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Multiple profiles for the reaction from chorismate to prephenate

in the enzyme chorismate mutase calculated with hybrid density

functional combined quantum mechanics/molecular mechanics

methods (B3LYP/6-31G(d)–CHARMM27) agree well with

experiment, and provide direct evidence of transition-state

stabilization by this important enzyme, which is at the centre

of current debates about the nature of enzyme catalysis.

The fundamental nature of the catalytic power of chorismate

mutase (CM) has been the subject of much recent controversy. The

central question is: does the enzyme stabilize the transition state

(TS) relative to the bound substrate? Some recent proposals

suggest that TS stabilization is not involved in catalysis by this key

model enzyme. This controversy has implications for enzyme

catalysis in general. We have investigated this crucial question

through high level quantum mechanics/molecular mechanics

(QM/MM) modelling of multiple reaction pathways in the protein.

A strong correlation is found between TS stabilization and the

reaction barrier in the enzyme. The results are in excellent

agreement with experimental data and demonstrate the impor-

tance of TS stabilization in CM.

CM catalyses the Claisen rearrangement of chorismate to

prephenate. The widely studied Bacillus subtilis enzyme BsCM

(PDB 2CHT)1 was chosen here. This is an excellent system for

testing theories of catalysis, because the reaction does not

involve any covalent bonding between the enzyme and the

substrate, and because the same reaction occurs in solution with

the same reaction mechanism. The activation free energy

D{G 5 15.4 kcal mol21 (D{H 5 12.7 kcal mol21) in the (BsCM)

enzyme is much lower than that found for the uncatalysed

reaction in aqueous solution (D{G 5 24.5 kcal mol21, D{H 5

20.7 kcal mol21).2 This translates to a rate acceleration of 106 by

the enzyme (DD{G 5 9.1 kcal mol21). Earlier studies, e.g. with

lower-level semiempirical QM/MM methods, indicated TS stabi-

lization by the enzyme.3–8 This and much subsequent work showed

that the enzyme-bound conformation is significantly different from

that in solution, and more closely resembles the TS.9–13 This

conformational selection is thought to contribute to catalysis,10

although it may be a consequence of TS stabilization.8,9,13

However Bruice et al. have controversially argued that TS

stabilization is not involved, and that catalysis is instead almost

entirely due to the selection of a reactive conformation, described

as a near-attack conformation (NAC).14 This conformation is far

less likely in solution than in the enzyme. Estimates of the free

energy cost of NAC formation (e.g. from MM molecular

dynamics (MD) simulations (with or without restraints on the

substrate)) led to the proposal that catalysis in CM is due entirely

to its ability to maintain high populations of NACs.14 However,

extensive free energy perturbation molecular dynamics methods

give a free energy cost of 3.8–4.6, or 5 kcal mol21 (by

semiempirical QM/MM or empirical valence bond methods,

respectively9,13), i.e. only accounting for 40–55% of the total

DD{G between enzyme and solvent.

This indicates that catalysis involves TS stabilization relative

to the bound conformation, in agreement with semiempirical

QM/MM results for the enzyme-catalysed reaction. The reliability

of these lower-level methods has been questioned, however. The

central issue (related to Pauling’s seminal hypothesis) of whether

the TS is stabilized relative to the bound substrate, therefore

remains highly controversial.

In order to study the effect of the enzyme on the reaction, it is

important to sample many different reaction pathways corre-

sponding to different conformational substates of the enzyme-

substrate complex. We have calculated 16 different adiabatic

reaction pathways using high-level QM/MM methods. Jaguar15

and TINKER,16 linked by in-house routines,17 were used for QM

and MM calculations. The electronic coupling between the two

regions was treated by including MM charges in the QM

Hamiltonian. Standard CHARMM Lennard-Jones parameters

were used to describe QM/MM van der Waals interactions.6 Full

QM/MM energy minimizations were performed for the whole

system to give RMS gradients below 0.1 kcal mol21 Å21 and

0.002 hartree Å21 on the MM and QM atoms, respectively.

