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To investigate fundamental features of enzyme catalysis, there is a need for high-level calculations capable of
modelling crucial, unstable species such as transition states as they are formed within enzymes. We have modelled
an important model enzyme reaction, the Claisen rearrangement of chorismate to prephenate in chorismate mutase,
by combined ab initio quantum mechanics/molecular mechanics (QM/MM) methods. The best estimates of the
potential energy barrier in the enzyme are 7.4–11.0 kcal mol�1 (MP2/6-31�G(d)//6-31G(d)/CHARMM22) and
12.7–16.1 kcal mol�1 (B3LYP/6-311�G(2d,p)//6-31G(d)/CHARMM22), comparable to the experimental estimate
of ∆H‡ = 12.7 ± 0.4 kcal mol�1. The results provide unequivocal evidence of transition state (TS) stabilization by
the enzyme, with contributions from residues Arg90, Arg7, and Arg63. Glu78 stabilizes the prephenate product
(relative to substrate), and can also stabilize the TS. Examination of the same pathway in solution (with a variety
of continuum models), at the same ab initio levels, allows comparison of the catalyzed and uncatalyzed reactions.
Calculated barriers in solution are 28.0 kcal mol�1 (MP2/6-31�G(d)/PCM) and 24.6 kcal mol�1 (B3LYP/6-
311�G(2d,p)/PCM), comparable to the experimental finding of ∆G ‡ = 25.4 kcal mol�1 and consistent with the
experimentally-deduced 106-fold rate acceleration by the enzyme. The substrate is found to be significantly distorted
in the enzyme, adopting a structure closer to the transition state, although the degree of compression is less than
predicted by lower-level calculations. This apparent substrate strain, or compression, is potentially also catalytically
relevant. Solution calculations, however, suggest that the catalytic contribution of this compression may be relatively
small. Consideration of the same reaction pathway in solution and in the enzyme, involving reaction from a ‘near-
attack conformer’ of the substrate, indicates that adoption of this conformation is not in itself a major contribution
to catalysis. Transition state stabilization (by electrostatic interactions, including hydrogen bonds) is found to be
central to catalysis by the enzyme. Several hydrogen bonds are observed to shorten at the TS. The active site is clearly
complementary to the transition state for the reaction, stabilizing it more than the substrate, so reducing the barrier
to reaction.

Introduction
Chorismate mutase is an important enzyme in the testing and
development of theories of catalysis, and is at the centre of
much current debate in enzymology. Chorismate mutase
catalyses the Claisen rearrangement of chorismate to pre-
phenate (Fig. 1), a rare example of a biochemically-catalysed
pericyclic reaction. An activation free energy of ∆G ‡ = 15.4
kcal mol�1 has been found for Bacillus subtilis chorismate

Fig. 1 The Claisen rearrangement of chorismate to form prephenate,
showing (A) diaxial chorismate, (B) the chair-like TS and (C)
prephenate.

mutase (BsCM), compared to ∆G ‡ = 24.5 kcal mol�1 for the
uncatalyzed reaction in aqueous solution (the reaction is
believed to be a unimolecular pericyclic reaction in both cases),
a rate acceleration by the enzyme of 106.1 The enzymic reaction
is part of the shikimate pathway for the biosynthesis of
aromatic amino acids in plants, fungi, and bacteria. As a con-
sequence, chorismate mutase is a potential target for the devel-
opment of new herbicides, fungicides and antibiotics. It has
been the subject of many theoretical 2–14 and experimental 1,15–20

studies over the years, but the source of the catalytic efficiency
of the enzyme remains a matter of debate. Until recently, it has
been widely accepted that stabilization of the transition state
(through electrostatic interactions with the enzyme) is central to
catalysis in this enzyme.2,3,6,9,11–14,19,20 However, Bruice and co-
workers 21,22 have recently proposed that catalysis in this enzyme
(and many others) is instead due to the ability of the enzyme to
bind ‘near attack conformers’ of the substrate (NACs). NACs
are defined as conformations of the substrate in which the
bond-forming atoms are distances apart less than or equal to
the sum of their van der Waals radii (e.g. a carbon–carbonD
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distance ≤ 3.7 Å in chorismate mutase) (other definitions have
also been proposed). Bruice et al. suggest that once the enzyme
has bound (stabilized) this more TS-like conformation, almost
no extra stabilization of the transition state is necessary for
catalysis. Based on structures obtained from MD simulations,
the mole fractions of NACs in the enzyme and in solution were
calculated and used to estimate a free energy for NAC form-
ation in E. coli chorismate mutase (EcCM). Their results sug-
gest that the observed catalytic effect of the enzyme is 90% due
to the ability of the enzyme to support NACs, compared to the
very low concentrations of NACs in solution, with transition
state stabilization playing only a minor role. This proposal
has been the subject of considerable debate and controversy.
The calculation of potential catalytic contributions through
unrestrained molecular dynamics simulations in this way has
been criticized as being unreliable.23 In contrast to the NAC
proposal, earlier QM/MM modelling of the enzyme reaction
(with semiempirical methods, see below) and mutagenesis
studies, indicate significant transition state (TS) stabilization
in chorismate mutase.2,13,14,17,20 Calculations and experiments
dating back many years have also suggested a role for sub-
strate destabilization/strain/binding of a reactive conformer in
catalysis.2,8,13,24 Detailed comparison of the reaction in solution
and in the enzyme, with semiempirical QM/MM methods, indi-
cates that both substrate preorganization and transition
state stabilization contribute to catalysis in the enzyme.7–10,14

Recently Jorgensen and co-workers 25 have studied solvent
effects on the reaction, and their AM1 QM/MM Monte Carlo/
Free Energy Perturbation (MC/FEP) study suggests that the
conversion of non-NACs to NACs provides no free energy con-
tribution to catalysis. Chorismate mutase is thus an important
system for the testing and development of hypotheses on the
fundamental nature of enzyme catalysis.

We have modelled the reaction in chorismate mutase by
ab initio QM/MM methods. We have applied high-level ab initio
and density-functional theory approaches to calculate correc-
tions to the QM/MM energy profiles, leading to good-quality
estimates of the activation barrier in the enzyme, which are in
agreement with experiment. These calculations go beyond
our 2,14 and other previous studies 7–10,14 in using higher levels of
QM/MM theory. We study a large, fully solvated, enzyme
model. The model, and details of the reaction pathway calcu-
lations, have been extensively tested by previous lower-level
modelling.14 We compare the results in detail with previous
studies. Contributions of individual residues to lowering the
activation energy have been identified. The energetics of the
same reaction pathway in solution have been studied, using
various continuum solvation models, using the same ab initio
QM levels of theory applied in the QM/MM studies of the
enzyme reaction. Comparison of the reaction in the enzyme
with that in solution shows that the major contribution to
catalysis arises through better stabilization of the transition
state (relative to the substrate) by the enzyme. The active site
is organized to stabilize the transition state specifically. Com-
parison with the solution reaction is essential in analyzing
catalysis.26 The results, at reliable levels of quantum chemical
theory, provide a detailed picture of the structural and ener-
getic features of the reaction. They demonstrate, unequivocally,
the central importance of TS stabilization in chorismate
mutase. They also indicate a strain or distortion of the
substrate by the enzyme, towards a more TS-like geometry
with a reduced carbon–carbon distance, in agreement with
earlier modelling.2,13,14,25 The degree of compression of
chorismate by the enzyme is, however, smaller than predicted
by lower-level methods. This strain/compression/substrate
destabilization may also play a role in catalysis, as indicated by
an empirical relationship,27 and suggested by earlier QM/MM
results.2,24 Comparison here with results for the reaction in solu-
tion indicates that this may be only a small contribution to
catalysis.

Methods
We have modelled the reaction within the enzyme (a large, fully
solvated model) at the ab initio RHF/6-31G(d) QM/MM level
using CHARMM (version 27a1) 28 interfaced with GAMESS-
US.29,30 The substrate (chorismate) was treated at the QM level,
including the effects of the rest of the system via a molecular
mechanical force field, in this case the CHARMM22 all-atom
MM protein parameters.31 The method allows geometry opti-
mization of the system as a whole at every step of the calcu-
lation, and the QM atoms are polarized by the MM atoms at
each stage. Extensive testing of these QM/MM techniques has
been carried out. They have been applied recently to several
different enzymes.29,32,33 Adiabatic mapping along a defined
reaction coordinate was used to model the reaction, a method
tested fully in our previous calculations at the AM1 level
of QM/MM theory.14 Ab initio calculations in the gas phase
(B3LYP/6-311�G(2d,p) and MP2/6-31�G(d)) have been used
to correct the RHF/6-31G(d)/CHARMM QM/MM potential
energy barrier for the effects of electron correlation (see below).
The levels of theory used here (MP2/6-31G(d)//6-31G(d) and
B3LYP/6-311�G(2d,p)) provide good descriptions of the TS
structure and energetics of the reaction.14

The model was prepared according to the method described
and tested in our previous (lower level) study.14 The active-site
at the interface between chains A and B of the BsCM trimer
(from the transition state analogue 34 (TSA) complex structure
2CHT 35) was chosen as the model system. This structure has
been used in some previous theoretical studies.2,6,11,14 The struc-
ture of chorismate optimized in the gas-phase at the RHF/
6-31G(d) level 14 (with electrostatic potential fit derived atomic
charges (for MM solvation, see below), and atom types consist-
ent with the CHARMM22 all-atom parameter set 31) was super-
imposed on to the TSA within the enzyme using a rigid body
least squares fit, and then the TSA was deleted.

