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ABSTRACT

Combined quantum mechanics/molecular mechanics (QM/MM) methods are increasingly 

widely utilized in studies of reactions in enzymes and other large systems. Here, we apply a 

range of QM/MM methods to investigate the Claisen rearrangement of chorismate to 

prephenate, in solution, and in the enzyme chorismate mutase. Using projector-based 

embedding in a QM/MM framework, we apply treatments up to the CCSD(T) level. We test a 

range of density functional QM/MM methods and QM region sizes. The results show that the 

calculated reaction energetics are significantly more sensitive to the choice of density 

functional than they are to the size of the QM region in these systems. Projector-based 

embedding of a wavefunction method in DFT reduced the 13 kcal/mol spread in barrier heights 

calculated at the DFT/MM level to a spread of just 0.3 kcal/mol, essentially eliminating 

dependence on the functional. Projector-based embedding of correlated ab initio methods 

provides a practical method for achieving high accuracy for energy profiles derived from DFT 

and DFT/MM calculations for reactions in condensed phases. 
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INTRODUCTION

The award of the 2013 Nobel Prize for Chemistry to Martin Karplus, Michael Levitt and Arieh 

Warshel, recognised the development of multiscale methods and the important role these methods 

can now play in the understanding of biological systems.1-3 Multiscale techniques have greatly 

benefited from recent advances in computer hardware and software and can provide insight into 

biological4 and solid state systems.5, 6 Hybrid quantum mechanics/molecular mechanics (QM/MM) 

technique are an exemplar of multiscale modelling methods. They combine an electronic structure 

treatment of a small region (e.g. the active site of an enzyme) with an empirical MM forcefield 

treatment of the bulk of the system. Most QM/MM studies apply semiempirical or density 

functioanl theory (DFT) methods for the QM part of the calculation. DFT methods potentially offer 

a good combination of accuracy and computational cost, but suffer from some well-known 

limitations and are not systematically improvable.7, 8 When different density functionals give 

different results for the same system, it is not obvious which result should be preferred. DFT can 

be quite inaccurate for some applications, which may lead to qualitatively incorrect mechanistic 

conclusions9-11 It is now possible to apply potentially highly accurate correlated ab initio electronic 

structure methods, e.g. coupled cluster, in QM/MM calculations. Such methods allow the 

calculation of activation barriers to within chemical accuracy (1 kcal/mol, considered the ‘gold 

standard’ of quantum chemical techniques)11-13 necessary for reliable predictions of mechanism and 

detailed comparison with experiment. With the availability of such highly accurate ab initio 

methods in QM/MM calculations,11-14 focus falls again on other aspects in achieving reliable 

predictions, for example, the appropriate choice of size of QM/MM region, and treatment of the 

boundary between QM and MM regions.15 QM/MM methods can provide an accurate description 

of molecular interactions,15, 16 and chemical properties, but of course involve approximations that 

should be tested (such as the limitations of empirical MM forcefields, and effects at the QM/MM 

boundary). It is possible to test consistency between QM and MM representations in various ways 
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4

e.g. by free energy calculations, calculating the difference between QM and QM/MM treatments 

of particular chemical species.4, 17, 18 An obvious question in any QM/MM application is: what size 

should the QM and MM regions be? This has been investigated by e.g. the convergence of energetic 

properties with respect to QM region, with some suggesting that QM regions must be 100s of atoms 

in size.19-23 QM/MM studies of catechol O-methyltransferase (COMT) provide a central example.19, 

23-25 Kulik et al. varied the QM region size from 64 atoms to 940 atoms to test the effect of the QM 

region size on the potential energy barrier in COMT. They suggested that 500-600 QM atoms are 

required for convergence of the activation barrier if the residues are chosen by distance alone and 

200-300 QM atoms using a charge shift analysis to choose the residues in a more rigorous manner. 

In contrast, Jindal and Warshel24 examined the effect of the size of the QM region on the free energy 

barrier to the reaction in COMT, and found little difference in activation free energy barrier; 

instead, they stressed the importance of adequate sampling rather than QM region size. Das et al.26 

have found rapid convergence with respect to QM region size for free energy profiles for proton 

transfer reactions in DNA, again stressing the importance of extensive sampling. Laio and Thiel27 

have shown that, while the activation energies for acetylene hydratase are quite slow to converge 

with respect to QM region size, improved accuracy does not change any mechanistic conclusions. 

They suggest using a minimal sized QM region to decide the mechanism and then probing the 

energetics further by enlarging the QM region. While it might initially be assumed that convergence 

can be guaranteed by enlarging the QM region, this is unlikely to be true with typical QM/MM 

calculations, particularly in asymmetric systems, or systems containing charges, for which errors 

associated with e.g. lack of charge transfer to, and polarization of, the MM region, particularly at 

the QM/MM boundary, are likely to increase with the size of the system and of the interface; some 

of these limitations of the QM/MM method will not converge as the QM region size increases. Use 

of frozen density approaches28, 29 or similar methods may be appropriate for the QM/MM boundary, 

e.g. for consistency with an invariant charge MM model. Different QM/MM partitioning choices 

may be required, even for the same system, for calculations of different types of properties. When 

structural changes are involved, limitations of both the QM and MM methods could affect the 

results. An example is provided by Kaiyawet et al.30, who investigated the mechanism of Michael 
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5

addition and covalent complex formation in thymidylate synthase. They tested the convergence of 

the QM/MM results with respect to QM region size and found that the inclusion of Arg116 was 

important as it interacts with the thiolate nucleophile. The increased accuracy with a larger QM 

region was due to limitations in the MM model of arginine which did not reproduce the energetics 

of distortion of the guanidinium side chain correctly, rather than failings of the QM/MM method. 

