmonically to a range of values
(at every ( 0.1 Å starting at 0.0 Å) along the reaction
coordinate with a force constant of 100 kcal mol-1 Å-2. A
separate QM/MM molecular dynamics simulation was
performed at every reaction coordinate value. Each simula-
tion consisted of 50 steps of steepest descent minimization
and 10 ps of equilibration followed by 20 ps of sampling
dynamics. Each subsequent simulation was started from the
10 ps point of the adjacent run. The reaction coordinate
statistics of the various simulations were combined by means
of the weighted histogram analysis method (39, 40).

The reaction coordinate definition described above was
found to result in some unwanted behavior at large negative
values of the reaction coordinate, i.e., the glutathione anion
attacked C5 of CDNB. Additional simulations with the
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reaction coordinate,r2 ) d(SG2-C1), the Cl-C1 distance
restrained to a value of 1.72 Å with a force constant of 100
kcal mol-1 Å-2, were performed. This value was chosen from
the mean average Cl-C1 distance (1.72 Å( 0.04 Å from
simulations withr1 between-2.0 and 0.0 Å). The reaction
coordinate was sequentially restrained harmonically to a
range of values (at every 0.1 Å starting atd(SG2-C1) )
1.7 Å) along the reaction path. This new setup enabled
reactant geometries with a larger distance (up to 3 Å)
between the thiolate and CDNB ring to be sampled.

Structural Analysis.Structures along the reaction coordi-
nate were analyzed for important interactions between the
substrate, protein, and solvent. For each simulation (i.e., for
every value along the reaction coordinate) 20 structures, taken
from the dynamics trajectory every 0.5 ps, were analyzed
(740 structures in total along the reaction pathway). A
hydrogen bond was defined as a hydrogen to acceptor
distance of less than 2.5 Å (2.8 Å if the donor is sulfur) and
the angle between atoms forming the hydrogen bond was
greater than 90° (41).

Reaction Specific (AM1-SRP) Parameterization.We have
previously demonstrated significantly improved description
of a GST-catalyzed reaction by a specifically reparameterized
version of AM1 (14). A similar approach was applied here.
The energies of theσ-adduct intermediate and the conjuga-
tion product, relative to the reactants (Figure 1), are the most
important values to describe correctly. The parameters of
the original AM1 method were derived based on experi-
mental data (42), and similarly here we optimized AM1-
SRP parameters by fitting to experimental data, such as
measured heats of formation. Parameter optimization directly
toward correct energies for the reaction studied here is
complicated by the lack of an experimental heat of formation
of the σ-complex intermediate, and by the unstable nature
of this intermediate. Therefore, we chose to optimize AM1
to reproduce experimental heats of formation and ionization
potentials for a number of relevant molecules in the gas
phase, and to validate the results by comparing the AM1-
SRP energies for the conjugation reaction (in the gas phase)
to higher-level QM calculations.

Experimental heats of formation and ionization potentials
were obtained from the NIST Standard Reference Database
(http://webbook.nist.gov/chemistry/). Optimization of S, Cl,
O, and N parameters was performed using a genetic
algorithm similar to that described by Bash et al. (43) and
implemented as a modification to the libGA code by
Corcoran and Wainwright (44). For full details of the genetic
algorithm set up see Ridder et al. (14). The AM1-SRP
parameters are given in Supporting Information.

Table 1 presents the experimental, AM1, and AM1-SRP
values of heats of formation and ionization potentials for
the selected relevant molecules. To confirm that the resulting
AM1-SRP model does indeed provide an improved treatment
of the reaction, the energies of the reactants, intermediate,
and products (as shown in Figure 1) were calculated in the
gas phase (with GS- modeled as CH3S-) at the HF/6-31G-
(d), B3LYP/6-31+G(d)//HF/6-31G(d), and MP2/6-31+G-
(d)//HF/6-31G(d) levels as well as AM1 and AM1-SRP. The
relative energies corresponding to step 1 and step 2 at the
various levels are presented in Table 2. The results indicate
that our AM1-SRP model gives significantly improved
energies in the gas phase for the reaction studied. The AM1-

SRP energies are much closer to the MP2/6-31+G//HF/6-
31G(d) results than standard AM1.