Hydrogen atoms were built onto the enzyme structure
(including the crystallographic water molecules), and their
positions optimized (500 steps steepest descents (SD)) with
CHARMM.28 The enzyme was then solvated by superimposing
the structure on a 30 Å cube of 8000 pre-equilibrated
CHARMM TIP3P water molecules. The enzyme–substrate
complex was centred within the box and all water molecules
and protein residues outside a 25 Å sphere centred on C5 of
chorismate (see Fig. 2 for atom numbering used here) were
deleted, while any residue with at least one heavy atom within
the 25 Å sphere was retained. Water molecules having their
oxygen atom within 2.8 Å of any heavy atom were deleted. The
energy of the water molecules was minimized by MM, keeping
all other atoms fixed (500 steps SD, 1500 steps Adopted Basis
Newton Raphson (ABNR)), and then equilibrated by 85 ps of
stochastic boundary molecular dynamics with a friction co-
efficient of β = 62 ps�1 applied to the oxygen atoms of the water
molecules.36 The water was restrained to remain within the
simulation system by a spherical deformable potential of radius
25 Å.37 The central point for the application of the water
boundary potential was also C5 of chorismate. The positions of
the water molecules (only) were again optimized (500 steps SD,
904 steps ABNR). A gradient tolerance convergence criterion
of 0.01 kcal mol�1 was used in all calculations (MM and QM/
MM). A non-bonded cut-off of 25 Å was also used in all MM
calculations. The model comprised 4211 protein atoms, 24

Fig. 2 Chorismate showing the atom numbering used here.
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atoms of the substrate and 947 TIP3 water molecules (including
144 crystallographically observed), altogether 7076 atoms.

For MM calculations, atoms 21–25 Å from the centre of the
model were restrained using force constants scaled to increase
from the inside to the outside of the region.14 Charged groups in
this region were made artificially neutral (retaining atomic
charges designed to show realistic H-bonding behaviour 14),
making the total charge of the system (including chorismate)
�2e.

The enzyme was then optimized by MM with the substrate
fixed (1000 steps SD followed by 1143 steps ABNR). The
energy of the whole system was then optimized at the RHF/
6-31G(d) QM/MM level, treating chorismate QM. Diffuse
functions were not used, because the 6-31G(d) basis set gives
good results, similar to 6-31�G(d), for this reaction,14 and the
use of diffuse functions can cause SCF convergence problems
in QM/MM calculations.32 The energy was minimized by the
ABNR algorithm (250 steps). As only a limited amount of
minimization can be carried out at the ab initio QM/MM level
atoms further than 16 Å away from the chorismate were held
fixed. Water molecules in the region between 10 Å and 16 Å
away from the chorismate were restrained by applying a small
harmonic force to the oxygen atoms (5 kcal mol�1 Å�2). A
deformable boundary potential was not applied in the QM/
MM calculation. The effects of these restraints on the barrier
were tested at the semiempirical level (AM1/CHARMM). The
results showed a 3.0 kcal mol�1 increase in barrier height for the
total energy, compared to the barriers found with fewer
restraints.14 An approximate reaction coordinate was defined as
the difference of two bond lengths—the breaking (C–O3) and
forming (C3–C9) bonds. This was found to be a suitable choice
in test calculations.14 A series of minimizations was run at reac-
tion coordinate values from �1.8 to 1.8 Å at 0.3 Å intervals. A
harmonic restraint (k = 5000 kcal mol�1) was applied to main-
tain the desired reaction coordinate values. The structures were
minimized sequentially for 10 steps using the SD algorithm
and 40 steps of ABNR. The ab initio QM/MM calculations are
extremely computationally demanding, and so only limited
minimization is possible. Comparison of the QM geometries
with fully optimized gas-phase structures 14 indicates that the
QM system is properly optimized. After initial analysis of the
energy profiles, two further points around the energy maximum
(�0.4 and �0.2 Å on the reaction coordinate) were chosen and
minimized by 10 steps of SD and 40 steps of ABNR to obtain a
smoother profile.

Structures were analyzed for important interactions with the
protein. A hydrogen bond was defined as a hydrogen to
acceptor distance of ≤ 2.6 Å (2.8 Å if the donor is sulfur) and a
donor to acceptor distance of ≤ 3.5 Å (4.0 Å if the donor is
sulfur) and the angle between atoms forming the hydrogen
bond must also be greater than 90�.38

To test the effects of electron correlation, the energies of the
QM atoms alone (i.e. not including the effects of the MM
atoms) along the RHF/6-31G(d) QM/MM optimized pathway
were calculated using Møller–Plesset perturbation theory
(MP2/6-31�G(d)) and density functional theory (B3LYP/
6-311�G(2d,p)) with GAUSSIAN98.39 The energies obtained
were used to correct the RHF/6-31G(d) QM/MM energy pro-
file, as in previous work.32,33 This approach is necessary because
correlated QM/MM calculations are not currently practical,
due to their extremely high computational demands. It is suit-
able because of the similarity of the substrate and TS geom-
etries at the different levels.14 The energy profiles were corrected
by subtracting the RHF/6-31G(d) QM energy from the RHF/
6-31G(d) QM/MM energy and then adding the QM energy
calculated at the higher level. Energy profiles generated at the
AM1/CHARMM level 14 were also corrected in the same way
for comparison.

To compare TS stabilization in the enzyme and in aqueous
solution, the reaction in solvent was modelled using solvent

continuum models in the GAUSSIAN98 39 and JAGUAR 40

programs. As with the higher-level corrections, the geometry of
the substrate was taken from the structures generated by the
QM/MM RHF/6-31G(d)/CHARMM22 pathway calculations
at each point on the reaction coordinate, allowing direct com-
parison of the enzyme and solution profiles. Single point energy
calculations using the polarized continuum model (PCM),41

and the isodensity polarized continuum model (IPCM) 42 (in
GAUSSIAN98 39), and the polarized continuum model in
JAGUAR 40 (PCM(J) 43,44) were carried out. The PCM model
was used with the RHF/6-31�G(d), MP2/6-31�G(d) and
B3LYP/6-311�G(2d,p) ab initio methods, and the IPCM model
was used with the RHF/6-31�G(d) method. The Gaussian98
default settings for the PCM and IPCM models (water as the
solvent, dielectric constant of 78.39; cut-off of 0.0004 for
IPCM) were used in these calculations. The PCM(J) model was
used in calculations at the B3LYP/6-31G(d) level.

Results

Structure of the enzyme–substrate complex

The geometry of the substrate changed significantly from its
gas-phase geometry on QM/MM minimization. The bond
forming distance is reduced and the length of the breaking
bond increased, giving a more TS-like structure. In comparison
to the gas-phase, the C3–C9 (forming) bond length at the RHF/
6-31G(d) level was reduced by 0.3 Å to 3.43 Å, and the C–O3
(breaking) bond length increased by 0.02 Å to 1.45 Å. The total
energy and QM/MM energy decreased significantly during
geometry optimization, with the total energy of the system
being reduced by 57.5 kcal mol�1 and the QM/MM energy
reduced by 61.0 kcal mol�1. The geometry optimization of the
system destabilizes the substrate, shown by an increase in QM
energy of 9.7 kcal mol�1 (RHF/6-31G(d)).

Table 1 shows the hydrogen bonds between the substrate and
protein residues in the ab initio QM/MM minimized enzyme–
substrate complex. The substrate forms hydrogen bonds (as
defined above) with: Arg7 (NH1 & NH2), Arg63 (NH1), Arg90
(NH2 & NE), and Cys75 (N). Three water molecules were also
observed to form hydrogen bonds with the substrate: XSOL
116 and 124 (crystallographically observed water molecules),
and SOLV7102 (a water added during the solvation procedure).