 A practical approach to accurate energy profiles for e.g. reactions in condensed phases 

(using QM or QM/MM methods) is through a projector-based approach for wavefunction (WF) in 

DFT embedding to obtain accurate potential energy surfaces for a reaction.31 This has recently been 

used to calculate accurate QM/MM potential energy surfaces for the deprotonation of acetyl-coA 

in citrate synthase.32, 33 The projector embedding approach allows the partitioning of regions in 

many types of system, making it relatively straightforward to select a small number of QM atoms 

for treatment with CC theory. The embedding of CC in DFT can overcome the limitations of 

commonly used density functionals, potentially removing the uncertainty the choice of functional 

and allowing for the calculation of chemical properties with high accuracy.32, 34-37

Scheme 1. The Claisen rearrangement of chorismate to form prephenate, the reaction catalyzed 
by the enzyme chorismate mutase. 

Chorismate mutase (CM) catalyses the Claisen rearrangement of chorismate to prephenate 
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6

(Scheme 1) and has been a test case for understanding enzyme catalysis and the development of 

QM/MM methods for many years.38-46 In part, this is driven by the relative simplicity of the Claisen 

rearrangement reaction (which occurs in the enzymes, and also, more slowly, in aqueous solution), 

and by the availability of experimental data. The free energy barrier ∆‡G = 15.4 kcal/mol (∆‡H = 

12.7 kcal/mol) derived from experimental kinetics for Bacillus subtilis CM (BsCM) at 25 °C is 

significantly lower than that for the uncatalysed reaction in aqueous solution (∆‡G = 24.5 kcal/mol, 

∆‡H = 20.7 kcal/mol).47 This translates to a rate acceleration of 106 by the enzyme (∆∆‡G = 9.1 

kcal/mol). An enthalpic barrier to reaction at 300 K of 13.1 (± 1.1) kcal/mol has been calculated 

for the reaction in BsCM using LCCSD(T0)/CHARMM27 QM/MM techniques for the potential 

energy barrier with zero-point energy and thermal corrections included at the DFT level.12 This 

value is within chemical accuracy (i.e. 1 kcal/mol) of the experimental value of 12.7 kcal/mol. 

Linear scaling DFT methods have been used to optimise pathways (and associated transition state 

structures) for the CM reaction in large models of up to 2000 atoms, showing good convergence 

with QM region size.48 These large-scale QM results (obtained using ONETEP) are in excellent 

agreement with those from QM/MM methods; in terms of barrier height (13.6 (±1.3) kcal/mol) and 

stabilization energies for active site residues. QM and QM/MM calculations (e.g. at the 

semiempirical38, 40, 42, 49, 50, ab initio 51, 52 or DFT53, 54 QM levels) have previously shown TS 

stabilization by the enzyme to be the major contribution to catalysis. It is encouraging that the 

importance of TS stabilization has been shown in the results of both QM and QM/MM calculations 

at all levels of theory, showing that QM/MM methods can provide valuable insight into this 

reaction. The electrostatic nature of catalysis is also supported by mutagenesis experiments55, 56 and 

simulations57, 58 that show a significant decrease in catalytic activity when Arg90 is mutated to the 

isosteric but neutral citrulline residue. 

Here, we model the reaction in BsCM and in solution using QM/MM methods. We test a range 

of density functionals, and apply projector-based embedding31, 32 for correlated ab initio 

calculations (up to the CCSD(T) level) on the reaction. The reaction energetics (barrier and reaction 

energy) differ greatly when different density functionals are used. The results are much more 

sensitive to the choice of density functional than they are to the size of the QM region. This 
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7

variation is removed when projector-based embeded ab initio methods are applied, yielding results 

in good agreement with experiment. 

METHODS

QM/MM Modelling of the reaction in the Enzyme and in Solution

To model the reaction in the chorismate mutase enzyme, we constructed a model 

following procedures similar to those we have described previously.12, 53, 54 Specifically, we 

used the structure of Bacillus subtilis chorismate mutase taken from the Protein Databank (PDB 

code 2CHT59), containing Bartlett’s inhibitor60 (a TS analogue) bound in the active site. 

Chorismate was substituted for the TS analogue as described in reference 55. This initial 

enzyme structure was hydrogenated and solvated (with a cut-off radius of 2.8 Å; the 

CHARMM61 version of the TIP3P model62 was used for water molecules) before being 

truncated to a sphere of radius 25 Å. The solution model was generated by solvating chorismate 

in a 25 Å sphere of CHARMM-type TIP3P62 water molecules. Multiple structures were then 

generated by semi-empirical QM/MM molecular dynamics simulations of the BsCM complex 

and CM in solution (at the SCCDFTB63, 64/CHARMM2265 level using stochastic boundary 

conditions) with the chorismate QM region restrained to be close to the TS (to a reaction 

coordinate value of r = –0.5 Å, where r = d(C2-O17) – d(C4-C14)/Å, see Figure 1 for atom 

labels). This reaction coordinate has been used in our49, 51, 53, 54 and other previous studies40; in 

the current work, we tested it against nudged elastic band (NEB)66, 67 calculations of the 

reaction pathway (see Supporting Information (SI)). Figure S1 shows a comparison of a 

potential energy profile calculated by adiabatic mapping with a profile generated using NEB 

techniques. The potential energy barrier is 12.2 kcal/mol with adiabatic mapping techniques 

and 11.5 kcal/mol in the CI-NEB profile. The shape of the adiabatic mapping profile agrees 
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8

well with the CI-NEB path and indicates that the reaction coordinate used here performs well 

for this reaction.

Structures were taken from the corresponding solution or enzyme 

SCCDFTB/CHARMM22 MD stochastic boundary simulations (120 ps) of the model systems 

for use in adiabatic mapping calculations. For this, Jaguar68 and Tinker69, linked by the 

interface program QoMMMa70, were used for QM and MM calculations, with electronic 

coupling between the two regions treated by including MM charges in the QM Hamiltonian. 