Modeling of Mutations.The results of site-directed mu-
tagenesis experiments can be interpreted by performing free
energy calculations with the mutation modeled in the MM
region of a QM/MM system (for residues that do not
participate in covalent bonding changes in the reaction) (14,
45). The three mutations modeled here (Tyr6Phe, Tyr115Phe,
and Met108Ala) do not involve an increase in the number
of atoms, and any structural changes are expected to be small.
In the case of the Tyr115Phe mutation, for example, the
hydroxyl group was deleted and an additional hydrogen was
added, and the charges were changed to the standard values
of those of a phenylalanine residue in the CHARMM22 MM
force field (33). Following mutation, umbrella sampling
molecular dynamics simulations were performed as described
earlier for the wild-type system. Each simulation consisted
of 50 steps of steepest descent minimization and 10 ps of
equilibration followed by 20 ps of sampling dynamics.

RESULTS AND DISCUSSION

Simulation of Reaction in Wild-Type GST.A free energy
profile for the GST reaction in the wild-type enzyme was
calculated based on the reaction coordinater1 ) d(Cl-C1)
- d(SG2-C1) (Figure 2). The profiles are aligned relative
to the Meisenheimer complex as the zero of free energy.
The absolute free energies between reactions cannot be

Table 1: Experimental and Calculated of Heats of Formation (kcal
mol-1) and Ionization Potentials (eV) for the Selected Relevant
Moleculesa

molecule
element

reparameterized param
exptl
value AM1

AM1-
SRP

methylthiolate S ∆Hf -14.3 -16.99 -14.29
methylthiolbenzene S ∆Hf 23.3 21.02 23.30

IP 7.94 8.13 8.06
chloride Cl ∆Hf -54.36 -37.66 -54.33

IP 3.6 2.89 3.61
chlorobenzene Cl ∆Hf 13 14.72 13.0

IP 9.07 9.56 9.75
dipole 1.72 1.3 1.90

phenol O ∆Hf -23 -22.32 -23.74
IP 8.49 9.12 8.87
dipole 1.45 1.24 0.911

phenolate O ∆Hf -38.3 -41.05 -38.09
nitrophenol O, N ∆Hf -27.4 -19.68 -27.39

IP 9.1 10.07 9.59
nitrophenolate O, N ∆Hf -63.9 -65.10 -63.92

a AM1 results were calculated using standard parameters. AM1-SRP
results were calculated with specific reaction parameters, developed in
this work.

Table 2: Calculated Energies (Enthalpies for AM1 and AM1-SRP)
in kcal mol-1 for Reaction Steps 1 and 2, and for the Overall
Reaction of Methyl Thiolate with CDNB in the Gas Phase (See
Figure 1)

level step 1 step 2
overall

∆E
overall

∆Ha

HF/6-31G(d) -31.20 -7.03 -38.23 -35.27
B3LYP/6-31+G(d)//6-31G(d) -41.35 2.24 -39.11 -36.15
MP2/6-31+G(d) //6-31G(d) -47.93 9.30 -38.63 -35.67
AM1 -54.96 37.83 -17.13 -17.13
AM1-SRP -46.95 15.06 -31.89 -31.89

a Includes unscaled thermal corrections to theab initio calculations
calculated at the HF/6-31G(d) ab initio level.
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compared directly; meaningful comparisons can only be
made between barriers and reaction energies.