Reaction pathway calculations

Figure 3 shows the energy profile for the reaction calculated at
the RHF/6-31G(d)/CHARMM level of QM/MM theory. The
total energy barrier at this level is 36.6 kcal mol�1. The approx-
imate transition state occurs at a value of �0.3 Å on the reac-
tion coordinate. The QM/MM energy barrier (i.e. from the
energy of the QM system plus QM/MM electrostatic inter-
actions) is 27.0 kcal mol�1. The energy barrier for the sub-
strate alone (i.e. the QM energy) was 41.4 kcal mol�1 (RHF/
6-31G(d)). These energy barriers are overestimates, due mostly
to the well-known limitations of Hartree–Fock methods. Table

Table 1 H-Bonds after initial RHF/6-31G(d) QM/MM minimisation a

 A–H/Å A–D/Å AHD/�

C75 (N/HN)–O 2.084 2.888 155.2
R63 (NH1/HH11)–O1 1.667 2.652 154.2
SOLV7102 (OH2/H1)–O2 1.629 2.619 169.4
R90 (NH2/HH21)–O3 1.968 2.875 128.5
XSOL124 (OH2-H1)–O3 1.808 2.777 163.3
R7 (NH1/HH12)–O4 1.692 2.699 161.9
R7 (NH2/HH22)–O4 2.477 3.190 134.5
XSOL116 (OH2/H2)–O4 1.636 2.567 150.1
R7 (NH2/HH22)–O5 1.690 2.704 163.0
R90 (NE/HE)–O5 1.644 2.644 162.1
a A means acceptor, D means donor, and H means hydrogen. 
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Table 2 Energy barriers to reaction in the enzyme

 
Total energy
barrier a/kcal mol�1

QM/MM energy
barrier b/kcal mol�1

Position on
reaction coordinate/Å

∆E of reaction/
kcal mol�1

MP2/6-31�G(d)//6-31G(d)/CHARMM22 11.0 5.0 �0.6 �35.6
B3LYP/6-311�G(2d,p)//6-31G(d)/CHARMM22 16.1 10.0 �0.6 �30.9
MP2/6-31�G(d)�AM1/CHARMM22 c 12.3 10.8 �0.4 �30.7
B3LYP/6-311�G(2d,p) �AM1/CHARMM22 c 15.2 14.0 �0.6 �26.1
a Total energy = MM � QM/MM energy. b QM/MM energy = QM energy including electrostatic interactions with the MM atoms. c Similar to
barriers reported in,14 except calculated with the same restraints used in RHF/6-31G(d) pathway calculations (see text). 

Table 3 Energy barriers to reaction in the gas-phase

 Energy barrier a/kcal mol�1 Position on reaction coordinate/Å ∆E of reaction/kcal mol�1

RHF/6-31G(d) 49.1 �0.3 �16.0
MP2/6-31�G(d) 22.4 �0.3 �17.5
B3LYP/6-311�G(2d,p) 24.8 �0.6 �12.8

a Single point calculations on geometries taken from the 6-31G(d)/CHARMM22 enzyme path. 

2 shows the corrected values for the total energy barrier and the
QM/MM energy barrier, and Fig. 4 shows the corrected energy
profiles. MP2/6-31�G(d) corrections give a total energy barrier
of 11.0 kcal mol�1, while the B3LYP/6-311�G(2d,p) corrected
total energy barrier is 16.1 kcal mol�1. The (approximate) TS
occurs earlier on the corrected profiles than on the uncorrected
profile: in both of the corrected profiles the TS is at �0.6 Å on
the reaction coordinate. The energy change for the reaction
predicted by the B3LYP/6-311�G(2d,p) calculations is less
than that predicted by RHF/6-31G(d) or MP2/6-31�G(d)
methods. Entropic effects are relatively small in the enzyme
environment (∆S ‡

act = �9.1 cal mol�1 K�1 at 298 K 1), so the
calculated energies show good agreement with the experimental

Fig. 3 RHF/6-31G(d)/CHARMM22 QM/MM energy profiles
(relative to bound substrate). Light grey: total energy of the system
(i.e. MM � QM/MM energy); black: QM/MM energy; medium grey:
QM energy. The first point is the energy of the model with chorismate
in its gas-phase optimized geometry,14 and is shown for comparison.

Fig. 4 Corrected total energy profiles for the reaction in the enzyme,
relative to bound substrate. Black: RHF/6-31G(d) total energy profile;
medium grey: B3LYP/6-31�G(2d,p)//6-31G(d)/CHARMM22; light
grey: MP2/6-31�G(d)//6-31G(d)/CHARMM22. The first point is again
the energy of the model with chorismate in its gas-phase optimized
geometry,14 and is shown for comparison.

values for the thermodynamic parameters for this enzyme
(∆G ‡ = 15.4 kcal mol�1 and ∆H‡ = 12.7 kcal mol�1).1 The
experimental value is an upper limit for the rearrangement of
chorismate to prephenate as the reaction rate may also be partly
limited by diffusion.45

Table 3 and Fig. 5 show the results of the MP2/6-31�G(d)
and B3LYP/6-311�G(2d,p) gas phase calculations. The MP2/
6-31�G(d) and B3LYP/6-311�G(2d,p) energy barriers (22.4
kcal mol�1 and 24.8 kcal mol�1, respectively) are approximately
half that given by the RHF/6-31G(d) method. As expected
from previous gas phase calculations, the energy barrier is
clearly overestimated at the RHF/6-31G(d) level.14 The MP2/
6-31�G(d) and B3LYP/6-311�G(2d,p) barriers are very
similar, although the barrier occurs at different points on the
reaction coordinate: the location of the maximum at the MP2/
6-31�G(d) level is the same (�0.3 Å) as RHF/6-31G(d) (gas
phase and enzyme), whereas B3LYP/6-311�G(2d,p) predicts
an earlier TS (�0.6 Å), also earlier than in the enzyme. Gas
phase optimization at the B3LYP/6-31�G(d) level shows the
TS to be at a value of �0.53 Å on the reaction coordinate.14

Analysis of the QM/MM reaction path: TS stabilization

The difference between the QM energy and the QM/MM
energy provides an indication of the electrostatic stabilization
provided by the enzyme. An electrostatic stabilization of the TS

Fig. 5 Ab initio QM energy profiles (i.e. for QM atoms only in the gas
phase) along the RHF/6-31G(d)/CHARMM22 QM/MM reaction path
(energies relative to bound substrate). Black: RHF/6-31G(d) energies,
medium grey: B3LYP/6-311�G(2d,p) energies, and light grey: MP2/
6-31�G(d) energies. Energies are the result of single point calculations
of the QM atoms in their RHF/6-31G(d)/CHARMM22 optimized
geometries at each point on the reaction coordinate. The first point is
the energy of the model with chorismate in its gas-phase optimized
geometry,14 and is shown for comparison.
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of 19.7 kcal mol�1 (relative to the bound, optimised substrate)
is found at the RHF/6-31G(d)/CHARMM22 QM/MM level.
The transition state is clearly significantly stabilized, relative to
the substrate, by its interactions with the enzyme. Figure 6
shows how the electrostatic stabilization varies along the reac-
tion path. The stabilization increases to a peak at the point on
the reaction coordinate corresponding to the barrier in the total
energy profile. The amount of stabilization drops off after the
TS before increasing again towards the product end of the reac-
tion coordinate, indicating stabilization of the product (relative
to the substrate).

Stabilization of the TS relative to the reactant is achieved
through strengthening of hydrogen bonds with charged active
site residues. Figure 7 shows the variation in hydrogen to
acceptor distances between the reacting system and residues
Arg90, Arg7, and XSOL124 along the reaction coordinate. The
hydrogen bonds with these residues shorten along the reaction
path, reaching a minimum at the TS (�0.3 Å on the reaction
coordinate). This indicates an increase in strength of the hydro-
gen bonds, showing that they stabilize the transition state. The
change is most significant for the hydrogen bonds between
Arg90 and O3 (shortened by 0.18 Å at the TS), and between
XSOL124 and O3 (0.1 Å). Figure 8 shows the active site struc-
ture at the transition state. XSOL124 and Arg90 help stabilize
the oxygen of the ether bond as the C–O bond breaks, and
arginines 7, 63, and 90 interact with the carboxylate groups.

There is also a change in the number of hydrogen bonds
along the path. Initially, the interactions are the same as those
observed in the enzyme–substrate complex (Table 1). An addi-

Fig. 6 QM/MM electrostatic stabilization, relative to substrate, along
the RHF/6-31G(d) path. Note: TS stabilization may be underestimated
here due to the absence of the interaction with Glu78 until 1.2 Å on the
reaction coordinate. The appearance of this interaction later in the
reaction may relate to the increased stabilization of the product.

