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Abstract

The Claisen rearrangement is a carbon-carbon bond-forming, pericyclic reaction

of fundamental importance due to its relevance in synthetic and mechanistic investi-

gations of organic and biological chemistry. Despite continued efforts, the molecular

origins of the rate acceleration in going from the aqueous phase into the protein is

still incompletely understood. In the present work the rearrangement reaction for

allyl-vinyl-ether (AVE), its dicarboxylated variant (AVE-(CO2)2) and the biologically

relevant substrate chorismate is investigated in gas phase, water and in chorismate

mutase. Only the rearrangement of chorismate in the enzyme shows a negative differ-

ential barrier when compared to the reaction in water, which leads to the experimen-

tally observed catalytic effect for the enzyme. The molecular origin of this effect is

the positioning of AVE-(CO2)2 and chorismate in the protein active site compared to

AVE. Furthermore, in going from AVE-(CO2)2 to chorismate entropic effects due to
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rigidification and ring formation are operative which lead to changes in the rate. Based

on ”More O’Ferrall-Jencks” diagrams it is confirmed that C-O bond breaking precedes

C-C bond formation in all cases. This effect becomes more pronounced in going from

the gas phase to the protein.

1 Introduction

The Claisen rearrangement, discovered at the beginning of the 20th century,1 is an important

[3,3]-sigmatropic rearrangement for high stereoselective2 C-C bond formation.3 Especially

aliphatic Claisen rearrangement is of key importance in organic synthesis4 and has been

studied extensively by both experiment5–9 and theory.10–13

The text book example of a Claisen rearrangement is the reaction of allyl-vinyl ether (AVE)

to pent-4-enal4 (see Figure 1A). In polar solvent, such as water, the stabilization of the tran-

sition state (TS) relative to the reaction in vacuum is the origin of the catalytic effect.10,11,14

It was noted that the solvent effect is partly due to dipole-dipole interactions, which are more

pronounced in polar solvents compared to nonpolar solvents.15,16 The reaction of chorismate

to prephenate (see Figure 1C) in the shikimic acid pathway follows formally a Claisen rear-

rangement.17 The shikimic acid pathway is operative in the biosynthesis of aromatic amino

acids, e.g. in bacteria, which establishes the biological relevance of the reaction. Therefore,

this pathway is an attractive target for developing new antibiotics.18 This has motivated

numerous publications on enzymatic Claisen rearrangements in particular18–28 and reactions

with related substrates.29–32 Compared to the reaction in aqueous solution the enzymatic

catalysis of the Claisen rearrangement reaction in chorismate mutase (CM) leads to a rate ac-

celeration by ∼ 106 due to stabilisation of the TS.33 As a proxy for studying the interactions

of chorismate in CM other, related substrates (e.g. AVE-2,6-dicarboxylate (AVE-(CO2)2,

see Figure 1B) have also been used in the past.27
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Figure 1: The Claisen rearrangement reaction. A: allyl-vinyl ether → pent-4-enal, including
numbering of the heavy atoms. B: AVE-2,6-dicarboxylate → pent-4-enal-dicarboxylate C:
Chorismate → prephenate. “X” marks the O5-C12 bond that will be broken, dashed arrow
shows the two carbon atoms (C6, C9) that form a bond during rearrangement.

Despite the existing studies on Claisen rearrangement, molecular and certain mechanistic

aspects of the reaction remain insufficiently characterized. One of them concerns the struc-

tural and molecular origins for the rate enhancement in going from the reaction in solution

to that in the protein for chorismate mutase. Another one is the actual pathway between

reactant and product for which three possibilities are conceivable: 1) Concerted (via an

aromatic TS), 2) asynchronous via 1,4-diyl like TS, or 3) asynchronous via a bis-allyl like

TS.2 The clarification of these aspects - the molecular origins for the rate enhancement in

different environments and the pathway between reactant and product - at the molecular

level provides the motivation for the present study. Reactive atomistic simulations34–36 are

a meaningful approach for this as they can provide molecular-level insight into reactive pro-

cesses on sufficiently long time scales in different chemical environments provided that a
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meaningful potential energy surface (PES) is available.