The substrate does not form any covalent bonds to the enzyme

and hence it is the natural choice, and the one used here, for

the QM region. It was treated at the hybrid density functional

B3LYP/6-31G(d) level of theory, which is known to give a good

description of this reaction.5,6 It has been shown previously that

the effects of including some amino acid sidechains (e.g. Glu78 and

Arg90) in the QM region are small.18,19 In particular, the barrier

height has been found to be insensitive to the size of the QM

region.19 The QM/MM treatment of the important interactions at

the active site has been found to be accurate for chorismate

mutase: this is because electrostatic interactions dominate.8

The MM region comprised a 25 Å radius sphere of protein and

solvent, treated with the CHARMM27 force field.20 The outer 5 Å

was fixed, with all other atoms free to move. The set-up of the

model is described in detail elsewhere.5,6,13 Starting structures for

calculating reaction pathways were derived from snapshots taken
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from two different 30 ps QM/MM molecular dynamics runs13

(using two distinct semi-empirical methods to model the QM

region, AM1 and PM3, respectively) for the BsCM complex, with

chorismate restrained to be close to the TS. It is important to

note that no major differences were observed between the

AM1/CHARMM and PM3/CHARMM molecular dynamics

trajectories. Structures were saved at regular intervals from 5 to

30 ps for both trajectories, giving 16 different TS complexes. As

there is no evidence for large-scale conformational changes during

the reaction,1,5 this approach should give a representative sample

of reactive conformations in the enzyme.

The difference in length between the forming C–C and

breaking C–O bonds has been shown to be a good reaction

coordinate, r.5,6 Each structure was fully optimized at the

B3LYP/6-31G(d)-CHARMM27 QM/MM level, while restraining

the reaction coordinate, r, to 20.3 Å with a harmonic force

constant of 500 kcal mol21 Å22. Reaction pathways were

generated by restrained optimizations in both directions along

the reaction coordinate, towards the reactant and the product, in

steps of 0.2 Å (0.1 Å around the TS), with both the MM and QM

systems fully and consistently optimized at each step. The end

points were r 5 21.8 Å (reactant) and 1.8 Å (product).

Reoptimization of the reactant without constraints gave very

similar structures (and energy differences below 1 kcal mol21).

The 16 different reaction pathways are shown in Fig. 1. The

average reaction barrier is 12.0 kcal mol21 (standard deviation,

s 5 1.7 kcal mol21) in excellent agreement with the experimental

activation enthalpy (12.7 kcal mol21).2 13 of the 16 reaction

barriers lie within 1s of the average value. The energy profiles all

have a similar shape, with the highest point, the approximate TS

structure, at r values between 20.5 and 20.7 Å. This is slightly

earlier than in semiempirical QM/MM studies.5–7 The TS

structures from the various pathways here are similar to one

another. For example, at the highest point along the profiles (at

r 5 20.6 Å), which is close to the TS, the average length of the

breaking C–O bond is 2.02 Å, with a standard deviation, s, of only

0.03 Å. The length of the forming C–C bond is also consistent

from one structure to another, at 2.63 (s 5 0.03) Å. The substrate

geometries are also all similar to one another. There is, however, a

large spread in the calculated energy barriers (9 to 15 kcal mol21).

As shown below, this variation is due to differences in the protein

environment.

To examine the stabilization provided by the enzyme, single-

point calculations on the isolated QM region were carried out at

the QM/MM optimized geometries along the different reaction

paths. All these in vacuo curves are very similar, with an average

barrier height of 16.2 kcal mol21 (s 5 0.3 kcal mol21). This shows

that the differences in barrier height between the 16 QM/MM

reaction profiles are due to differences in the microstructure of the

active site.