CHARMM27 Lennard-Jones parameters (for standard CHARMM27 atom types, see Table S1) 

were used to describe QM/MM van der Waals interactions. The QM region was treated at the 

hybrid density functional B3LYP/6-31G(d) level of theory, which gives a reasonably good 

description of the reaction.12 The enzyme model consisted of 7077 atoms and the solution 

model contained 7218 atoms. The MM region comprised an approximate 25 Å radius sphere 

of protein and/or solvent, treated with the CHARMM27 forcefield.71 The outer 5 Å in each 

case was fixed (3324 atoms fixed in the enzyme model and 3535 fixed in the solution model), 

with all other atoms free to move. As there is no evidence for large-scale conformational 

changes during the reaction, this approach should give a representative sample of reactive 

conformations in the enzyme.49, 51, 53, 54 Each initial structure was fully optimized at the 

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

to –0.5 Å with a harmonic force constant of 500 kcal/mol/Å2, to generate starting structures. 

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. Energy 

profiles were calculated from r = −2.2 Å to 2.2 Å, to identify the reactant and product minima. 

Reoptimization of the reactant complex without restraints, both in the enzyme and solution, 
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9

gave structures very similar to the lowest energy restrained structures (and energy differences 

less than 1 kcal/mol). 

Figure 1. Atoms included in the QM region in BsCM, indicating atom names used in the text. 

The (blue) arrows indicate the distances involved in the reaction coordinate. The (green) dotted 

lines indicate hydrogen bonds formed between Arg90 and chorismate. In the initial simulations 

only chorismate was treated by QM and so the interaction between chorismate and Arg90 was 

treated at the QM/MM level. Subsequently, the size of the QM region was increased to include 

the side chain of Arg90, so treating this interaction (which is important for transition state 

stabilization in the enzyme51, 54, 55) with Arg90 by QM. 

To explore the effect of QM region size in QM/MM calculations, reaction profiles were 

generated in solution treating different numbers of water molecules by QM in the QM/MM 

optimizations, allowing optimization of the internal structure of the water molecules. Figure 2 

shows the different QM regions used, which range from a single QM water molecule to 16 QM 

water molecules. Water molecules were chosen based on distance from chorismate and in some 

cases form hydrogen bonds with it. In BsCM, we used 6 different starting structures (taken at 

20 ps intervals from the 120 ps QM/MM MD simulation at the SCC-DFTB/CHARMM22 level) 

to calculate 6 reaction pathways with chorismate alone in the QM region (24 atoms, charge 
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10

−2e) and 6 pathways with chorismate and Arg90 (37 atoms including 1 link atom, charge −1e) 

treated by QM (see Figure 1). Further calculations were also performed for the enzyme with a 

still larger QM region, see below. 

Figure 2. The different QM regions used in B3LYP QM/MM calculations of the conversion 
of chorismate to prephenate in water (MM atoms not shown). Increasing numbers of water 
molecules were treated by QM (in addition to chorismate) in each case: (a) water molecules 
within distance 1.64 Å (1 water molecule), (b) within 1.67 Å (2 water molecules), (c) within 
1.71 Å (5 water molecules), (d) within 1.73 Å (7 water molecules), (e) within 1.74 Å (10 water 
molecules), (f) within 1.75 Å (11 water molecules), (g) within 1.77 Å (14 water molecules) and 
(h) within 1.80 Å (16 water molecules). 

In typical (electrostatic embedding) QM/MM calculations (which use invariant point 

charge MM models), the partial atomic charges of the MM atoms do not change during the 

simulation. Effects such as polarization and charge transfer are not included for groups treated 

by MM. To gain insight into polarization, we calculated atomic charges in systems with 

different sizes of the QM region. In particular, we focused on how the partial atomic charges 
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11

vary along the reaction coordinate. For this, the simple Mulliken population analysis was used 

to calculate atomic charges for the QM atoms in the QM/MM calculations. We compared them 

with the partial atomic charges from the standard CHARMM27 forcefield used in the QM/MM 

calculations carried out to generate the reaction pathways. Mulliken population analysis has 

well-known limitations, including dependence on the basis set, and should not be taken as an 

indication of e.g. the electrostatic potential.72 They can be useful, however, for indicating 

changes in electronic population during a reaction, or between different environments. In the 

analysis presented below, we calculate them at the level of theory used to generate the 

geometries and investigate changes along the pathway.

Higher-level Corrections and Projector-based Embedding

Single point energy calculations including the point charges of the enzyme or solution 

environment were performed using several different density functionals, and the Hartree-Fock 

method, for comparison. Functionals were chosen to test the effect of including exact exchange: 

M06-2X73, BHLYP74, M0673, B3LYP75, M06-L76, and PBE77 (in order of decreasing amounts 

of exact exchange). These methods are frequently used in QM and QM/MM studies of enzyme-

catalysed reactions.9, 30, 54, 78-81 All single point energy and embedding calculations were 

performed with the Molpro 2015.1 electronic structure program.82 In the projector-based 

embedding calculations of the reaction in solution, the 24 atoms of chorismate were defined as 

sub-system A to be treated with the high-level WF method, while sub-system B encompassed 

an increasing number of water molecules (treated by DFT). Thus, in this case, where we refer 

to increasing numbers of water molecules, we are treating them only at the lower level (DFT) 

quantum method. These projector-based embedded calculations are further polarized by the 

MM potential of the TIP3P molecules in the water sphere. The calculations were carried out 

either using the cc-pVDZ basis or a combination of cc-pVTZ/aug-cc-pVTZ83-85, in which the 
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12

diffuse functions were only present on oxygen atoms. For example, in the calculation for 

chorismate as sub-system A and seven water molecules in sub-system B, the cc-pVTZ/aug-cc-

pVTZ basis reduced the number of molecular orbitals treated by the QM method from 94 to 59 

and due to the basis truncation, the number of virtual orbitals was reduced from 1206 to 843 

functions. The MP286, SCS-MP287, CCSD88, 89 and CCSD(T)90 correlated ab initio WF 

methods were used for the treatment of sub-system A, with B3LYP as the lower level DFT 

method used for sub-system B. Because of the close agreement (less than 1 kcal/mol difference) 

between CCSD(T) and SCS-MP2 for this reaction, we only performed the calculations at the 

SCS-MP2 level for the triple zeta basis. 