2 Computational Details

2.1 MD Simulations

All simulations were performed with CHARMM,37 including provision for forming and

breaking bonds via MS-ARMD.34 The simulations of AVE-(CO2)2 and chorismate used the

parametrised reactive FF from AVE, with exception of the parameters directly related to the

substitution (e.g. bond parameter from C2 to hydrogen in AVE which is replaced by a C-C

bond in AVE-(CO2)2 and chorismate), although further optimization as, e.g., done for the

dioxygenation reaction would be possible in principle.36 This is possible since the substituted

groups (e.g. CO2) are not involved in the rearrangement in AVE-(CO2)2 and chorismate and

remain largely unchanged during the reaction. This was confirmed by ab initio optimisation

of the reactant and product geometries. Molecular dynamics simulations in the gas phase

were performed at 300 K for a total of 100 ps (∆t = 0.25 fs) using leap-frog Verlet inte-

gration scheme.38 In gas phase the simulations of the three molecules (AVE, AVE-(CO2)2,

and chorismate) started with the respective optimised reactant structure. The simulations

in aqueous solution and in the enzyme were started after 50 steps of steepest descent and

50 steps of Adopted Basis Newton-Raphson, followed by 25 ps of NV T dynamics using the

velocity Verlet integrator (∆t = 1 fs) followed by 500 ps (∆t = 2 fs) of free dynamics using

SHAKE.39 to constrain all bonds involving hydrogen. Periodic Boundary Conditions (PBC)

together with the Particle Mesh Ewald (PME40) method was used for the long range elec-

trostatic interaction. The cut-off for non-bonded, switching, and smoothing function was 16

Å, 14 Å, and 12 Å, respectively.

For simulations in aqueous solution the system was solvated in a pre-equilibrated TIP3P41
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water box (25 × 25 × 25 Å3) obtained from the CHARMM-GUI.42 SHAKE43 was used to

constrain all bonds involving hydrogen atoms.

For the simulations in the enzyme the PDB of the 2.2 Å X-ray structure of Bacillus subtilis

CM (BsCM, PDB: 2CHT44,45) was used. BsCM is a homotrimer consisting of six chains

with the active sites located at the interface of two chains. The PDB of BsCM contains 1388

residues, 12 transition state analogue (TSA,46 8-hydroxy-2-oxa-bicyclo[3.3.1]non-6-ene-3,5-

dicarboxylic acid) of the inhibitor molecule, and 530 water molecules which corresponds to

four trimers. One such trimer consisting of chains A to C, the crystallographic water and

the TSA was used as the starting point to set up the system. This subsystem consists of

6094 atoms, in total.

The simulations in the enzyme environment were set up by replacing the TSA of the in-

hibitor molecule between the two chains B and C in BsCM by either AVE, AVE-(CO2)2, or

chorismate. The remaining TSA molecules were removed. The enzyme, including the reac-

tant molecule and the crystallographic water molecules, where solvated in a pre-equilibrated

water box (including counter ions), of box size 116 Å × 116 Å × 116 Å. The overall number

of atoms for each of theses systems was 149218, 149207, and 149231 atoms, respectively.

2.2 Umbrella sampling

Umbrella sampling (US)47 was used to follow the reaction path of the Claisen rearrangement,

because the reaction barrier is high and not amenable to direct sampling. The reaction

coordinate for the present application was defined as the difference between the breaking

O-C bond and the forming C-C bond (see Figure 1), i.e.

rc = dO5C12 − dC6C9 (1)

5

Page 5 of 30

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



This corresponds to the previously used reaction coordinate in QM/MM simulations on a

chorismate TSA.30 Simulations were carried out for equidistant windows from rc = −2.6

to 2.2 Å (∆rc = 0.2 Å), with kumb = 200 kcal/mol/rad2 for AVE and AVE-(CO2)2. For

chorismate the sampling was performed in equidistant steps in the range of rc = −3.8 to

2.3 Å, in order to capture the two minimum conformations calculated at the Møller-Plesset

MP2/6-311++G(2d,2p) level of theory. Additional umbrellas were added where necessary.