Fig. 7 Variation in H-bond lengths along the RHF/6-31G(d)/
CHARMM22 reaction path. Darkest to lightest: Arg90(HH21)–O3,
Arg7(HH22)–O5, Arg7(HH12)–O4, and XSOL124(H1)–O3.

tional hydrogen bond between the sulfur of Cys75 and H4 of
chorismate was formed at an early stage on the reaction co-
ordinate (�0.9 Å). At �1.2 Å on the reaction coordinate, a
hydrogen bond forms between O2 of chorismate and Arg63.
The number of interactions remains unchanged until a value of
0.6 Å on the reaction coordinate when the interaction of H4
with SG of Cys75 is lost (the H-bond with backbone of Cys75
(N) remains throughout). In the QM/MM minimized enzyme–
substrate complex the donor (O) to acceptor (SG) distance is
3.61 Å and the acceptor (SG) to hydrogen (H4) distance is 2.86
Å, close to the definition of a (OH. . .S) hydrogen bond used
here. At the TS the hydrogen to acceptor distance is shorter at
2.80 Å, making the interaction a hydrogen bond. However, in
the product the acceptor to donor distance is significantly
longer at 4.22 Å (3.82 Å A–H). At a value of 1.2 Å on the
reaction coordinate, a hydrogen bond forms between H4 of the
reacting system and Glu78 (i.e. the OH group of prephenate/
chorismate rotates). In the product, the acceptor (OD2) to
donor (O) distance is 2.67 Å and the acceptor (OD2) to hydro-
gen (H4) distance is 1.70 Å, making it a strong interaction. This
change in hydrogen bonding is reflected in the calculated stabil-
ization along the path (Fig. 6) between reaction coordinate
values of 0 and 1.0 Å. The hydrogen bond with Glu78 stabilizes
the product relative to the bound substrate. This interaction
would also stabilize the TS, as shown by analysis of semi-
empirical QM/MM results.2,14 The stabilization found here for
the TS is an underestimate, because the hydrogen bond with
Glu78 is not formed in the TS complex, and instead is only
formed at a later stage in the reaction. This is probably because
of the limited minimization possible at the ab initio QM/MM
level. Formation of this hydrogen bond was observed after
more extensive QM/MM optimization at the (computationally
cheaper) AM1/CHARMM22 level.14 The additional stabiliz-
ation of the TS (relative to the substrate) that the interaction
with Glu78 would provide can be estimated from QM calcu-
lations as up to 3.6 kcal mol�1.46 All possible conformations of
the hydroxyl group of chorismate were analysed at the MP2/
6-31G(d) level of theory, indicating that the maximal reduction
in activation barrier is achieved when the proton of the
hydroxyl group is directed towards Thr174 and Cys75 in the
substrate complex and towards Glu78 at the TS.47 This would
increase the total TS stabilization by the enzyme, relative to the
reactants, to 23.3 kcal mol�1, comparable to the calculated
stabilization of the product.

The reaction in solution

Figure 9 shows the energy profiles and Table 4 shows the
energy barrier to the reaction in solution using continuum
solvent models, with structures taken from the QM/MM path in
the enzyme. This allows direct comparison of the stabilization

Fig. 8 The transition state at the enzyme active-site, showing
important residues (QM atoms shown as thick tubes).
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Table 4 The energy barriers to reaction in solution

 Energy barrier/kcal mol�1 Position on reaction coordinate/Å ∆E reaction/kcal mol�1

RHF/6-31G(d)/PCM 53.0 �0.2 15.9
RHF/6-31�G(d)/PCM 53.4 �0.3 15.2
RHF/6-31�G(d)/IPCM 36.0 �0.4 23.3
MP2/6-31�G(d)/PCM 28.0 �0.2 18.5
B3LYP/6-311�G(2d,p)/PCM 24.6 �0.2 12.2
B3LYP/6-31G(d)/PCM(J) a 21.9 �0.4 21.1

a PCM(J) denotes the solvent model of the Jaguar program.40 

Table 5 Relative energies of gas-phase (�2.2 Å) and enzyme bound (�2.2 Å) optimized structures of chorismate with different solvation models
and ab initio methods

Ab initio method
Energy of structure at �2.2 Å on the reaction coordinate
(relative to �2.0 Å on the reaction coordinate)

HF/6-31�G(d)/IPCM �12.5
HF/6-31�G(d)/PCM 1.8
MP2/6-31�G(d)/PCM 5.0
B3LYP/6-311�G(2d,p)/PCM 2.1
B3LYP/6-31G(d)/PCM(J) a 2.2

a PCM(J) means the solvent model of the Jaguar program.40 

provided by the enzyme with that in solution, along the reaction
path. As expected, the Hartree–Fock ab initio methods signifi-
cantly overestimate the barrier to reaction in solution. There is
also some considerable variation in the barrier depending on
the solvent model used. Different continuum solvent models
give very different estimates of these relatively subtle effects. To
investigate this further, variations in the parameters of the con-
tinuum models could be tested. Ideally, detailed simulations
with explicit solvent would be preferable, but these are not
feasible at the ab initio QM/MM level.

The B3LYP/6-311�G(2d,p)/PCM barrier is in very good
agreement (24.6 kcal mol�1) with the experimental value of
∆G ‡ = 24.5 kcal mol�1 for the solution reaction. The MP2/
6-31�G(d)/PCM (28.0 kcal mol�1) result is also in reasonable
agreement (Table 4 & Fig. 9). Note that the energies calculated
in this study are electronic energies and the experimental values
are free energies; however, entropic effects are relatively small,1

making the comparison here meaningful. In all these cases, the
maximum occurred at the same point (�0.2 Å) on the reaction
coordinate, slightly later than that in the enzyme. The PCM(J)
model at the B3LYP/6-31G(d) level gave a barrier in solution of
21.9 kcal mol�1, slightly earlier (�0.4 Å) on the reaction co-
ordinate. Davidson et al.5 reported an energy barrier in solution
of 41.0 kcal mol�1, at the HF/6-31G(d) level using the self con-
sistent isodensity polarized continuum model (SCIPCM). It is

Fig. 9 Energy profiles for the reaction in solution. Black: PCM/RHF/
6-31G(d) energy profile; light grey: PCM/MP2/6-31�G(d); medium
grey: PCM/B3LYP/6-31�G(2d,p). The first point is the energy of
chorismate in its gas-phase optimized geometry,14 and is shown for
comparison.

clear that continuum solvent models have limitations, but the
use of many explicit water molecules is too computationally
expensive at this level of theory. Another significant finding is
that in all cases the PCM and PCM(J) models showed the gas
phase optimized structure of chorismate in solution to be
higher in energy than the structure at �2.0 Å on the reaction
coordinate (i.e., the structure after QM/MM minimization in
the enzyme), whereas the IPCM model shows the gas-phase
structure to be significantly lower in energy (Table 5). All but
one of the calculations therefore show that the minimum energy
structure of chorismate in the enzyme is not energetically
unfavourable in solution. If this result is indeed correct, strain/
compression of the substrate is expected to be similar in solu-
tion and in the enzyme, and so would not play an important
part in catalysis. If, however, the IPCM result is more realistic,
strain/compression could be an important contributor to
catalysis in the enzyme. Different continuum solvent models
give very different estimates of this relatively subtle effect, and
it should be investigated with more detailed solvent models, or
by the use of non-default values for the cut-offs used in the
calculations (especially the IPCM model).

Comparison of the energy profile for reaction in solution
with that for the same system in the gas phase shows the
stabilization provided by the solvent (compare Figs. 5 and 9).
The barriers to reaction are somewhat lower in solution than in
the gas phase (by 5–10 kcal mol�1). However, this reduction of
the barrier is due largely to stability of a more ‘compressed’
structure in solution, rather than transition state stabilization
by the solvent (this contributes approximately 5–10 kcal mol�1

to the reduction of the barrier). Relative to this distorted/com-
pressed conformation (which could be described as a NAC),
which is calculated to be the minimum energy form of choris-
mate in the enzyme, the barrier to reaction is not lowered sig-
nificantly by solvent—i.e. it is similar to that in the gas phase.
This indicates that the NAC effect is small: if the NAC effect
were large, the barrier to reaction from a NAC in solution
would be similar to that in the enzyme. The barrier to reaction
in solution is higher because the solvent does not significantly
stabilize the TS (relative to the substrate), according to the
solvent models applied here. In all cases the solvent stabilizes
the system until just before the transition state (a maximum
of approximately 5 kcal mol�1 with all methods) and then the
solvent actually becomes destabilizing with respect to the gas-
phase profile. Also, the product is not stabilized more than the
substrate by solvent (except for the MP2/6-31�G(d)/PCM
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Table 6 Comparison of barriers to reaction in the enzyme and in solution (energies in kcal mol�1)

Method Barrier in enzyme a Barrier in solution b Energy difference Rate acceleration

RHF/6-31G(d) 35.7 53.0 17.3 4.6 × 1012

MP2/6-31�G(d) 10.1 28.0 17.9 1.3 × 1013

B3LYP/6-311�G(2d,p) 15.2 24.6 9.4 7.5 × 106

Experiment 15.4 24.5 9.1 4.5 × 106

a Barriers in enzyme corrected for entropic effects and the contribution of Glu78 (see text). b Solution barriers from PCM calculations (see text). 

results with 1.0 kcal mol�1 stabilization), in contrast to the sig-
nificant product stabilization in the enzyme.