In the enzyme, there is a small barrier (at a reaction
coordinate value ofr1 ) -0.9 Å) to forming the Meisen-
heimer complex from the glutathione anion and CDNB of
∼1 kcal mol-1 (Figure 2). The energy change for complex
formation is∼-13.7 kcal mol-1. Formation of the Meisen-
heimer complex in the enzyme is calculated to be highly
favorable. A shallow minimum, corresponding to the Meisen-
heimer complex, is present atr1 ) 0.0 Å. There is
approximately a 1 kcal mol-1 barrier for dissociation of
chloride from this intermediate. In a (AM1-SRP/CHARMM22)
optimized structure of this intermediate, the C1-C2 and C6-
C1 bond distances are 0.07 Å longer than in CDNB. The
C1-Cl and C1-S bond distances are similar to each other
(1.86 Å and 1.82 Å, respectively). The increase in C1-C2

and C6-C1 bond lengths and the similarity of the C1-Cl
and C1-S bond distances indicate that this structure is a
Meisenheimer complex (Figure 1). The calculated free energy
change for chloride dissociation from the Meisenheimer
complex is ∼-13.9 kcal mol-1. This shows that the
Meisenheimer complex is a very unstable intermediate in
the enzyme. Dissociation of chloride is highly favorable, and
will be further favored by its full release into aqueous
solution.

Another reaction coordinate (r2) was also tested for
simulating the reaction, which allowed sampling of larger
distances (up to 3 Å) between the thiolate and CDNB ring.
The simulations with ther2 reaction coordinate (r2 ) d(SG2-
C1)) and the Cl-C1 distance restrained showed the barrier
to form the Meisenheimer complex to be similarly small
∼1.5 kcal mol-1 (data not shown). Ther1 and r2 reaction
coordinates yield barriers similar in shape and in barrier
height (barrier) ∼1.0 kcal mol-1). These results provide a
further indication that addition of glutathione to CDNB has
a low barrier in the enzyme.

Product release is believed to be rate-limiting in the
turnover of CDNB with GST M1-1 (9, 16). The low barrier
calculated for the chemical step here is consistent with this
proposal. Apparent activation energies of 1.8 kcal mol-1 and
3.4 kcal mol-1 for the reaction with CDNB for two GST
isoenzymes were recently reported forBulinus truncatus(46).
These isoenzymes have not yet been classified, but the results
were stated to be consistent with those of mammalian GSTs

(46). It is thought that product release is not rate-limiting in
theseBulinus truncatusisoenzymes, and thus the activation
energies quoted may be a good indication of the barrier of
the chemical reaction. Therefore our calculated barrier for
the chemical step of∼1.0 kcal mol-1 overall appears to be
reasonable.

Free Energy Calculations and Comparison with Experi-
ment for the Reaction in Solution.The simulations of the
nonenzymic reaction in water gave a free energy barrier of
∼9.5 kcal mol-1 (Figure 2) for the nucleophilic attack of
the glutathione anion on CDNB. This is significantly larger
than the corresponding barrier in the enzyme. The simulations
clearly show an important catalytic effect of the enzyme in
lowering the barrier to this reaction.

Experiments indicate an apparent free energy barrier of
23.8 kcal mol-1 for reaction of the GS- anion with CDNB
in solution (at pH 8.0, at a CDNB concentration of 0.01 mM
and a saturating, 2 mM (47) GSH concentration) (48).
However, the experimental data was reported as effective
first-order rate constants. To obtain results for standard states
(i.e., the standard activation free energy, 1 M concentration
for both reactants), the experimental effective first-order rates
are corrected here for concentrations. This allows comparison
to the calculated barrier, when this is also corrected for
concentration as described below. Correcting the experi-
mental findings for changing the concentration of CDNB
and GSH to 1 M lowers the experimental barrier by 6.8 kcal
mol-1 and 3.7 kcal mol-1, respectively, giving a standard
activation free energy barrier of 13.3 kcal mol-1. This
experimental barrier also contains a contribution due to the
dissociation of the GSH thiol at pH 8 (the experiments were
performed at pH 8). The pKa of the thiol is approximately
9, so the free energy cost of dissociation at pH 8 is 1.4 kcal
mol-1. The experimental (standard state) barrier for the
reaction of the thiolate with CDNB is therefore (13.3-1.4
)) 11.9 kcal mol-1.