For each window, statistics was accumulated after 5 ps of equilibration simulations. For the

calculations in aqueous solution and BsCM US simulations were performed starting each

umbrella from a restart file produced in a previous US simulation with the same setting.

This procedure prepares the system for the changes in the conformation of the molecules, as

well as reduces the difference from initial condition to US conformation along the reaction

coordinate. Finally, the analysis of the US simulations was carried out with the Weighted

Histogram Analysis Method (WHAM)48,49 with a tolerance of 0.01.

2.3 Parametrisation of the Force Field

All reactive trajectories were generated with MS-ARMD34 within the CHARMM37 soft-

ware package. MS-ARMD is a powerful, single-valued (by construction), reactive molecular

dynamics implementation which combines individual weighted surfaces wi(x)∗Vi(x) (i.e. con-

nectivities), describing different states by parametrized FFs. So called, GAPOs (Gaussian

× POlynomials) for describing the adiabatic barrier are added to form the global reactive

Potential Energy Surface (PES). GAPOs are calculated from the energy difference ∆Vij(x)

(= Vj(x)− Vi(x)) between two states.

Parametrised FFs for AVE and pent-4-enal were obtained by an iterative procedure, start-

ing with reference parameters from SwissParam.50 The energy at the equilibrium geometry
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of pent-4-enal was chosen as the global zero of energy. Using the initial force field, the

equilibrium dynamics of AVE and pent-4-enal in the gas phase was followed for 250 ps at

300 K. A total of 3200 representative structures were extracted and reference energies were

determined at the MP2/6-311++G(2d,2p) level of theory using Gaussian09.51 A downhill

simplex algorithm52 was used for fitting refined FF parameters. The bonds between O5-C12

in the reactant and C6-C9 in the product was described by a Morse oscillator. In a next

step, these two FFs were combined to a reactive PES.

In order to parametrise the adiabatic barrier, the IRC of the reaction was calculated at

the MP2/6-311++G(2d,2p) level of theory. Such calculations yield a barrier height of 29.7

kcal/mol which agrees favourably with the activation energy of 30.6 kcal/mol determined

from experiment5 and other experiments which find a value of > 28 kcal/mol.3,9,53 Alterna-

tively, density functional theory calculations at the BLYP/6-31G∗ 27 and B3LYP/6-31G∗ 10

level yield somewhat lower barrier heights between 24.1 to 27.7 kcal/mol. Thus, the cho-

sen level of theory was deemed appropriate. For the parametrization 81 structures along

the IRC were extracted and their MS-ARMD energy evaluated. A genetic algorithm for

parametrising the GAPOs was used to best reproduce the MP2 energies along the IRC path.

3 Results and Discussion

3.1 Quality of the Force Field

All simulations are based on the parametrized force field for the conversion of AVE to pent-

4-enal which captures the energetics of the reactant and product to within 0.8 kcal/mol and

the reaction path between the end points to within 0.5 kcal/mol, respectively, see Figure 2.

The average RMSD between the reference MP2 and the fitted FF energies is 0.7 kcal/mol,

which establishes the quality of the FF. For further validation the reactant and the product

geometries were minimised at the MP2 level and compared with the force field optimized

7
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structures (see Figure S1) and the normal mode frequencies were found to agree favourably,

too (see Tables S1 and S2). The parametrised force field is provided in Tables S3 to S10.
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Figure 2: Left panel: Comparison between the MP2/6-311++G(2d,2p) reference energies
and the fitted FF. Energies for AVE (blue, RMSD = 0.82 kcal/mol), for pent-4-enal (green,
RMSD = 0.8 kcal/mol), and the IRC (red, RMSD = 0.5 kcal/mol). Right panel: Ab initio
IRC (black points) and GAPO-fitted FF (red line). The right hand side y−axis shows the
energy relative to the optimised reactant structure. The activation energy is ∆E‡ = 29.7
kcal/mol.