This procedure was repeated for the BsCM model: again, chorismate was sub-system 

A treated by the high-level WF method, while an increasing number of arginine residues were 

added to sub-system B and treated at the DFT level (see Figure 3). These calculations were 

performed at the aug-cc-pVDZ level with SCS-MP2 for the high-level WF method. As the aim 

of these calculations was to assess the impact of QM region size on the calculated barrier, rather 

than to calculate the barrier with the greatest accuracy, the positions of the arginine residues in 

the 2ARG and 3ARG models were taken from QM/MM calculations with only Arg90 treated 

by QM, without any further geometry optimization, and a single point QM/MM calculation 

was performed to calculate the MM energy of the system. We note that the MM representation 

may not give correct treatment of the energetics for the changes in the internal structure of the 

arginine sidechain;30however, the internal geometry of arginine does not change much during 

the reaction. See the geometry of Arg90 in chorismate/TS/prephenate in a representative 

pathway where Arg90 was treated by MM and where it was included in the QM region in 

Figure S2. Note also that the charge of the QM region is changed by the inclusion of different 

numbers of arginine sidechains. 
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Figure 3. The different QM regions used in projector-based embedding calculations of the 

reaction in the BsCM enzyme. In all calculations, sub-system A contains only chorismate (grey 

carbons). One, two or three arginine residues are included in sub-system B and treated by DFT. 

RESULTS AND DISCUSSION

The rearrangement of chorismate to prephenate in solution

The energetics of the (uncatalyzed) conversion of chorismate to prephenate in solution 

calculated at the B3LYP/6-31G(d)/CHARMM27 level using different QM region sizes are 

given in Table 1 (potential energy profiles are shown in Figure S3). The potential energy barrier 

is 19.6 kcal/mol when only the 24 atoms of chorismate are treated by B3LYP and all the water 
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by MM (CHARMM-type TIP3P). Increasing the size of the QM region from 24 to 72 atoms 

results in at most a ~ 2 kcal/mol difference in the potential energy barrier. There is very little 

variation in the calculated reaction energy as the size of QM region changes, with a difference 

of 0.6 kcal/mol between the smallest and largest QM regions. The change in energy and barrier 

is not linear with increasing number of QM atoms; changing the size of the QM region has very 

little effect (< 1 kcal/mol) on the calculated energy barrier until at least 10 water molecules are 

included in the QM region (cluster (e) in Figure 2) for which the barrier is reduced to 17.8 

kcal/mol. Increasing the QM region size further to 14 QM water molecules reduces the barrier 

to 17.0 kcal/mol, but the barrier increases slightly again when further water molecules are 

added. There is only a weak correlation between the barrier height and reaction energy for these 

pathways (R2 = 0.40). Overall, this shows that the interactions of water molecules are treated 

well by the QM/MM method, because the results are similar whether the water molecules are 

treated by QM or by MM. 

The (approximate) TS occurs at a value of r = −0.5 Å on the reaction coordinate, with 

average C2 – O17 and C4 – C14 distances of 2.03 (±0.05) and 2.54 (±0.05) Å, respectively. 

The carboxylate to carboxylate distance is 4.98 (±0.04) Å at the TS. This is in excellent 

agreement with the data presented for the pathways reported by Claeyssens et al.54  The 

structures of the QM region at the TS for the different models are shown in Figure S4, where 

it can be seen that there is very little difference in the geometry of the TS in for all sizes of QM 

region.

Table 2 shows the number of hydrogen bonds between the oxygen atoms of 

chorismate/TS/prephenate and the water molecules treated by QM in the different clusters. The 

water molecules in the clusters shown in Figure 2 were chosen based on their distance from 

chorismate, rather than any subjective choice or intuition about their role in stabilization. In the 

smaller QM clusters (< 7 QM water molecules), only the carboxylate oxygens (O15 & O23) 
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form hydrogen bonds with QM water molecules. It is not until cluster (e) that the hydroxyl 

group (O11) and ether oxygen (O17) are able to form hydrogen bonds with QM water 

molecules, which results in small decrease in barrier height. 

Table 1. Potential energy barriers (‡V) for the conversion of chorismate to prephenate in water 
calculated at the B3LYP/6-31G(d)/CHARMM27 level of QM/MM theory with 
chorismate/TS/prephenate and an increasing number of water molecules treated by QM (see 
Figure 2 for the QM configurations).

No. of water molecules ‡V / kcal/mol rV / kcal/mol

0 19.6 –14.1

1 20.0 –13.9

2 19.5 –12.9

5 19.6 –12.7

7 19.0 –13.3

10 17.8 –14.4

11 17.4 –13.9

14 17.0 –14.4

16 17.7 –14.7

In the MM forcefield all water oxygen atoms have a partial atomic charge of −0.834e 

and the hydrogen atoms have a partial atomic charge of 0.417e (TIP3P water model).62, 65 The 

Mulliken charges of the oxygen atoms of the QM water molecules are generally more negative  

by up to 0.175e compared to the MM partial charge and the Mulliken charges of the hydrogen 

atoms are not identical [e.g. 1 QM water molecule: O = −0.987e, H1 = 0.428e and H2 = 0.445e, 

see Table S2]. Mulliken charge analysis indicates some transfer of negative charge from the 

chorismate/TS/prephenate to QM water molecules nearby. Figure S5 shows the sum of the 

partial atomic charges for the water molecules in the different clusters at the TS. The majority 

of the water molecules have a slightly negative overall charge, except the lime green colored 
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water molecule in clusters (f-h) which has a charge of 0.09e. Including the water molecules in 

the QM region allows the negative charge of the chorismate/TS/prephenate to be reduced by 

up to −0.729e (at the TS in the largest cluster), but cannot provide any positive charge to help 

stabilize the TS. 