From transition state theory, the energy barriers to the
rearrangement of chorismate in the enzyme and in solution can
be used to predict the rate acceleration in the enzyme environ-
ment. Formally, the calculated barriers in solution are free
energy barriers; as intramolecular entropic, zero-point and
thermal terms are likely to be small, and similar in enzyme and
in solution, it is appropriate to add an entropic correction to the
calculated barriers in the enzyme (for BsCM ∆S ‡

act = �9.1 cal
mol�1 K�1 at 298 K,1 i.e. T ∆S ‡

act = 2.7 kcal mol�1) for com-
parison. The likely additional TS stabilization from Glu78
(estimated as 3.57 kcal mol�1 46) should also be considered. The
difference in energy barriers between the solution and enzyme
reactions at the RHF/6-31G(d) level (17.3 kcal mol�1) corre-
sponds to a rate enhancement of 4.6 × 1012 (Table 6). At the
MP2/6-31�G(d) level the energy difference of 17.9 kcal mol�1

corresponds to a rate acceleration of 1.3 × 1013 over the rate
of the reaction in solution at the same level. The B3LYP/
6-311�G(2d,p) energy barriers predict a rate acceleration of
7.5 × 106 over the reaction in solution. The B3LYP/
6-311�G(2d,p) results are in good agreement with the experi-
mental findings of a rate acceleration of 4.5 × 106 over the
reaction in solution, whereas the MP2/6-31�G(d) and HF/
6-31G(d) results apparently overestimate this enhancement sig-
nificantly. The chemical step is probably not entirely rate-limit-
ing to the enzymic reaction, so the larger rate accelerations are
not inconsistent with experiment (the chemical step could be
faster than the observed experimental rate for the enzyme).

Comparison with lower-level QM/MM modelling

We compare here the present ab initio QM/MM results with
our recent lower-level study,14 which used the same structural
models and MM parameters, thus differing only in the QM
level of the calculations (and the amount of minimization
along the path). (We do not attempt here to compare with all
previous semiempirical QM/MM studies, as detailed com-
parisons have been made in our previous work,14 and by
others 13).

The semiempirical (AM1/CHARMM22) and ab initio
(RHF/6-31G(d)/CHARMM22) methods predict similar struc-
tures of chorismate bound to the enzyme, and show that the
bound structure is significantly different to the gas phase struc-
ture. Both methods therefore show the structure of chorismate
bound to the enzyme to be distorted/compressed, being further
along the reaction coordinate than the gas-phase structure, and
therefore more like the transition state. However, the methods
differ in the degree of distortion predicted for enzyme-bound
chorismate. The distance between the reacting atoms (C3 and
C9) is predicted to be considerably shorter by the lower level
calculations. For a comparable model, AM1/CHARMM22 cal-
culations give a C3–C9 distance of 3.25 Å,14 notably shorter
than the 3.43 Å predicted here at the ab initio RHF/6-31G(d)/
CHARMM22 level. Other AM1/MM calculations predict rel-
atively short C3–C9 distances also.2,14,24 In considering the pos-
sible catalytic contribution of substrate compression,24,48 it will
be important to take into account that AM1/MM methods may
significantly overestimate the distortion of chorismate by the
enzyme.

One significant difference in structure at the two levels of
theory is the orientation of the hydroxyl group of chorismate.
At the AM1/CHARMM22 level, the hydroxyl group rotated
(to point away from the ring), forming a hydrogen bond with
Glu78.14 At the RHF/6-31G(d)/CHARMM22 level the
hydroxyl group remains pointing towards the ring until a value
of 1.2 Å on the reaction coordinate. This difference is probably
due to the limited amount of minimization possible at the
RHF/6-31G(d)/CHARMM22 QM/MM level (and is reflected
in the calculated stabilization along the path, as discussed
above).

Pathway calculations were carried out at the AM1/
CHARMM22 level of theory with the same set-up and
restraints as the RHF/6-31G(d)/CHARMM22 model. The
total energy barrier at the AM1/CHARMM22 level was 28.4
kcal mol�1 and the QM/MM energy barrier was 27.0 kcal
mol�1. For comparison, the AM1/CHARMM22 energy profile
was also corrected (using single point energies from the ab initio
QM/MM path (Table 4), as described above). When corrected
with the MP2/6-31�G(d) energies, the total energy barrier
(i.e. AM1/CHARMM � MP2/6-31�G(d)) to reaction was
reduced to 12.3 kcal mol�1. The AM1/CHARMM22�B3LYP/
6-311�G(2d,p) energy barrier is 15.2 kcal mol�1. These results
are in good agreement with the corrected ab initio QM/MM
barriers found here.

The amount of TS stabilization (relative to the substrate)
predicted by the RHF/6-31G(d)/CHARMM22 method is
greater than that found at the AM1/CHARMM22 level of
theory (19.7 kcal mol�1 RHF/6-31G(d)/CHARMM22, and
14.4 kcal mol�1 AM1/CHARMM22). The TS stabilization at
the RHF/6-31G(d) level may be underestimated as Glu78 (a
major contributor to TS stabilization in AM1/CHARMM22
models) does not form a hydrogen bond with the hydroxyl
group of chorismate until after the TS is reached.

The hydrogen bond distances found in the RHF/6-31G(d)/
CHARMM22 model are shorter than the equivalent distances
in AM1/CHARMM22 profiles. At the transition state, the
hydrogen to acceptor distance for the interaction between
Arg90 and O3 is 1.78 Å in the ab initio model compared to 2.11
Å in a model treated at the AM1 level of theory. Similarly, the
acceptor to donor distance for the interaction between
XSOL124 and O3 is 1.91 Å in an AM1 model and 1.70 Å in the
ab initio model. It has been found previously that the ab initio
(RHF/6-31G(d)/CHARMM) QM/MM method overestimates
the stabilization of a (QM) transition state by a (MM) hydrogen
bond acceptor.33 On the other hand, hydrogen bond energies
may be underestimated at the AM1 QM/MM level, as AM1
itself is known to do.29 However, in both the ab initio and AM1
models the changes in hydrogen bond lengths between the start-
ing structure and the transition state are similar. For Arg90–O3
this change is 0.18 Å with both methods and for XSOL124–O3
the change is 0.06 Å (AM1 model) and 0.1 Å for the ab initio
model.

Discussion
To analyze fully an enzymic reaction, or indeed any chemical
reaction, it is essential to study the properties of the transition
state, and ideally other unstable species along the reaction
pathway, as well as the reactants and products. Ab initio
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quantum chemical methods can provide good descriptions of
TSs, for example, it has been shown that the levels of ab initio
theory used here treat the TS for the Claisen rearrangement of
chorismate to prephenate well.14 This makes ab initio QM/MM
modelling an excellent choice for the investigation of the mech-
anism of, and catalysis in, chorismate mutase. This enzyme is a
key test of fundamental theories of enzyme catalysis. The first
QM/MM study of chorismate mutase 2 was restricted to a small
model without full solvation, and the semiempirical AM1 QM
method with the CHARMM19 (united-atom) MM parameters.
Advances in technology since then have allowed us to carry out
calculations on larger, fully solvated models at the AM1/
CHARMM22 QM/MM level,14 and now to perform ab initio
QM/MM calculations on the same model. Semiempirical
methods, which have been used for most previous studies, have
some well-known limitations. We have therefore used ab initio
QM/MM calculations to test conclusions of previous work and
to examine the nature of catalysis in this fundamentally
important enzyme.

Adiabatic mapping along an approximate reaction co-
ordinate was used at the ab initio RHF/6-31G(d)/CHARMM22
QM/MM level to obtain a potential energy profile for the con-
version of chorismate to prephenate in BsCM. This method
has been applied successfully at the AM1 2,48,49 and ab initio
levels,12,32,33 showing good correlation with experiment. This
method has limitations—no configurational averaging is taken
into account; however, previous lower-level modelling has
shown that the adiabatic mapping approach is suitable for chor-
ismate mutase.14 RHF/6-31G(d)/CHARMM22 QM/MM
pathway calculations here give a barrier to reaction in the
enzyme of 36.6 kcal mol�1. Corrections along the path were
calculated at the MP2/6-31�G(d) and B3LYP/6-311�G(2d,p)
ab initio levels. As expected, the higher ab initio methods pre-
dicted energy barriers significantly lower than that obtained at
the RHF/6-31G(d) level (Table 3). The resulting QM/MM
total energy barriers of 11.0 kcal mol�1 (with MP2/6-31�G(d)
corrections) or 16.1 kcal mol�1 (B3LYP/6-211�G(2d,p) correc-
tions) are comparable to the experimental finding of ∆H‡ =
12.7 ± 0.4 kcal mol�1.1 As the RHF/6-31G(d)/CHARMM22
method may overestimate the QM/MM interactions, the AM1/
CHARMM22 QM/MM energy profile 14 was also corrected
with QM energies calculated at the higher levels of theory,
giving barriers of 12.3 kcal mol�1 (MP2/6-31�G(d)/AM1/
CHARMM22) and 15.2 kcal mol�1 (B3LYP/6-311�G(2d,p)/
AM1/CHARMM22). These values are the upper estimates of
the barrier to the reaction: the relatively tight restraints on the
protein boundary used in generating the RHF/6-31G(d) path
were shown to increase the barrier by approximately 3 kcal
mol�1 at the AM1 level. QM/MM optimizations at higher levels
may also reduce the barrier to reaction. The barrier could be
further reduced (e.g. by 3.6 kcal mol�1 46), by a reorientation of
Glu78 (see below).