As Warshel has discussed (23), simulation results for
reaction in solution should also be corrected appropriately
for concentration effects to obtain the standard activation
free energy. These corrections are to account for bringing
together the two reactants in the same solvent shell, and
bringing them into the correct orientation for reaction, the
so-called “cratic” free energy (49). For a bimolecular reaction
Warshel and co-workers have estimated this free energy
correction for bringing together two reactants (in 1 M
concentration) to be 2.4 kcal mol-1 (50): the value corre-
sponds well to the 55 M correction which was popular
previously (51). With this correction, the calculated (standard
state) barrier is (9.5+ 2.4 )) 11.9 kcal mol-1, in excellent
agreement with standard free energy barrier from experiment.

The C1-Cl and C1-S bond lengths are similar in the
Meisenheimer complex, so it is located aroundr1 ) 0.0 Å
on the reaction pathway. When a snapshot structure from
this region was subject to unrestrained energy minimization,
it was found to have a geometry very similar to that found
for the Meisenheimer complex from the reaction in the
enzyme. There is a shoulder on the free energy profile atr1

) 0.05 Å but no barrier, indicating that in solution the
Meisenheimer complex is not stable, and would not be
expected to have a measurable lifetime. However, the
stability observed in the unrestrained energy optimization
indicates that the Meisenheimer complex corresponds to a

FIGURE 2: Free energy profiles for the reaction of glutathione anion
with CDNB in wild-type M1-1 glutathione transferase (solid line);
and for the nonenzymic reaction (addition of glutathione anion to
CDNB and the elimination of chloride) in solution (dashed line).
The curves are aligned taking the Meisenheimer complex as the
zero of free energy in each case.
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shallow minimum on the potential energy surface. The free
energy change for chloride dissociation from the Meisen-
heimer complex is-22.3 kcal mol-1, showing that the
reaction is highly favorable (Figure 2).

Previousab initio quantum chemical calculations on small
models with a continuum solvation model indicated a stable
intermediate in aqueous solution, but with only a small barrier
to dissociation (1.6 kcal mol-1) (25). However, these
calculations were performed using a dielectric continuum
solvent model and gas-phase geometries. Here we employ
an explicit, detailed solvent model and specifically param-
eterized QM model. Continuum solvent models have known
limitations, particularly for modeling reactions. An explicit
description of solvation is preferable, although clearly as with
any modeling method, the QM/MM approach also involves
important approximations. Both our calculations, and the
previous findings of Zheng and Ornstein (25), indicate that
at best the Meisenheimer complex is expected to be only
marginally stable in solution.

Hydrogen Bonding in the Wild-Type M1-1 GST Reaction.
GSTs exhibit broad substrate specificity and detoxify many
different compounds, so different, specific mechanisms to
bind each compound tightly are unlikely (25). Instead, GST
active sites are able to accommodate a wide variety of
substrates, and catalyze their conjugation with GSH. It is
believed that GSTs catalyze nucleophilic attack by depro-
tonating GSH to GS- and desolvating and crucially stabiliz-
ing the glutathione thiolate anion (52). Of course, for different
substrates and different GSTs, the rate may be limited by
different steps in the overall cycle (e.g., the chemical step,
or product release).

A conserved active site tyrosine residue at the GSH
binding site of certain GSTs (Tyr8 forR, Tyr6 or Tyr7 for
µ, Tyr7 for π classes of GST, respectively) has been
implicated in catalysis (1, 8, 28, 53-56). The phenolic
hydroxyl group of this tyrosine residue stabilizes the depro-
tonated thiolate anion by hydrogen bonding to the sulfhydryl
group of GSH. Initially there is an average of 0.94 hydrogen
bond between the hydroxyl group of Tyr6 and the thiolate
in the active site. After the Meisenheimer complex is formed
(r1 > 0.0 Å) the thiolate is no longer present and this
interaction is lost; the number of hydrogen bonds between
the hydroxyl group of Tyr6 and the sulfur rapidly decreases
to an average of 0.09 (Figure 3). This reduction in hydrogen
bonding along the reaction coordinate is in accord with