3.2 Free Energy Simulations for AVE

Using the parametrised, reactive force field, the barrier free energies ∆G‡ for the rearrange-

ment of AVE in the gas phase, in aqueous solution, and the BsCM enzyme were determined

using umbrella sampling (US) simulations. The activation free energies are ∆G‡ = 23.4

kcal/mol, 17.7 kcal/mol and 22.3 kcal/mol, respectively (see top panel of Figure 3 and Table

1). Experimentally, barrier free energies have been determined in the gas phase and in apolar

solvents to be ∼ 28 kcal/mol.3,5,9 More recent selective integrate-over temperature (SITS)

simulations in water using DFTB and the SPC/E water model yield ∆G‡ = 22.6 kcal/mol,
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∼ 5 kcal/mol higher than the present work. This compares with 29.6 kcal/mol obtained here

from DFTB354 with the TIP3P water model. The activation enthalpy in the gas phase from

DFTB calculations is 19.7 kcal/mol which underestimates the experimentally determined

∆H‡ (30.6 kcal/mol). On the other hand, the gas phase free energy barrier height from US

is ∆G‡ = 31.8 kcal/mol which corresponds to a TS stabilization of ∆∆G‡(gas-solv) = −2.2

kcal/mol.

The gas phase ∆G‡ = 23.4 kcal/mol underestimates the barrier heights from experiment

by ∼ 5 kcal/mol. In order to better understand this difference, the distribution functions

of all bonds and valence angles involving non-hydrogen atoms were determined from the

US simulations around the transition state. Compared with the MP2 structure of the TS

(2.32 Å), the O5–C12 bond distribution peaks at 2.63 Å and for the C1-C12-O5 angle the

MP2 value is 102◦ compared with the maximum of the distribution at 122◦. All other bonds

and angles agree to within 0.05 Å and 5◦. Hence, the structure of the TS in the gas phase

from US simulations is too open. Furthermore, it was found that despite the quite accu-

rate parametrization of the reactant and product energies, the average harmonic frequencies

from the force field differ by 89 and 120 cm−1 for the reactant and product, respectively.

Therefore, two tests were carried out. First, the US simulations were repeated by increas-

ing all product bond and angle force constants by 10% and second, the US were rerun by

placing a constraint (10.0 kcal/mol) on the O5–C12 bond to maintain it near the MP2 TS

structure. Both modifications lead to an increase of the barrier, namely by 5.3 kcal/mol

when the force constants are changed and by 2.4 kcal/mol when running the simulations

with the bias. Hence, for the gas phase simulations the force field could be further improved

and mild modifications in the force constants of the product already give near-quantitative

agreement with experiment. However, the purpose of the present work is to investigate sys-

tematic aspects of the reaction for AVE, AVE-(CO2)2 and chorismate and to discuss them

on a common footing and not to specifically optimize the FFs for individual ligands.
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In solution, experiments were carried out in methanol-water mixtures (ranging from 100 %

MeOH to 25/75 % MeOH/water) and the reaction barrier reduces by ∆∆G‡gas−sol = −3.5

to –4.7 kcal/mol,55 with increasing water content. This compares with a reduction by

∆∆G‡gas−sol = −6.2 kcal/mol from the present simulations in pure water and is expected

due to stabilizing effects of the solvent environment. On the other hand US simulations for

this reaction in the protein active site yield ∆∆G‡water−prot = +4.6 kcal/mol, i.e. a slowdown

of the reaction.
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(green), aqueous solution (blue) and in the enzyme BsCM (red). Solid lines for forward sim-
ulations and dashed-dotted lines for the reverse reaction (product to reactant). Extended
simulations (1 ns per window) are shown as dashed lines. The black dashed line indicates
the experimentally measured value.19 Error bars estimated from a bootstrap error analysis,
are overlayed by the line of the respective PMF and are of the size of the line width. DFTB3
forward simulations for AVE in gas phase, water and the enzyme are shown in yellow, violet
and orange, respectively.