Analysis of the RHF/6-31G(d) QM/MM path shows signifi-
cant stabilization of the TS (by 19.7 kcal mol�1 relative to the
substrate). This may be an underestimate of the stabilization as
Glu78 (found to be a major contributor to TS stabilization at
the AM1/CHARMM22 level 14) does not form a hydrogen bond
with the substrate until after the TS has been reached. The
presence of this hydrogen bond after a value of 1.2 Å on the
reaction coordinate may explain the significant increased stabil-
ization of the product (Fig. 6). Glu78 was also found to stabil-
ize the product at the AM1/CHARMM QM/MM level.14 It is
clear that the enzyme stabilizes the product, and the TS, relative
to the substrate. Analysis of the structures along the path
shows hydrogen bonds with Arg7, Arg63, Arg90, XSOL116,
XSOL124, and SOLV7102. Several of these shorten signifi-
cantly at the TS (e.g. Arg90(HH21)–O3, Arg7(HH22)–O5,
Arg7(HH12)–O4, and XSOL124(H1)–O3). This indicates a
strengthening of these hydrogen bonds at the TS. TS stabiliz-
ation by these residues has previously been shown at the AM1/

CHARMM22 level.14 Detailed analysis of the physical nature
of transition state stabilization in these structures of BsCM by
nonempirical quantum chemical techniques 50,51 shows that
electrostatic interactions are dominant in this active site,46 and
the stabilization predicted here reproduces with excellent
agreement that found by the more detailed calculations. The
nonempirical analysis shows significant TS stabilization origin-
ating mainly from the charged residues: Arg90, Arg7, Glu78,
Arg116, Arg63, and water molecule XSOL124. Typically for
hydrogen-bonded systems, the dominant interaction compon-
ent is electrostatics (contributions calculated at the first order
Heitler–London level agree very well with MP2 results, with a
correlation coefficient of 0.92), whereas other terms (corre-
lation, delocalisation, and exchange) cancel each other. A
qualitatively correct description is already obtained at the elec-
trostatic multipole level (with a correlation coefficient of 0.85).
The static catalytic field derived from the structures of the sub-
strate and TS complexes agrees with the positioning of the
charged residues (arginines and glutamate) found in the QM/
MM model, proving the reliability of the model. Moreover, the
agreement with the catalytic field shows that the enzyme has
evolved to fit the electrostatic pattern formed by the reacting
system.46 The interaction found here between Arg90(HH21)
and O3 shows the most significant shortening at the TS, in
agreement with other QM/MM modelling 2,12,14 and experi-
ment 17,19,20 that Arg90 is the most important residue in TS
stabilization. This is consistent with mutagenesis experiments
that show no measurable activity when Arg90 is mutated to
alanine 17,19 or a 104-fold reduction in kcat/Km for an Arg90Lys
mutant.17 Mutation of Arg7 to alanine results in a 106-fold
reduction in kcat/Km.17

The rearrangement of chorismate to prephenate occurs by
the same unimolecular pericyclic mechanism in the enzyme
and in solution, making direct comparison of the important
features of the catalyzed and uncatalyzed reaction possible.
Comparison of the same reaction in the enzyme and in solution
is important when considering the source of the catalytic effi-
ciency of the enzyme.23,26 We have therefore compared the same
reaction pathway in the two environments, at the same levels of
ab initio theory, using continuum models to represent the effects
of solvent. The aim is not to model the reaction as it actually
occurs in solution (although the reaction is likely to be similar),
but to compare the stabilization provided to the same structures
by water and by the enzyme. At the MP2/6-31�G(d)/PCM level
the barrier to reaction in solution was 28.0 kcal mol�1, whereas
the B3LYP/6-311�G(2d,p)/PCM method gave a lower barrier
of 24.6 kcal mol�1. The solvent is unable to provide TS stabiliz-
ation with as much specificity as the enzyme, hence the higher
barrier in solution.

The difference in energy between the barrier in solution and
in the enzyme environment corresponds to a rate acceler-
ation over the reaction in solution of 1.3 × 1013 at the MP2/
6-31�G(d) level and 7.5 × 106 at the B3LYP/6-311�G(2d,p)
level. The reaction may also be partly diffusion-controlled,45

and as a result both these values are consistent with the experi-
mental value of a 106-fold rate acceleration. Solvent continuum
models have their limitations, as shown here by some signifi-
cant differences in results from different polarized continuum
models. The use of explicit solvent molecules, combined with
configurational sampling, may give a better estimate of the
barrier to reaction in solution, although it is not yet feasible to
carry out the necessary large-scale simulations at the ab initio
QM/MM level.

Substrate strain or conformational compression has also
been proposed as a factor in catalysis in chorismate mutase.2

Initial QM/MM minimization of the model system caused the
C–O3 breaking-bond to lengthen slightly, and the C3–C9 form-
ing-bond to shorten, resulting in a more TS-like structure.
These changes in geometry resulted in a 9.7 kcal mol�1 increase
in the energy of the substrate, potentially catalytically signifi-
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Table 7 Comparison of structures with the earlier work of Hall et al.6 (all distances in Å)

 
Hall et al.6 RHF/6-31G(d)/CHARMM22 (this work)

Substrate TS Product Substrate TS Product

C–O3 1.44 1.98 3.07 1.45 2.28 3.38
C3–C9 3.63 2.63 1.74 3.44 2.58 1.78
Y108(HH)–O4 1.68 1.68 1.68 4.47 4.62 4.64
R7(HH12)–O4 2.62 1.73 1.76 1.69 1.66 1.69
R7(HH22)–O5 1.74 1.74 1.70 1.69 1.64 1.66
R90(HH22)–O5 1.80 1.80 1.80 3.00 3.03 3.05
R90(HH21)–O3 1.93 1.83 1.74 3.49 3.23 1.83
E78(OD2)–H4 1.78 1.68 1.70 4.75 4.15 1.70
C75(HG)–O 2.01 1.92 1.97 2.08 2.01 1.87
K60(NH)–O2 1.90 3.27 3.50 2.81 3.14 2.95
A59(NH)–O1 1.79 6.14 6.15 5.05 5.51 4.29
R116(HE)–O1 10.50 1.70 1.69 5.09 5.63 4.53

cant. However, the calculations in solution show that the mini-
mum energy structure of chorismate in the enzyme is not higher
in energy in solution, suggesting that strain may play only a
minor role in catalysis.

The relationship between the compression of the bond-form-
ing distance and barrier height in BsCM has been explored
previously by Menger and co-workers.27 They carried out calcu-
lations (B3LYP/6-31G(d)) on a series of Claisen rearrange-
ments in the gas phase. The results predict a linear relationship
between the calculated C–C bond-forming distance and activ-
ation barrier. Using the compression found in the first AM1/
CHARMM QM/MM study of BsCM 2 (0.45 Å, from 3.298 Å
in the gas-phase to 2.849 Å in the enzyme), they predicted that
the compression may contribute as much as 10 kcal mol�1 to
lowering the barrier to reaction. Using our ab initio results, a
compression of 0.3 Å (from 3.73 Å in the gas-phase to 3.43 Å in
the enzyme) would correspond to a 5.6 kcal mol�1 reduction in
barrier height. The compression found here at the ab initio QM/
MM level is less than that found previously by lower-level
modelling. The current RHF/6-31G(d)/CHARMM22 result is
likely to be a better description of the degree of substrate dis-
tortion in chorismate mutase. Estimates of the catalytic contri-
bution of substrate compression based on lower-level QM/MM
modelling may need to take this into account.

Shurki et al.52 recently proposed a method for calculating
the effect of compression or ‘NAC’ effect using an MD/Free
Energy Perturbation (FEP) approach. Preliminary results from
FEP simulations at the AM1/CHARMM22 level indicate a
contribution of 2–5 kcal mol�1.53 At the AM1 QM/MM (MC/
FEP) level, Jorgensen and co-workers 54 have found that com-
pression of the C3–C9 distance from 3.53 Å in water to 2.53 Å
in the enzyme accounts for ∼70% of the observed ∆∆G ‡ (7.9
kcal mol�1), suggesting that preferential stabilization of the TS
plays only a secondary role in catalysis in chorismate mutase.
Again, this study is at the AM1 QM/MM level of theory and as
a result the compression may be overestimated. Warshel and co-
workers 55 have very recently calculated the upper limit of the
apparent NAC effect in BsCM to be 5 kcal mol�1, in good
agreement with our findings, using a quite different modelling
technique (the empirical valence bond (EVB) method). They
have also shown that the apparent NAC effect is predominantly
electrostatic in nature and conclude that the NAC effect is a
result of TS stabilization, and not the major factor in catalysis.