Discussion of catalytic effects ideally requires comparison of

energy profiles in the enzyme and in solution. The barrier in

solution, relative to the enzyme-bound conformation, has been

found in previous work to be similar to that in the gas phase.6,8,9

As all the pathways are structurally similar, solvent effects will be

similar for them all. We use the gas-phase profiles as a convenient

and meaningful reference.

The difference between the gas-phase and QM/MM energy gives

the stabilization of the reacting system by the protein environment.

This term is large and negative along the whole reaction

coordinate, corresponding to favourable Coulombic interactions

between the dianionic substrate and the positively charged side-

chains in the reaction site. Most importantly, there is a systematic

variation in the stabilization energy relative to that of the reactant

complex along the reaction coordinate, as shown in Fig. 2(a), for

the different optimized pathways. In all cases, the TS is stabilized

more than the reactant. In all but one case, the product is

destabilized (relative to the reactant). The stabilization of the TS is

quite variable, and is plotted against the computed barrier height

in Fig. 2(b). As can be seen, there is an excellent linear correlation

between the two: higher TS stabilization equates to a lower barrier.

On average, the enzyme stabilizes the TS by 4.2 kcal mol21 more

than it stabilizes the reactant. The gradient is 0.95 and the intercept

is 16.0 kcal mol21; this latter value is the predicted ‘intrinsic’

barrier from the bound substrate conformation in the absence of

TS stabilization.

The stabilization energy can be divided into an electrostatic

term due to the interaction of the enzyme MM partial charges with

the QM wavefunction, which includes polarization of the latter,

QM/MM van der Waals interactions, and a term corresponding to

changes within the MM environment. The first of these terms

yields an average stabilization of 4.7 kcal mol21, showing that the

Fig. 1 Energy profiles for reaction (a) in the enzyme and (b) in vacuo

(B3LYP/6-31G(d)–CHARMM27). Grey lines depict individual paths,

black points show the average values of the paths (all energies shown

relative to the substrate), and the error bars show one standard deviation.

Structures of chorismate, the TS and prephenate are shown.
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TS stabilization is overwhelmingly electrostatic in nature, in

agreement with previous findings.3,8,9

To conclude, multiple high-level QM/MM reaction pathways in

this crucial enzyme give an average barrier (12.0 kcal mol21) in

good agreement with experiment1 (D{H 5 12.7 kcal mol21). They

show significant TS stabilization by the enzyme. CM stabilizes the

TS on average by 4.2 kcal mol21 more than it stabilizes the

reactant, by electrostatic interactions. This study provides the most

accurate estimate of TS stabilization by the enzyme to date, by

applying high level calculations, and including multiple reaction

pathways. The correlation in Fig. 2 shows that reactivity along

given pathways is determined by TS stabilization by the enzyme:

i.e., the correlation of barrier height with TS stabilization

shows that the efficiency of reaction in the enzyme is

determined by the degree of TS stabilization in the enzyme. It

appears that conformational effects (i.e. binding of a reactive

conformation),11,13 and TS stabilization (relative to the bound

substrate) contribute roughly equally to catalysis in CM. We note

that the calculated average TS stabilization here (4.2 kcal mol21)

and the previously calculated cost of forming a reactive

conformation in the enzyme, compared to solution9,13 (3.8–

5 kcal mol21) sum to give a value very close to the experimentally

observed catalytic effect of CM (a lowering of the barrier of

DD{G 5 9.1 kcal mol21), and thus can together account for

catalysis by the enzyme. The ability to bind a reactive conforma-

tion, resembling the TS, is also probably due to the enzyme’s

adaptation to bind the TS.9,13 CM is thus a good example of an

enzyme for which TS stabilization is central to catalysis.
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Fig. 2 (a) Relative stabilization energy along the reaction coordinate,

(grey) for individual reaction profiles and (black) for the average of the

16 profiles. Error bars show the standard deviation. (b) Energy barrier vs.

TS stabilization energy.
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