3.3 Free Energy Simulations for AVE-(CO2)2

Next, the rearrangement reaction of AVE-2,6-dicarboxylate to pent-4-enal-dicarboxylate was

investigated in the three environments. The gas phase PMF (green line in middle panel

of Figure 3) for AVE-(CO2)2 shows an increase in barrier height compared to AVE (32.2
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kcal/mol vs. 23.4 kcal/mol). This can be explained by the destabilizing effect of the two

negatively charged carboxylate groups which are insufficiently screened in gas phase. In

aqueous solution the barrier is considerably reduced (by ∆∆G‡gas−solv = 17 kcal/mol), as ex-

pected. The TS stabilisation for AVE-(CO2)2 in solution is enhanced compared to AVE due

to screening of the repelling charges of the two carboxylate groups during the rearrangement.

Extended simulations (1 ns per umbrella, see dashed trace in middle panel of Figure 3) show

a change in the free energy of the product, as the surrounding water adapts to the structural

changes of the ligand. Such changes on the product side due to slow reorganisation have

also been found in ligand-binding simulations for cyano-benzene in Lysozyme.56 However,

for the present work the forward barrier between the reactant and the TS is of primary con-

cern (and can be directly compared with experiment). The forward barrier for the extended

sampling increases by 2.5 kcal/mol. This was confirmed by US simulations starting from the

solvated product, rather than the solvated reactant, which gives a similar result as the 1 ns

forward US simulations (dashed-dotted trace, middle panel Figure 3) and suggests that the

simulations are close to converged. No experimental data for the dicarboxylate is available

but reactions for the monocarboxylate in Me2SO/H2O (ratio 9/1) mixtures have been re-

ported8 which, however, are not ideal for direct comparison with the computations. For the

reaction in the protein the computed ∆∆G‡ increases to 18.1 kcal/mol which indicates that

the reaction actually slows down in the protein.

3.4 Free Energy Simulations for Chorismate

Finally, the Claisen rearrangement was investigated using the biologically relevant substrate,

chorismate (see bottom panel in Figure 3). In addition to the two -CO−2 groups, the allyl

is completed to form a six-membered ring, see Figure 1C. This makes the substrate in the

reactant state less flexible and bulkier compared to the AVE-2,6-dicarboxylate. Contrary to

the two other systems, the activation free energy monotonically decreases from ∆G‡gas = 20.5

12
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kcal/mol in the gas phase to ∆G‡prot = 12.4 kcal/mol in the protein. In aqueous solution the

free energy barrier is intermediate (16.8 kcal/mol) to the two and differs from experiment

(24.5 kcal/mol, carried out in 0.02 M Tris-HCl buffer) by 7.7 kcal/mol. However the results

are in quite good agreement with QM/MM studies (B3LYP/6-31G(d)/CHARMM27) which

yielded 17.4 ± 1.9 kcal/mol.30 Using an EVB model parametrized to reproduce the barrier

in water the free energy barrier height in solvent was found to be 25.1 kcal/mol.57 As for

the results of AVE-(CO2)2 in solution, extending the sampling in the US simulations to 1

ns for every window increases the free energy of the product by around 15 kcal/mol (dashed

blue vs. solid blue line in bottom panel of Figure 3), showing the influence of environmental

adaptation on the PMF.56,58 The barrier height for the forward reaction is not significantly

(decrease by 0.8 kcal/mol) influenced.