Comparison with previous QM/MM modelling

As chorismate mutase has been the focus of much research in
the past two decades, it is important to compare the results
obtained from different approaches to modelling the reaction.
Here we compare our ab initio QM/MM study with some
previous studies. We have extensively reviewed previous studies
in our earlier work.14 Hall et al.6 used a combination of the
Gaussian 94 56 QM package with AMBER 57 for QM/MM

calculations, in which the QM and MM regions are optimized
‘asynchronously and self-consistently’. The QM region was
held fixed whilst purely MM (not QM/MM) optimizations were
carried out and then QM atoms were optimized in a frozen field
of static MM atoms. Varying MM/CHELPG atomic charges of
the QM atoms at each point along the reaction path were
used to optimize the MM region. The structures of chorismate,
the TS and prephenate were optimized and characterized as
stationary structures at the B3LYP/6-31G(d) level. The model
system was taken from the same crystal structure of BsCM as
used here (2CHT 35), and comprised 24 QM atoms and 4117
MM atoms. The initial C–O3 bond length in chorismate agrees
with the results for our model but the C3–C9 (bond-forming)
distance is significantly shorter in our model. Our RHF/
6-31G(d) model differs from the results reported by Hall et al.
in the orientation of some protein residues, possibly due to
choice of active site and QM/MM method used in optimization
of structures, and hence some very different interatomic dis-
tances were obtained. The hydroxyl group of Tyr108 is in a
different orientation making the distance from O5 greater than
4 Å in our model, compared to the 1.68 Å reported by Hall et
al. In our model the water molecule XSOL116 bridges between
Tyr108 and O5 of chorismate. Arg90 is also oriented differ-
ently: in our model, NE of Arg90 acts as a hydrogen bond
donor to both O3 and O5, not the NH2 group shown by Hall
et al. This NH2 group can interact with O3 but hydrogen bond
formation with O5 is not possible. Ala59 and Arg116 also do
not show the same behaviour as reported by Hall et al. The
positions of these residues do not change by as much here as
reported by Hall et al. (Table 7). The position of the barrier
reported by Hall et al. corresponds to a value of �0.65 Å on the
reaction coordinate used here, similar to the location of the
maximum on the corrected pathways. A barrier of 1.4 kcal
mol�1 was reported for the enzymic reaction. This is probably a
QM/MM barrier (i.e. no MM energy included) rather than a
total energy barrier. It is lower than that found here and in most
other studies.11,12,58 A similarly low barrier may be expected by
the inclusion of electron correlation to correct the 16.6 kcal
mol�1 to 19.7 kcal mol�1 (RHF/4-31G(d)/CHARMM22) found
by Lee et al.12 (see comparison below). However, Woodcock
et al.58 report an activation enthalpy of 33.4 kcal mol�1 at the
same RHF/4-31G(d) level. It has been stated that kinetic data
show that the rearrangement itself is not the rate-limiting step,
making product release the limiting factor.16,59 More recent
studies suggest that the chemical step is rate-limiting 60,61 or that
the reaction rate is partially diffusion-controlled.45 The barriers
found in the present work are in good agreement with the 11.3
kcal mol�1 (MP2 corrected SBK/4-31G) barrier reported by
Worthington et al.11 (see below), and with our corrected semi-
empirical barriers.14 Chorismate mutase has also been a test-
case for the new replica path method,58 where an activation
enthalpy of 14.9 kcal mol�1 was predicted from a B3LYP/
6-31G(d) energy analysis of an RHF/4-31G optimized replica
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path. After this work was completed, a DFT/MM approach
was applied to chorismate mutase also indicating significant TS
stabilization by the enzyme.62 Martí et al.10 report a somewhat
higher AM1/CHARMM free energy barrier, corrected with
B3LYP/6-31G(d) gas phase energies, of 20.6 kcal mol�1.

Worthington et al.11 studied the enzyme reaction using a dif-
ferent (MD/QM) approach. The AMBER 57 program was used
to carry out dynamics simulations from which active site ‘snap-
shots’ were taken for QM optimization. QM calculations were
carried out with GAMESS-US,29 using effective fragment
potentials to model the interaction of the active site with the
substrate. Optimized structures of the enzyme–substrate com-
plexes were obtained at the Hartree–Fock level using the 4-31G
SBK basis set. MP2 corrections to the energies were also
obtained. In their study, the complete chorismate mutase trimer
was used, making it a much larger model system than that stud-
ied here. The model of the enzyme studied by Worthington et
al. was built from a mixed template of 2CHT 35 and 1DBF 63

crystal structures. Residues Arg90, Glu78 and Tyr108 were
identified as important in catalysis. Table 8 shows a comparison
of our results with those reported by Worthington et al. As
found by Hall et al.6 (see above), Tyr108 was found to be in a
different orientation by Worthington et al. to that in our
model, probably due to the presence of XSOL116 in our model
(see above). The hydroxyl group to O5 distance is greater than
5 Å in our model. The interaction quoted here is with O5
whereas Hall et al. gave distances for the interaction of Tyr108
with O4. This distance is smaller, but still not within hydrogen
bonding range. Arg90 is also closer to O3 in our model, and
shows a decrease in H-bond distance at the transition state,
whereas Worthington et al. report a slight increase in the
Arg90–O3 distance at the transition state. Glu78 is also further
away in our model.

The analysis of the dynamics simulation carried out by
Worthington et al. may provide insight into why Arg116 was
not identified as a hydrogen bond donor in our models. The
study by Worthington et al. shows that Arg116 is a special case.
Two of the three active sites show a hydrogen bond between
Arg116 and O4, whereas this hydrogen bond is absent in the
third active site. They also report that there is some variation in
hydrogen bonding with Arg63 in the different active sites. It is
likely that our model for this study and our previous study 14 are
based on the active site that shows no interaction of the TS
analogue with Arg116.

The C–O3 and C3–C9 bond lengths from our RHF/6-31G(d)
model for chorismate are in quite good agreement with the
values reported by Worthington et al. at a different level of
theory, but the C3–C9 distance is 0.13 Å shorter in our model.
The values given for their transition state correspond to �0.13
Å on the reaction coordinate, later than observed here. A
barrier to reaction corrected with MP2 of 11.3 kcal mol�1 was
reported,11 which is in good agreement with our MP2/
6-31�G(d)//6-31G(d)/CHARMM22 finding (Table 2).

Table 8 A comparison of interatomic distances with those reported by
Worthington et al.a ,11 (all distances in Å)

 
Worthington et al.

RHF/6-31G(d)/
CHARMM

Chorismate TS Chorismate TS

C–O3 1.49 2.50 1.45 2.28
C3–C9 3.59 2.63 3.44 2.58
C1–O 1.44 1.44 1.41 1.41
O–H4 0.98 0.97 0.95 0.95
R90(HH21)–O3 2.04 2.07 1.97 1.77
E78(OD2)–H4 2.18 2.29 4.75 4.15
Y108(HH)–O5 1.93 2.07 6.31 6.43
a Worthington et al. carried out optimizations at the HF/4-31G SBK
level using effective fragment potentials for the enzyme residues. 

Lee et al.12 have recently carried out an ab initio QM/MM
study of chorismate mutase also using the CHARMM 28 inter-
face with GAMESS-US.29,30 A solvated trimer of chorismate
mutase from the 2CHT 35 crystal structure was modelled with
prephenate in the active site, treating prephenate QM in the
A/C active site only. Reaction pathway calculations were carried
out at the RHF/4-31G/CHARMM22 level using a similar
method to that described here, with 200 cycles of energy mini-
mization (ABNR) carried out at each step on the path. Initially,
only prephenate was treated QM for the pathway calculations,
but for refinement of the reactant, TS, and product, Glu78 and
Arg90 were included in the QM region. An energy barrier of
19.7 kcal mol�1 was reported, reduced to 16.6 kcal mol�1 when
the side chains of Glu78 and Arg90 were included in the QM
region. These are significantly lower than the 36.6 kcal mol�1

found here at the comparable RHF/6-31G(d)/CHARMM22
level. The study by Lee et al. was carried out using a smaller
basis set (4-31G), and as a result more cycles of minimization
were possible at each point along the path. Table 9 shows a
comparison of the protein–substrate interactions found by Lee
et al. at the RHF/4-31G/CHARMM22 level with those
obtained here (RHF/6-31G(d)/CHARMM22). On the whole
there is good agreement between the interactions observed at
the RHF/4-31G/CHARMM22 and the RHF/6-31G(d) levels
of theory. The interaction between Glu78 and the hydroxyl
group of the substrate is significantly longer in our RHF/
6-31G(d) structures due to the fact that the hydroxyl group does
not rotate to form this interaction until 1.2 Å on the reaction
coordinate. However, once formed this interaction is shorter
than that observed by Lee et al. (A–D 2.67 Å RHF/6-31G(d)
compared to 2.87 Å RHF/4-31G, A–H 1.70 Å RHF/6-31G(d)
compared to 1.91 Å RHF/4-31G). This difference could be due
to the fact that Glu78 was treated QM by Lee et al. Arg90 is
closer to the substrate, probably also due to the fact that Arg90
was also treated QM in some minimizations. The distance
between Arg7 and the substrate is shorter in our RHF/
6-31G(d)/CHARMM22 structures, and shows more variation
along our pathway. The A–D distance decreases by 0.03 Å and
the A–H distance decreases by 0.04 Å at the TS, but in the study
by Lee et al. the distances decrease by 0.01 Å and 0.02 Å
respectively. As observed in our previous AM1 study 14 (and in
contrast to Hall et al.,6 Worthington et al.,11 and Lee et al.12)
Tyr108 is too far away to form any hydrogen bonds with the
substrate in our model.