crystallographic studies: in the transition state analogue
crystal structure (4GST) the distance between the phenolic
hydroxyl group of Tyr6 and the sulfhydryl group of glu-
tathione is 3.2 Å, while the distance between the same two
atoms in the product complex (5GST) is 3.6 Å (28). The
results here for the CDNB reaction are in contrast to our
findings for the GST reaction with phenanthrene 9,10-oxide,
where the hydrogen bond between the thiolate sulfur and
Tyr6 is present throughout all simulations (14). Following
conjugation of the glutathione to CDNB, the product moves
slightly out of the active site away from Tyr6; this confor-
mational change is more limited in the phenanthrene 9,10-
oxide simulations. It should be noted that in the previous
work the Tyr6 side chain was modeled as QM while in the
present study it is modeled MM.

It has been proposed that Tyr6 alone does not effectively
stabilize the glutathione thiolate and that the presence of the
Arg107 (for µ class GSTs) side chain near the active site
pocket is also required (57). Both thermodynamic and kinetic
data indicate that Arg107 is specifically involved in enhanc-
ing the binding affinity for GS- thiolate anion relative to
that of the protonated GSH form (57). Although we find that
there are no hydrogen bonds between Arg107 and the
substrate, the mean distance of 4.6 Å( 0.3 Å to thep-nitro
group of CDNB in the intermediate implies that an electro-
static stabilization rather than hydrogen bond formation is
present.

A crystallographically observed water molecule (of which
the oxygen atom is referred to as O1 (28)) forms hydrogen
bonds with thep-nitro group oxygens of CDNB (O41 and
O42) throughout the reaction (Figure 4). The hydrogen
bonding is largely through one hydrogen atom (H1) of the
water molecule. The extent of hydrogen bonding is greatest
between-1.0 Å < r1 < 0.5 Å, where this atom is involved
in hydrogen bonding to both oxygens of thep-nitro group.
This conserved water molecule is held in place throughout
the reaction by hydrogen bonds between this water’s oxygen
and Arg107 (average number of hydrogen bonds( standard
deviation, 0.99( 0.02) and between the H2 atom of the
water and Gln165 (0.97( 0.3).

For the reaction in the enzyme complex, we find the
hydrogen bonding between the solvent and the reacting Cl
and S atoms is at a minimum in the Meisenheimer complex

FIGURE 3: Hydrogen bonding between phenolic hydroxyl group
of Tyr6 and sulfhydryl group of glutathione along the reaction
coordinate, for reaction of CDNB in the wild-type M1-1 GST
enzyme.

FIGURE 4: A conserved water molecule in the active site of the
wild-type M1-1 GST enzyme forms hydrogen bonds to thep-nitro
group oxygens of CDNB. The dotted line represents the average
number of hydrogen bonds between the conserved water molecule
and O41 of CDNB, the dashed line between the water and O42 of
CDNB, and the solid line represents the sum of these two values
for the reaction in the wild-type enzyme.
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(at r1 ) ∼0.0 Å) (Figure 5). During the reaction, the thiolate
sulfur becomes less well solvated, as shown by the decrease
in hydrogen bonding from the solvent to approximately none
afterr1 ) ∼0.0 Å. The chloride is shown to be increasingly
solvated afterr1 ) ∼0.0 Å: see the increase of hydrogen
bonds after this point as shown in Figure 5. This is to be
expected as the chloride ion dissociates.

In our previous work on the conjugation of glutathione to
phenanthrene 9,10-oxide catalyzed by M1-1 GST, the
average number of hydrogen bonds from the solvent and
protein to sulfur was shown to decrease from∼3.5 to 1.5 as
the reaction proceeded. It was also shown that the number
of hydrogen bonds to the oxygen (O5) of phenanthrene 9,10-
oxide changes from∼1.5 to more than 3. Hydrogen bonding
to the protein was approximately constant throughout the
reaction. These results showed desolvation of the thiolate
sulfur and an increase in solvation of the oxygen (O5) as
the reaction proceeds (14). Similarly here, the thiolate sulfur
of GST is well solvated initially, accepting many (up to 3)
hydrogen bonds from water in the reactant complex. The
number of hydrogen bonds from water to the sulfur decreases
markedly during the reaction, while the number of hydrogen
bonds to chlorine/chloride increases significantly (to between
3 and 4 on average) as it dissociates (Figure 5).