Table 1: Free energy barrier (in kcal/mol) calculated with MS-ARMD and US in aqueous
solution and in the enzyme Bacillus subtilis chorismate mutase (BsCM, 116 Å3 water box).
For AVE in the enzyme BsCM the result for the calculation in a 86 Å3 water box is given in
brackets. Experimental (exper.) ∆G‡ from: a Ref.33 (measured in Tris-HCl). b values range
from 15.0 to 16.2 depending on the protein.19 All experimental ∆G‡ values based on TST;
analysis with an Arrhenius expression yield estimated values ∼ 3 kcal/mol lower.33

AVE AVE-(CO2)2 Chorismate Chorismate exper.
Aqueous solution 17.7 15.2 16.8 24.5a

Enzyme BsCM 22.3 (24.9) 18.1 12.4 15.4b

3.5 Mechanistic Details

In order to clarify the mechanistic details involved in the rearrangement ”More O’Ferrall-

Jencks” (MOFJ) diagrams59,60 were generated for all US simulations (50 ps per window).

Such diagrams involve two progression coordinates and are useful to illustrate their coupling

during the course of a reaction. The corners of the diagram correspond to the reactant,

product and the two non-concerted extremes respectively,7 see left panel in Figure 4. MOFJ

diagrams are usually generated from coordinates that quantify the existence of a bond, such
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as a distance, bond order or degree of bond making/breaking. In the present case (see

Figure 4) the arithmetic average (dots) and the Kernel Density Estimate (KDE, using the

R-program)61,62 minimum and maximum (lines) distribution of the umbrella trajectories are

reported. For computing the bond order n′ the Pauling relation

n′ = exp

(
D1 −D(n′)

C

)
(2)

is used where D1 is the reference interatomic distance from the ab initio optimised structures,

D(n′) is the instantaneous separation during the simulations and C = 0.6 Å was used13,63,64

(for the dependence on the choice of C see Figure S2).
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Figure 4: More O’Ferrall-Jencks diagrams for Claisen rearrangement in gas phase (left),
aqueous solution (middle) and in the enzyme BsCM (right) for AVE (blue), AVE-2,6-
dicarboxylate (green), and chorismate (red). Bond orders are defined using the interatomic
distance for the bonds from the respective ab initio optimised structure in the Pauling rela-
tions (equation 2). From secondary tritium isotope effect in solution the TS of chorismate
has been localised at a bond order of ≈ 0.6 for the O5C12 separation with no detectable
C6-C9 bond.65 For MOFJ diagrams by molecule, see Figure S3.

Figure 4 shows that the rearrangement reaction in all three environments follows a step-
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wise mechanism, in which first the O5-C12 bond is partially broken and leads towards a

bis-allyl-like structure (top left corner), followed by formation of the C6-C9 bond. Running

the reaction in polar solvent and in the protein leads to steeper curves during the first phase

of the reaction, see Figure 4 (middle panel). In all cases the transition states (indicated by

solid triangles) are early, i.e. they occur during the C-O bond-breaking process. This agrees

with kinetic isotope experiments according to which C-O cleavage always precedes C-C bond

formation.66 For the nonenzymatic thermal rearrangement of chorismate to prephenate the

measured kinetic isotope effects65,66 indicate that at the TS the C-O bond is about 40 %

broken but little or no C-C bond is formed, consistent with the MOFJ diagrams assuming

that bond order and C-O distance are linearly related.

Unbiased MD simulations starting at the TS preserve the overall structure of the MOFJ

diagrams whereby the TS is shifted towards a more “broken” C-O bond, see Figure 5. These

unbiased simulations further establish that C-O bond breaking precedes C-C formation. The

average O5-C12 and C6-C9 bond lengths at the transition state from the US simulations are

2.0 and 2.6 Å. At the B3LYP/6-311++G(2d,2p) level the energy of this configuration is ≈ 40

% higher than the minimum energy for the constrained C-C bond at the TS-value which

also supports the notion that the C-O bond is appreciably weakened whereas the C-C bond

is still not formed. In the enzyme the measured65 isotope effect of 0.99 suggests an even

earlier transition state than in water which is consistent with the free energy simulations

(see Figure 3).