Table 2. The number of hydrogen bonds between the oxygen atoms of chorismate and water 
molecules treated by QM in the B3LYP/6-31G(d)/CHARMM27 reactant structures for each of 
the water clusters shown in Figure 2 (see Figure 1 for atom names). A hydrogen bond is defined 
as a hydrogen to acceptor distance < 2.5 Å and a donor–hydrogen–acceptor angle > 90°.49

A B C D E F G H

O11 0 0 0 0 1 1 2 2

O15 1 1 1 2 3 3 2 3

O16 0 0 2 2 2 2 3 3

O17 0 0 0 1 1 1 1 2

O23 0 1 2 2 3 3 3 3

O24 0 0 0 0 0 1 3 3

Higher level electronic structure with projector-based embedding

So far in this work we have examined the reaction using the B3LYP density functional, which 

is known to give reasonable results for many reactions. Here, the potential energy barriers 

predicted by B3LYP/6-31G(d)/CHARMM27 method (17.0 to 20.0 kcal/mol) for the 

uncatalyzed reaction in solution are close to the experimental value of ∆‡H = 20.7 kcal/mol.47 

Thermal and ZPE contributions to the barrier are around –1.6 kcal/mol in BsCM12: adding these 

contributions to the calculated potential energy barriers ∆‡V gives estimates of the enthalpy 

barrier ∆‡H  in the range 15.4 to 18.4 kcal/mol, slightly less than the experimental value. It has 

been noted previously that B3LYP underestimates the barrier for the chorismate to prephenate 

reaction.12, 53, 54 
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DFT is the workhorse of computational chemistry, and many modern functionals 

generally provide a good balance of accuracy and speed. However, DFT calculations (in 

contrast to ab initio methods) are not systematically improvable, and suffer from some well-

known limitations. Different functionals can give very different results for the same reaction32, 

33, which can lead to qualitatively incorrect conclusions. Where possible, a standard approach 

to finding the best density functional for a particular application is to compare to correlated ab 

initio calculations on relevant small models or to draw from literature about similar chemical 

reactions. 

Figure 4 shows the energy profiles for the uncatalyzed reaction in solution obtained 

from single point energy calculations with different density functionals (and HF) on the 

geometries obtained by optimization at the B3LYP/6-31G(d)/CHARMM27 level with 

chorismate and 16 water molecules as the QM region (72 QM atoms in total). As expected, 

Hartree-Fock calculations significantly overestimate the barrier, giving a barrier of 37.7 

kcal/mol similar to that found in previous studies, and thus we do not discuss the HF results 

further here.12, 51 The significant spread in the calculated barrier height (around 14 kcal/mol) 

with different density functionals shows the sensitivity of the barrier to the DFT functional. It 

also highlights how the proportion of exact exchange seems to be the most important factor. 

The two functionals with the largest amounts of exact exchange (M06-2X (54%) and 

BH&HLYP (50%)), give barriers of 24.6 and 26.0 kcal/mol, respectively. The next cluster of 

barrier heights is from the functionals with smaller exchange contributions: M06 (27%) and 

B3LYP (20%), with barriers of 19.1 and 17.0 kcal/mol, respectively. Finally, the exchange-

free PBE and M06-L functionals give barriers of 11.8 and 12.3 kcal/mol. All the DFT methods 

find the transition state at a reaction coordinate value of −0.3 Å, apart from M06-L, for which 

it is located at a value of −0.2 Å on the reaction coordinate. There is less variation in the reaction 

energies predicted by the different DFT methods, with all the functionals giving a reaction 
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energy between –15 and –17 kcal/mol. HF gives a lower reaction energy of –21.4 kcal/mol. 

The product minimum is at a reaction coordinate value of r = –1.4 Å for DFT and –1.6 Å for 

HF. 

These results show that a spread of ~ 14 kcal/mol in barrier height is obtained depending 

on the choice of density functional. The question then remains as to which is the most reliable 

result? This question can be answered with projector-based embedding calculations, which can 

utilize almost any WF based method to obtain results to an arbitrary accuracy with reasonable 

cost. The major drawback of correlated ab initio methods is their computational cost, as most 

common methods have a formal scaling of at least two or three orders of magnitude greater 

then DFT. Various approaches have been developed to reduce the cost of WF methods, such 

as local correlation methods,91-94 or highly efficient parallel implementations14, 95, 96. Local 

approximations applied in correlated calculations such as LCCSD or LMP2 exploit the short-

range nature of dynamic correlation through the localization of molecular orbitals. They can 

give excellent results for reactions in large systems (e.g. in a QM/MM framework), but are not 

necessarily straightforward to apply (e.g. the definition of appropriate domains, which remain 

consistent cross the reaction coordinate, is a challenge particularly for non-expert users). 