Mulliken Charge Analysis of the Wild-Type M1-1 GST
Reaction.Mulliken atomic charges often do not provide a
good description of electronic distributions in molecules.
However, Mulliken charge analysis can provide a useful
analysis of changesin electronic populations along the
reaction path (58). In a QM/MM system, such as that
described above, Mulliken charges include the effect of
polarization by the protein and solvent water molecules.
AM1-SRP/CHARMM QM/MM Mulliken atomic charges
were calculated for structures along the reaction pathway
using CHARMM. Each structure was the final “snapshot”
structure following 30 ps of simulation. Structural fluctua-
tions will give rise to changes in charge, but analysis of just
these structures should show important trends during the
reaction. All atomic charges are given in atomic units (units
of e).

There is very little change in the atomic charges for the
o- and p-nitro groups of CDNB, for the hydrogens on the
ring of CDNB, or for the CH2 QM part of GSH. As expected,
chloride leaves with a charge of approximately-1, while
the charge on the sulfur becomes less negative; at the

Meisenheimer complex (r1 ) 0.0 Å) the charges of the two
atoms are approximately equal (∼-0.3) (Figure 6). In
CDNB, C1, C3, and C5 have a more positive charge than C2,
C4, and C6 (Figure 7). Atr1 ) ∼-1.0 Å, where the barrier
to formation of the Meisenheimer complex lies, there is a
change in the Mulliken charges: C2, C4, and C6 take a more
positive charge than at more negative values ofr1 and C1,
C3, and C5 take a more negative charge. From the barrier at
r1 ) ∼-1.0 Å C2, C4, and C6 decrease in partial charge
whereas C5, C3, and especially C1 increase in charge to a
maximum at the Meisenheimer complex. After the chloride
has left the Meisenheimer complex, all the ring carbon
charges converge and there is an equal spread of charge
around the ring.

Tyr6Phe.The hydroxyl group of Tyr6 is important for
lowering the pKa of the bound GSH thiol (8, 11). In the
calculated free energy profile for the Tyr6Phe mutant enzyme
there is a larger barrier to form the Meisenheimer complex
of ∼3.8 kcal mol-1 than in the wild-type enzyme. The energy
change for Meisenheimer complex formation is∼-14.4 kcal
mol-1. There is a minimum atr1 ) 0.0 Å indicating that the
Meisenheimer complex is present as an intermediate. Un-
restrained QM/MM energy minimization of a snapshot from
this region yielded a geometry very similar to the Meisen-
heimer complex found from the reaction in the wild-type
enzyme, indicating that this corresponds to a (potential)
energy minimum. Again, similar to the reaction in the wild-
type enzyme, there is only a∼0.8 kcal mol-1 barrier to
dissociation of chloride in the mutant enzyme, implying that

FIGURE 5: The solid line shows the average number of hydrogen
bonds donated to the sulfur atom of glutathione by water molecules
during the reaction in the wild-type M1-1 GST enzyme. The dashed
line shows the average number of hydrogen bonds between the
chloride/chlorine of CDNB and the solvent.

FIGURE 6: AM1-SRP/CHARMM22 QM/MM Mulliken charges
along the reaction coordinate in the wild-type enzyme complex.
The solid line represents the Mulliken charges for chlorine/chloride
(Cl, which is released from CDNB during the reaction), and the
dotted line represents the Mulliken charges for the sulfur of
glutathione.