For AVE-(CO2)2 and especially chorismate the effect of TS stabilization is further enhanced

in the enzyme BsCM due to spatial constraints. This can be seen by the pronounced lag in

C6-C9 bond formation of these two substrates in BsCM. AVE in BsCM shows a distribu-

tion intermediate to that in gas phase and aqueous solution. This difference between AVE

and the other two substrates is indicative of the importance of the carboxylate groups in
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Figure 5: More O’Ferrall-Jencks diagrams for Claisen rearrangement of chorismate in gas
phase. The red points show the arithmetic average value of the distribution from the 50 ps
US trajectories, lines the maximum and minimum from KDE. Bond orders are defined using
the interatomic distance for the bonds from the respective ab initio optimised structure in
the Pauling relation (equation 2). Black points show the distribution of 32 free dynamics
started from TS structures extracted from the US. The black “X” marks the center of gravity
of the distribution around the TS.

AVE-(CO2)2 and chorismate for the catalytic step in BsCM in locking the substrate into

place. The importance of the carboxylate groups was also shown by EVB simulations57 and

by measurements of rate constants of different chorismate-like substrates.67 However, the

barrier height for AVE and AVE-(CO2)2 in the enzyme compared to simulations in aqueous

solution increases. This anti-catalytic effect decreases from AVE to AVE-(CO2)2 due to the

presence of the -CO2 groups and may reduce to close to zero when sampling is extended

in the US (see above: increase of the free energy barrier height in water by 2.5 kcal/mol).

Additional entropic effects lead to the catalytic effect found for Chorismate.

Starting from 32 chorismate structures extracted from the US simulations at the TS in gas

phase, free MD simulations were performed. The resulting MOFJ diagrams from the un-
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biased simulations are consistent with those from the US simulation (see Figure 5) with

the center of gravity from the unbiased simulations for the TS structure somewhat more

advanced along the O5–C12 bond cleavage (see black ”X” in Figure 5), compared to that

from US.
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Figure 6: Normalised probability distribution of the x−, y−, and z−coordinate of the center
of mass of the heavy atom framework of AVE (left), AVE-(CO2)2 (middle), and chorismate
(right) at the TS in the enzyme BsCM. The center of gravity of the reactant (blue x), TS
(red plus), and product (green dot) are displayed in each panel. The origin of the coordinate
system was set to the position of the transition state analogue in the X-ray structure (see
Figure 7). The enzyme backbone of the US trajectories were aligned to the enzyme backbone
of the X-ray structure. For the distribution for the reactant and the product state, see Figures
S4 and S5)

The differences in the enzymatic activity for the three substrates can also be related to spa-
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tial determinants within the active site. For this, the position of the center of mass (CoM) of

the molecules within the active site is analyzed. Figure 6 shows the normalised probability

distribution of x−, y− and z−coordinates of the CoM of the heavy atom framework common

to all 3 ligands from the umbrella sampling simulations at the TS of the PMF. A broad or

narrow distribution is indicative of a “loose” or “tight” TS, respectively.

Figure 7: Overview of the simulation system for chorismate mutase and the center of mass
of the heavy atom framework of chorismate (red) from the umbrella at the TS in Figure 3.
Blue spheres delineate the active site from pocket mapping.68,69 The origin of the coordinate
system for the analysis of the localization for each ligand with the three Cartesian axes is
shown in black.
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With respect to the localization within the active site, AVE-(CO2)2 and chorismate occupy

comparable regions whereas AVE does not. The TS for AVE is displaced by 2 Å and 3 Å

along the x− and y−axis, respectively. Furthermore, the widths of the distributions de-

crease in going from AVE, over AVE-(CO2)2 to chorismate, i.e. the distributions change

from “loose” to “tight”, as does the TS itself, see Figure 4. Specifically, the widths along

the x− and z−directions are different for AVE on one side and AVE-(CO2)2 and chorismate

on the other. Due to the presence of the CO−2 groups the positioning of the CoM of AVE-

2,6-dicarboxylate and chorismate is similar to one another. However, AVE-(CO2)2 shows

a broader distribution in the x−direction and a repositioning along y indicating increased

flexibility of the CoM compared to chorismate.