Projector-based embedding is an attractive approach as it allows any WF method that uses an 

arbitrary core Hamiltonian to be embedded rigorously in a DFT environment.32-34, 36. This 

approach potentially allows for highly accurate correlated ab initio results for reactions in large 

systems, in a framework that is relatively straightforward to apply. Here we use this projector-

based embedding approach in QM/MM calculations to achieve the accuracy of high-level 

correlated ab initio methods. For embedding calculations, the (DFT) QM region is partitioned 

further and a region to be treated by an ab initio method is chosen; both are polarized by the 

MM environment in a QM/MM calculation. Although the application in this work concerns 

non-covalent interactions it is entirely valid to make this ‘cut’ across covalent bonds in this 
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technique, as demonstrated in recent applications to citrate synthase.32, 33 It has been shown 

that by using this approach, it is possible to largely eliminate the variability (and associated 

uncertainty) of DFT. At the same time, the effects of the wider environment can be taken into 

account within the QM/MM model. The projector-based embedding approach is significantly 

faster than correlated ab initio calculations including the whole QM region at the high-level 

because of the reduction of the number of electrons being excited and the number of virtual 

orbitals through basis truncation.34 Indeed, for many typical QM/MM calculations, the CPU, 

memory and/or disk requirements make correlated ab initio calculations impossible. Currently, 

it is not possible to perform geometry optimization with projector-based embedding methods, 

due to the lack of gradients, so practical application requires the generation of structures with 

a lower level (e.g. DFT) method. 

Figure 4. Potential energy profiles for the rearrangement of chorismate to prephenate in 
solution using different QM methods. The profiles are based on single point energy calculations 
with the designated QM method with the cc-pVDZ basis (using B3LYP/6-
31G(d)/CHARMM27 geometries for the 72 QM atom pathways). All energies are relative to 
the reactant (r = −1.8 Å). 

The flexibility of the projector-based embedding approach makes it possible to use a 

wide range of correlated ab initio methods for sub-system A. Figure 5 shows results of 

embedding different WF methods in B3LYP for the model of the reaction in solution, including 
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7 water molecules in sub-system B. The CCSD(T)-in-B3LYP/cc-pVDZ//B3LYP/6-

31G(d)/CHARMM27 barrier of 20.0 kcal/mol is taken as the benchmark here. Standard all-

electron B3LYP/cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 gives a reaction barrier that is a 

little too low in comparison (17.8 kcal/mol). Also, the B3LYP potential energy surface is very 

flat around the transition state (reaction coordinate values −0.6 to 0.0 Å), while all the 

correlated ab initio methods show a more defined transition state with a sharper barrier and 

more curved surface. This emphasizes the need to treat with caution predictions of potential 

energy surface curvature from DFT calculations (e.g. for calculation of kinetic isotope effects97, 

98). The barrier height at the SCS-MP2-in-B3LYP/cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 

(19.8 kcal/mol) level is very similar to the CCSD(T) value (only 0.2 kcal/mol lower). The 

canonical MP2 barrier is 5.5 kcal/mol lower than CCSD(T). As found previously, SCS-MP2 

compares more favorably than canonical MP2 to CCSD(T).9, 11, 13 There is a significant 

difference in the energies predicted by the CCSD and CCSD(T) methods (~ 6 kcal/mol), 

showing that the inclusion of triple excitations is important. For the reaction energy, all the 

correlated ab initio methods give reaction energies within 1.5 kcal/mol of the CCSD(T) results. 

Notably, B3LYP calculates a reaction energy 6 kcal/mol higher (less exothermic) than any of 

the correlated ab initio methods. We also tested the effects of the size of the basis, which can 

be a critical factor in the accuracy of correlated methods, which may converge slowly with 

respect to the completeness of the basis. Figure S6 shows the barrier from the SCS-MP2-in-

B3LYP/cc-pVTZ/aug-cc-pVTZ//B3LYP/6-31G(d)/CHARMM27 calculations for the 7 QM 

water case. We found that the barrier is lower by 1 kcal/mol with the larger basis and the 

reaction energy drops by 2.6 kcal/mol. From this point, we focus on using SCS-MP2 for our 

high-level analysis because it is in excellent agreement of 0.2 kcal/mol for the barrier with the 

CCSD(T) results and its similar curvature for the profile.
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Figure 5. QM/MM potential energy profiles for the Claisen rearrangement of chorismate to 
prephenate in solution calculated using projector-based embedding of the ab initio method with 
the cc-pVDZ basis set (treating chorismate/TS/prephenate) in B3LYP for the QM region. For 
comparison the canonical B3LYP QM/MM result is also shown. The geometries are taken from 
B3LYP/6-31G(d)/CHARMM27 pathway calculations. In this system, chorismate and 7 water 
molecules are treated by QM (45 QM atoms in total). All energies are relative to the reactant 
(r = −1.8 Å). 

The size of the quantum region size necessary for accurate QM/MM modelling of 

reactivity in condensed phase systems (such as enzymes and aqueous solution) is a topic of 

active discussion. As outlined in the introduction, some researchers have suggested that 

quite large QM regions are necessary to converge various chemical properties, such as 

reaction barriers.19-23 Projector-based embedding in a QM/MM framework provides an 

accurate multiscale approach for calculating reaction energetics. We examined the effect 

of varying the number of QM waters in projector embedding QM/MM calculations of the 

uncatalysed reaction in aqueous solution, with SCS-MP2/cc-pVDZ for the high-level 

subsystem A (chorismate/TS/prephenate) (Figure 6). Note that the QM region has a charge 

of –2, so effects of charge transfer and polarization will be involved. The 0 QM water 

system (i.e. only the 24 atoms of chorismate/TS/prephenate as the QM region) gives a 

reaction barrier of 21.6 kcal/mol, whereas the model with 16 QM water molecules gives a 

barrier of 20.2 kcal/mol. Clearly the barrier is not very sensitive to the number of water 
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molecules treated by QM in this system. This shows that the QM/MM treatment of 

interactions with water molecules is a good approximation here; it also indicates that 

polarization and charge transfer do not change significantly during the reaction. The largest 

difference in reaction energetics found among all these different QM/MM systems is in the 

reaction energy between the 7 and 16 QM water cases, with the 7 QM water system being 

higher by 1.5 kcal/mol. The size of the QM region in the QM/MM calculations here has 

little effect on the barrier height in projector-based embedding QM/MM calculations (as 

also found in standard DFT/MM calculations above). The effect of changing the QM system 

size on the reaction energetics are relatively small, and certainly much smaller than the 

differences found when different density functionals are used (e.g. compare Figure 4). 