FIGURE 7: AM1-SRP/CHARMM22 QM/MM Mulliken charges of
ring carbons along the reaction path, for the reaction of CDNB in
the wild-type M1-1 GST enzyme.
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the Meisenheimer intermediate is very unstable, and would
be expected to have a negligible lifetime. The free energy
change for dissociation of the chloride is∼-13.0 kcal mol-1

(Figure 8).

There is a possibility that the GS-CDNB complex in the
Tyr6Phe mutant GST is actually a low-populated, highly
reactive state. GST needs to form GS- for efficient reaction,
and this requires the thiolate to be stabilized. In the Tyr6Phe
mutant the thiolate is not as well stabilized as in the wild-
type enzyme, due to the loss of the hydrogen bond between
the phenolic hydroxyl group of Tyr6 and the sulfhydryl group
of GS-. However, the Tyr6Phe mutant still possesses
catalytic activity in comparison to the reaction in solution
(8). It has been proposed that in the Tyr6Phe mutant an active
site water hydrogen bonds to the thiolate (54). This hydrogen
bond along with the electrostatic interaction of Arg107 (57)
is believed to stabilize GS- in the Tyr6Phe mutant GST. In
fact, we observe GS- stabilizing hydrogen bonds between
the thiolate and up to four water molecules in the Tyr6Phe
mutant before the formation of the Meisenheimer complex.

The energy profile of the reaction pathway found here is
similar to the wild-type enzyme after the Meisenheimer
complex has been formed: this can be understood as Tyr6
does not play a part in stabilizing the GS-CDNB complex
(see Figure 3). This implies that Tyr6 is not essential in
catalyzing the attack of the thiolate on CDNB, but it does
have a significant role in catalysis by lowering the pKa of
the thiol of bound GSH.

Tyr115Phe.Tyr115 is thought to participate in both the
chemical and physical aspects of the GST mechanism (9).
The calculated free energy profile for the Tyr115Phe mutant
is similar to that for the wild-type enzyme (Figure 9).
Similarly to the wild-type enzyme, there is a small barrier
of ∼1 kcal mol-1 at r1 ) -1.0 Å to form the Meisenheimer
complex from the glutathione anion and CDNB. The energy
change for complex formation from the reactant complex is
∼-12.0 kcal mol-1. A minimum is present atr1 ) 0.0 Å,
and minimization of a snapshot from this region yielded a
geometry that was very similar to the Meisenheimer complex
in the wild-type enzyme. There is approximately a 2 kcal
mol-1 barrier for the dissociation of the chloride anion from
this Meisenheimer intermediate. This indicates that the
Meisenheimer complex is a slightly more stable intermediate

in the Tyr115Phe mutant enzyme complex than in the wild-
type. The energy change for chloride dissociation is∼-11.0
kcal mol-1.

Although the energy changes in the mutant enzyme are
smaller and the barrier for dissociation of the chloride from
the Meisenheimer intermediate is slightly larger than the
wild-type enzyme, the free energy profiles of the wild-type
and the Tyr115Phe mutant are similar. There is no significant
chemical change due to the Tyr115Phe mutation. Therefore,
the increase in catalytic efficiency seen experimentally for
the Tyr115Phe mutant enzyme should not be attributed to a
significant effect on the reaction pathway leading to Meisen-
heimer formation followed by chloride release. Based on
literature data, the effect is likely to be due to a difference
in the rate of product release (9). This is in contrast to the
effect seen in the equivalent reaction with phenanthrene 9,10-
oxide, for which experiments show that replacement of
Tyr115 with phenylalanine results in a 100-fold decrease in
catalytic power with the phenanthrene 9,10-oxide substrate.
It is thought that the Tyr115 side chain acts as a hydrogen
bond donor to the oxirane oxygen of phenanthrene 9,10-
oxide stabilizing the transition states for opening of the ring
(9, 14). The fact that our results for both substrates concur
with experiment for this mutation lends confidence to the
accuracy of our approach.