Figure 6 also shows the center of gravity of the reactant (blue cross), the TS (red plus),

and the product (green dot) of the three ligands in the active site. For AVE the center

of gravity of the TS overlays with that of the product which is not the case for the other

two molecules. The distribution of the center of gravities of AVE-(CO2)2 show movement

of the ligand during the reaction, except for the y−axis position. For chorismate the center

of gravity is further displaced between the reactant and the TS, compared to AVE-(CO2)2,

while the movement between TS and product is reduced. This suggests that stabilization of

the transition state is coupled to displacement in configurational space and is indicative of

TS stabilisation rather than substrate binding.

4 Conclusions

The barrier height for the reaction of chorismate in BsCM is 12.4 kcal/mol, which yields a

speedup by 3 orders of magnitude as estimated from transition state theory. Hence, in going

from AVE and AVE-(CO2)2 to chorismate and using the same reactive PES the simulations
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find that for smaller substrates the rate slows down when going from water to the protein as

the environment whereas for the largest substrate (chorismate) they correctly find that the

protein accelerates the reaction. Considering the changes of +4.6 (AVE), +2.9 (AVE-(CO2)2)

and −4.4 (chorismate) kcal/mol in the activation free energies and correlating them with

the actual chemical modifications suggest that both, electrostatic stabilization (AVE→AVE-

(CO2)2) and entropic contributions (AVE-(CO2)2 → chorismate, through the rigidification

and larger size of chorismate) lead to the rate enhancement observed for chorismate in CM.

The experimentally measured acceleration is 6 orders of magnitude19 which is underesti-

mated by the present simulations. However, as already mentioned, quantitative agreement

for individual systems in specific environments could be further improved by a dedicated

parametrization of the force fields compared to experiment.57 However, the present approach

focuses on a systematic assessment of the reaction for the three different systems without

specific optimization of the energy function in a particular environment.

In summary, the Claisen rearrangement reaction of AVE, AVE-(CO2)2, and chorismate in gas

phase, aqueous solution and BsCM follows a stepwise mechanism in which the O5-C12 bond

breaks prior to C6-C9 bond formation, especially in aqueous solution and BsCM. The anal-

ysis of the TS position in the active site of BsCM reveals that the lack of catalytic effect on

AVE is due to its loose positioning, insufficient interaction with and TS stabilization by the

active site of the enzyme. Major contributions to localizing the substrate in the active site

of BsCM originate from the CO−2 groups. This together with the probability distributions

in the reactant, TS and product states suggest that entropic factors must also be considered

when interpreting differences between the systems, specifically (but not only) in the protein

environment. This requires extended sampling of the configurational space which is currently

only possible with reactive force fields and outside the scope of mixed QM/MM MD simula-

tions. The present work provides molecular-level insight into the Claisen rearrangement of
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chorismate in BsCM that will serve as a proxy for using computational methods for future

development in protein engineering.

Supporting Information Available

Further computational details and validation of the force fields together with all force field

parameters for the ligands, additional More O’Ferral-Jencks analysis by system, and center

of mass distributions for reactants and products in the active site of BsCM are available in

the supporting information. This material is available free of charge via the Internet at

http://pubs.acs.org/.
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anism of Chorismate Mutase Activity of Promiscuos MbtI. Theor. Chem. Acc. 2011,

128, 601–607.

(24) Mart́ı, S.; Andrés, J.; Moliner, V.; Silla, E.; Tuñón, I.; Bertrán, J.; Field, M. J. A Hybrid
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