Lee et al. also carried out an electrostatic energy decom-
position analysis for the active site residues. This was done by
comparing the energy of the system when a particular residue
has its full MM charge and the energy of the system when the
charges of the residue are set to zero. Arg90, Glu78, and Arg7
were identified as the major contributors to electrostatic stabil-
ization of the TS, with Arg90 as the major contributor. The
critical role of Arg90 has recently been demonstrated experi-
mentally.20 The conclusion of this analysis was that all direct
ionic interactions with the substrate are catalytically important
in addition to their role in binding. The energetic analysis sup-
ports the results of our hydrogen bond analysis that shows a
decrease in acceptor to hydrogen distance at the TS for Arg90
and Arg7, with the decrease being most significant for Arg90.
The work by Lee et al. is also in agreement with the findings of
our previous AM1/CHARMM studies 2,14 that TS stabilization
is a significant factor in catalysis in BsCM.

The interactions of chorismate with the protein in our model
are more similar to those found by Lee et al.12 and Hall et al.6

than those reported by Worthington et al., probably due to the
fact that Worthington et al.11 used more than one crystal struc-
ture of chorismate mutase in creating their model (Hall et al.
and Lee et al. used the same structure as here (2CHT 35)). It
should be remembered also that there are differences in the
structure of the three different active sites of the trimer in this
2CHT structure. The position of Tyr108 is a major difference
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Table 9 A comparison of interatomic distances with those reported by Lee et al.a ,12 (Upper entry is the acceptor–donor distance; lower entry is the acceptor–hydrogen distance; all distances in Å)

 
Chorismate TS Product

Lee et al. RHF/6-31G(d)/CHARMM Lee et al. RHF/6-31G(d)/CHARMM Lee et al. RHF/6-31G(d)/CHARMM

E78OE2–O 2.85 4.25 2.82 3.82 2.87 2.67
 1.89 4.76 1.85 4.15 1.91 1.70
C75NH–O 2.88 2.88 2.83 2.83 2.78 2.85
 1.88 2.07 1.84 2.00 1.80 1.87
C75SH–O 3.45 3.61 3.55 2.68 3.64 3.82
 2.46 2.86 2.62 3.09 2.74 2.78
R7HH12–O4 2.74 2.71 2.73 2.68 2.75 2.70
 1.77 1.70 1.75 1.66 1.77 1.69
R7HH21–O5 2.71 2.71 2.70 2.67 2.72 2.68
 1.73 3.36 1.71 3.31 1.73 3.32
  (1.70 HH22)  (1.64 HH22)  (1.66 HH22)
R90HE–O3 2.83 3.26 2.81 3.28 3.03 3.50
 2.06 2.68 2.01 2.65 2.28 2.82
R90HE–O5 2.82 2.64 2.86 2.68 2.84 2.69
 1.95 1.65 1.99 1.69 1.92 1.69
R90HH22–O3 2.83 2.86 2.60 2.74 2.65 2.78
 1.69 3.48 1.64 3.33 1.68 3.33
  (1.96 HH21)  (1.77 HH21)  (1.83 HH21)
R63HH12–O2 2.90 3.22 2.72 3.04 2.71 3.13
 1.76 3.03 1.76 2.85 1.77 2.93
  (2.65 HH11)  (2.49 HH11)  (2.57 HH11)
Y108OH–O4 2.79 3.76 2.80 3.96 2.84 3.99
 1.84 4.47 1.85 4.62 1.89 4.66

a Lee et al. carried out ab initio calculations at the RHF/4-31G/CHARMM22 level (see text). 
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between our model and the models used in these other QM/
MM studies. Relatively small differences in structure can have
significant effects on calculated barriers.14 This is emphasized
here also by the effects of Glu78. Selection of an initial struc-
ture, and preparation of the model are important consider-
ations. As discussed previously,14 the TSA complex (as used
here) appears to provide a better representation of the structure
of the protein at the transition state than the product (prephen-
ate) complex.

Conclusions
Chorismate mutase is an important enzyme in the testing and
development of theories of enzyme catalysis. We have modelled
the reaction in the enzyme by ab initio combined quantum
mechanics/molecular mechanics (QM/MM) methods, at reli-
able levels of QM theory (B3LYP/6-311�G(2d,p)//6-31G(d)/
CHARMM22 and MP2/6-31�G(d)//6-31G(d)/CHARMM22).
We have studied a large, fully solvated model, with well-tested
and appropriate reaction modelling methods, with consistent,
combined QM/MM optimization of the whole system. The best
estimates of the energy barrier to reaction in the enzyme
are 12.7–16.1 kcal mol�1 (B3LYP/6-311�G(2d,p)//6-31G(d)/
CHARMM22) and 7.4–11.0 kcal mol�1 (MP2/6-31�G(d)//
6-31G(d)/CHARMM22). These values are comparable to the
experimental values of ∆H‡ = 12.7 ± 0.4 kcal mol�1.1 The
reaction has also been modelled in solution (using a variety
of continuum solvation models). The best estimates of the
barrier to reaction in solution are 24.6 kcal mol�1 (B3LYP/
6-311�G(2d,p)//RHF/6-31G(d)) and 28.0 kcal mol�1 (MP2/
6-31�G(d)//RHF/6-31G(d)), similar to the experimental
result of ∆G ‡ = 24.5 kcal mol�1.1 Thus the barrier to reaction is
lower in the enzyme by 9.4 kcal mol�1 and 17.9 kcal mol�1 at the
same QM theoretical levels (B3LYP/6-311�G(2d,p), MP2/
6-31�G(d)). This catalytic effect of the enzyme is achieved
primarily by transition state stabilization. These results corre-
spond to a 7.5 × 106 or 1.3 × 1013 rate acceleration over the
reaction in solution, respectively, comparable to the experi-
mental estimate of 4.5 × 106. The transition state is stabilized
significantly relative to the bound substrate: in accordance with
Pauling’s hypothesis,64,65 stabilization of the reacting system by
the enzyme reaches a peak at the transition state. The major
contributions to transition state stabilization (shown by hydro-
gen bonding) come from Arg90, Arg7, Arg63, and a crystal
water molecule (XSOL124). Glu78 is found to stabilize the
product and can also stabilize the transition state, relative to the
reactant. The interaction with Glu78 is destabilizing, but
destabilizes the product (and potentially the TS) less than the
reactant. The results also point to potential variation of the
interaction of the reacting system with Glu78. These findings
are in agreement with lower-level modelling 2 and recent
experimental investigations in demonstrating TS stabilization
by e.g. Arg90.20 The product, prephenate, is also calculated to
be significantly stabilized (relative to the substrate) by the
enzyme. The stabilization of the TS (and product) is primarily
due to electrostatic interactions. The structure of chorismate
bound to the enzyme is found to be significantly altered from its
minimum energy geometry in the gas-phase (and in solution)—
in the enzyme, it is further along the reaction coordinate, more
similar to the transition state. The amount of distortion/com-
pression is, however, less than predicted by lower-level model-
ling. This distortion and destabilization of the substrate may
also contribute a small amount to the reduction of the activ-
ation energy compared to the reaction in solution as suggested
previously.2 The structural change of the substrate can be
described as ‘strain’, in the sense that strain means a physical
distortion of an object.65 However, the energy difference
between these conformations in solution does not alone
account for the catalytic power of the enzyme, appearing to be
relatively small. Selection of the appropriate, reactive, con-

formation by binding to the enzyme is also likely to make a
small contribution to the overall reduction in activation free
energy compared to solution.2,8,13,15 The results presented here,
from QM/MM calculations at reliable levels of QM theory,
demonstrate unequivocally significant TS stabilization by
chorismate mutase. In contrast to some recent suggestions, they
demonstrate that TS stabilization is central to catalysis by this
important enzyme.
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