Met108Ala. Met108 is thought to make a significant
contribution to the binding of CDNB (10). The calculated
free energy profile for the Met108Ala mutant is also similar
to that for the wild-type enzyme (Figure 10). Again, there is
a small barrier atr1 ) -1.0 Å to form the Meisenheimer
complex from the glutathione anion and CDNB of∼0.8 kcal
mol-1, however this barrier is broader than found with the
wild-type enzyme. The Meisenheimer complex lies∼11.0
kcal mol-1 lower in free energy than the reactant complex.
A minimum is present atr1 ) 0.0 Å, and there is
approximately a 1 kcal mol-1 barrier dissociation of chloride
from this intermediate. The energy change for dissociation
of the chloride from the Meisenheimer complex is∼-12.9
kcal mol-1. This indicates that, as in the wild-type enzyme,
the Meisenheimer complex is present as a rather unstable
intermediate in the Met108Ala mutant. The similarity
between the two free energy profiles is as expected as
Met108 appears not to be involved in the chemical reaction.
Instead this residue appears to be involved in the binding of
CDNB, and may affect the rate of product release (10).

FIGURE 8: Calculated AM1-SRP/CHARMM22 free energy profile
for the reaction of glutathione anion with CDNB in the Tyr6Phe
mutant M1-1 GST (solid line). For comparison, the free energy
profile of the reaction in the wild-type enzyme is included (dashed
line). The curves are aligned taking the Meisenheimer complex as
the zero of free energy in each case.

FIGURE 9: Free energy profile for the reaction of glutathione anion
with CDNB in the Tyr115Phe mutant M1-1 GST (solid line). For
comparison the free energy profile of the reaction in the wild-type
enzyme is included (dashed line). The curves are aligned taking
the Meisenheimer complex as the zero of free energy in each case.
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CONCLUSIONS

QM/MM simulations with a specifically parameterized
AM1-SRP method give results in excellent agreement with
experiment for the reaction of glutathione anion with CDNB,
in M1-1 GST and in solution. The simulations indicate that
the Meisenheimer complex is an intermediate in the enzyme,
but there is only a very small barrier (∼1 kcal mol-1) to
dissociation of chloride from this intermediate. There is a
small barrier (1 kcal mol-1) to form the Meisenheimer
intermediate from the glutathione anion and CDNB in the
enzyme. In the nonenzymatic reaction in solution there is a
larger barrier of 9.5 kcal mol-1 to formation of the Meisen-
heimer complex, and this complex is found to be unstable
in solution. GST M1-1 lowers the energy barrier for
formation of the Meisenheimer complex by∼8.5 kcal mol-1

compared to the reaction in solution.
The effects of some key single point mutations on the

chemical step have also been analyzed. The possible changes
that mutagenesis can cause in protein structure (59) or
chemical mechanism (60) can complicate the interpretation
of experimental results. The ability to model the reaction
accurately allows mutation studies to be performed compu-
tationally to interpret experimental results and analyze
mechanisms in atomic detail. Simulations are playing an
increasingly important role in the analysis of the mechanisms
and specificity of xenobiotic (e.g., drug) metabolism (20,
61, 62). Modeling the effects of the Tyr6Phe mutation
emphasizes the important role of Tyr6 in GST for lowering
the pKa of the thiol of bound GSH. Results from simulations
of the Tyr115Phe and Met108Ala mutant GSTs are similar
to those for the wild-type enzyme, indicating that Tyr115
and Met108 are not involved in the chemical reaction.
Experimental work shows a slight increase in catalytic
activity for the Tyr115Phe mutant (9) and for Met108Ala
(10). The effect of these two mutations is found to be small,
confirming that the mutations do not exert their effect by
changing the chemical reaction in the active site of GST.
The results here are consistent with the suggestion that
mutating Tyr115 or Met108 affects the rate of product
release.

SUPPORTING INFORMATION AVAILABLE

AM1-SRP parameters for modeling the reaction of glu-
tathione S-transferase with 1-chloro-2,4-dinitrobenzene. This

material is available free of charge via the Internet at http://
pubs.acs.org.
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