Figure 6. Potential energy profiles for the rearrangement of chorismate to prephenate in 
solution calculated using projector-based embedding of the SCS-MP2 method in B3LYP with 
different numbers of DFT water molecules in sub-system B, using the cc-pVDZ basis set. The 
geometries are taken from B3LYP/6-31G(d)/CHARMM27 pathway calculations treating 
chorismate and the stated number of water molecules by QM. All energies are relative to the 
reactant (r = −1.8 Å). 
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Reaction in the enzyme

Figure S7 shows the B3LYP/6-31G(d)/CHARMM27 potential energy profiles 

for the conversion of chorismate to prephenate in BsCM, generated with 

chorismate/TS/prephenate as the QM region or also including side chain of Arg90 in 

the QM region (shown in Figure S8). Arg90 is important for TS stabilization in the 

enzyme.50, 54-57, 99 Six different energy profiles were generated for each system, from 

six snapshots taken from QM/MM MD simulations as described above. The potential 

energy profiles generated with these different sized QM regions have similar features: 

the reactant, TS and product located at the same value of the reaction coordinate. The 

TS is located at an average value of r = − 0.5 Å in the pathways for both QM region 

sizes, in agreement with the location of the TS found by Claeyssens et al.54 and the 

solution profiles presented here.

Table 3. A comparison of potential energy barriers (‡V) and reaction energies (rV) calculated 

at the B3LYP/6-31G/CHARMM27 level of theory with chorismate/TS/prephenate (only) as 

the QM region; and with Arg90 also included in the QM region. The 6 pathways for each QM 

region size were generated from snapshots taken at 20 ps intervals from a 120 ps QM/MM MD 

simulation at the SCC-DFTB/CHARMM22 level. All energies are given in kcal/mol and the 

average value is also reported with the standard deviation given in parentheses.

Chorismate QM Chorismate + Arg90 QM

Path ‡V rV ‡V rV

1 11.9 −18.2 11.2 −18.1

2 12.4 −18.3 12.1 −16.8

3 12.8 −17.6 11.8 −17.1

4 11.5 −17.2 11.3 −16.5

5 13.5 −17.5 12.5 −14.8

6 9.9 −20.7 9.2 −19.7
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Average
12.0

(±1.3)

−18.3

(±1.3)

11.4

(±1.2)

−17.1

(±1.7)

The calculated energetics for this system are given in Table 3. The average 

potential barrier height when chorismate/TS/prephenate (only) is treated by QM is 

12.0 (±1.3) kcal/mol, and slightly lower 11.4 (±1.2) kcal/mol when Arg90 is also 

included in the QM region (at the B3LYP/6-31G(d)/CHARMM27 level). The average 

reaction energy is –18.3 (±1.3) kcal/mol for the profiles where only 

chorismate/TS/prephenate is treated by QM and –17.1 (±1.7) kcal/mol for the larger 

QM region. It can be seen that the uncertainty due to conformational sampling is 

comparable to (and in fact somewhat larger than) the difference between the two 

different QM regions. There is some correlation between the barrier height and 

reaction energy: the pathways with the lowest barriers also have the most exothermic 

reaction energies [correlation coefficient between barrier and reaction energy R2 = 0.62 

chorismate/TS/prephenate only QM paths and R2 = 0.81 for 

chorismate/TS/prephenate + Arg90 QM paths]. 

There is a small spread in the predicted barrier heights for the different starting 

structures, indicated by the ~1.3 kcal/mol standard deviation. Calculation of multiple 

profiles/barriers from multiple structures from MD simulations is a good way to test 

for effects of conformational variability, and potentially significance of results; 

comparison of multiple barriers can also e.g. identify structural determinants of 

reactivity.100 The number of snapshots (e.g. starting structures from MD) necessary to 

achieve acceptable convergence in QM/MM potential energy calculations of reaction 

barriers is an important consideration, e.g. in making reliable predictions of regio-, 
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stereo- and chemoselectivity.101-104 Ryde has discussed the number of snapshots 

needed to give a reliable estimate of the energy in QM/MM calculations of this type, 

and suggested that a value of 4 kJ/mol for the standard deviation (σ) is a good 

convergence criterion.105 The 6 pathways initiated from snapshots from a QM/MM 

MD trajectory used here (Table 3) result in σ values of 1.3 kcal/mol (~5.4 kJ/mol) for 

the chorismate/TS/prephenate only QM paths and 1.2 kcal/mol (~5.0 kJ/mol) for the 

paths generated with chorismate/TS/prephenate and Arg90 treated by QM. Even for 

a simple reaction without any large-scale changes in the protein environment, a range 

of barriers will be calculated when different conformations are considered. Sampling 

protein structures e.g. through QM/MM or MM MD simulations is more 

computationally feasible when smaller QM regions are used. It should be noted that 

in some cases (e.g. where solvation changes significantly along the reaction 

coordinate), the calculations of potential energy profiles (e.g. by so-called adiabatic 

mapping) will not give useful or representative energy barriers or reaction energies. 

In such cases, sampling along the reaction coordinate is required. Free energy barriers 

(rather than potential energy barriers) can be calculated e.g. by MD simulations with 

enhanced sampling techniques (such as umbrella sampling or steered MD) and 

directly compared with experimental values.102, 106-108 Such MD simulations typically 

cannot be carried out with high-level QM/MM methods (and certainly not with 

projector-based embedding QM/MM), but can give estimates of activation entropies 

and e.g. quantum tunneling corrections that can be combined with high-level 

QM/MM potential energy barriers.12, 13, 97 
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Modelling the interaction between chorismate/TS/prephenate and the side 

chain of Arg90 at the QM level, rather than by QM/MM, reduces the average barrier 

height by only 0.8 kcal/mol and reduces the exothermicity of the reaction by a similar 

amount (0.9 kcal/mol). Arg90 forms two hydrogen bonds to chorismate, which are 

maintained throughout the reaction: NH1 (HH11) – O17 and NE1 (HE1) – O24 (see 

Figure 1). The distances involved in these hydrogen bonds at the reactant, TS and 

product averaged over the 6 profiles calculated for each QM region size are shown in 

Table S3. The hydrogen bond between NH1 and O17 has an average hydrogen to 

acceptor distance of d(HH11 – O17) = 1.76 (±0.03) Å when Arg90 treated by MM and 

d(HH11 – O17) = 1.90 (±0.03) Å when Arg90 is treated by QM in the reactant.  This 

hydrogen bond gets shorter at the TS, helping to stabilize the developing negative 

charge as the ether bond breaks54, 109 [d(HH11 – O17) = 1.70 (±0.03) Å when Arg90 

treated by MM; d(HH11 – O17) = 1.79 (±0.04) when Arg90 is treated by QM at the TS]. 

This hydrogen bond then lengthens in the product, returning to similar values to those 

observed in the reactant structures [d(HH11 – O17) = 1.75 (±0.03) Å when Arg90 

treated by MM; d(HH11 – O17) = 1.89 (±0.04) Å when Arg90 is treated by QM in the 

product]. The hydrogen bond between NE1 and O24 lengthens slightly as the reaction 

progresses, increasing from an average hydrogen to acceptor distance of d(HE1 – O24) 

= 1.87 (±0.08) Å when Arg90 treated by MM and d(HE1 – O24) = 1.90 (±0.07) Å when 

Arg90 is treated by QM in the reactant, to d(HE1 – O24) = 1.97 (±0.12) Å when Arg90 

treated by MM; d(HE1 – O24) = 2.03 (±0.09) Å when Arg90 is treated by QM in the 

product. These hydrogen bonds with Arg90 are slightly shorter (~0.1 Å) when this 

residue is treated by MM rather than QM methods. It is apparent that the QM/MM 
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treatment of the interaction is not exactly the same as the QM treatment, as expected, 

but the change in this interaction during the reaction is modelled well by QM/MM 

(because it is primarily an electrostatic interaction109). Biomolecular hydrogen bond 

interactions can be modelled well by QM/MM methods.15, 16  

Table 4 shows a comparison of the partial atomic charges of the side chain of an 

arginine residue in the CHARMM27 forcefield71 (as used in the Chorismate/TS/prephenate 

only QM calculations) and the partial atomic charges of Arg90 at the reactant (R), transition 

state (TS) and product (P), from Mulliken population analysis,72 from QM/MM calculations at 

the B3LYP/6-31G(d)/CHARMM27 level of theory where Arg90 is included in the QM region. 

Mulliken population analysis shows that the partial atomic charges of the arginine atoms show 

very little variation along the reaction path, even for those atoms involved in hydrogen bonds. 

For example, the Mulliken charge of HH11 is 0.35e at R and in the TS and 0.36e in P, despite 

this hydrogen bond shortening by 0.11 Å (as described above). The partial atomic charges of 

the nitrogen atoms are the same when treated by QM or in the MM representation at −0.8e. 

One difference between the MM and QM partial atomic charges is that both hydrogens of the 

NH2 groups are of the same charge (0.46e) in the MM forcefield, but they have significantly 

different charges in the QM population analysis e.g. HH11 = 0.35e and HH12 = 0.47e. On the 

whole, the Mulliken charges of most Arg90 atoms are similar to those in the MM forcefield, 

which is some indication of reasonable consistency between the MM and QM treatments of 

this residue (e.g. the partial atomic charge of NE is slightly less negative at the QM level at 

−0.62e, compared to −0.7e in the CHARMM27 forcefield; the partial atomic charge of HE is 

also less positive at the QM level (0.44e MM, 0.41e QM)). Table S4 shows the partial atomic 

charges of the oxygen atoms of chorismate/TS/prephenate from Mulliken population analysis 

with and without Arg90 in the QM region. Again, the differences are very small even for O17 

and O24 that form hydrogen bonds with Arg90 (see Figure 1). The magnitude of the negative 
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partial charge of O17 is 0.05e smaller in R and 0.07e smaller in the TS and P. As noted above, 

the interaction with Arg90 (which contributes significantly to TS stabilization) is largely 

electrostatic55-57, 109 and is adequately represented by the point charge model in the forcefield. 

Table 4. Partial atomic charges used for the atoms of the side chain of Arg90 in the 

CHARMM27 forcefield65 and the (average, over 6 profiles) partial atomic charges from 

Mulliken population analysis72 in the B3LYP/6-31G(d)/CHARMM27 QM/MM calculations of 

the reactant (R), transition state (TS) and product (P). All charges are given in atomic units (e).

ATOM
NAME Mulliken Population B3LYP/6-31G(d)/CHARMM27CHARMM27

charge R TS P
CD 0.2 −0.33 −0.33 −0.34

HD1 0.09 0.19 0.18 0.19

HD2 0.09 0.22 0.22 0.23

NE −0.7 −0.62 −0.63 −0.63

HE 0.44 0.41 0.41 0.40

CZ 0.64 0.82 0.81 0.82

NH1 −0.8 −0.80 −0.80 −0.80
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HH11 0.46 0.35 0.35 0.36

HH12 0.46 0.47 0.47 0.47

NH2 −0.8 −0.80 −0.81 −0.80

HH21 0.46 0.41 0.42 0.42

HH22 0.46 0.38 0.38 0.38

High-level electronic structure QM/MM calculations with projector-based embedding

Figure 7(a) shows the DFT/aug-cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 

(standard DFT/MM, i.e. not projector-based embedding) energy profiles for a reaction 

pathway with chorismate/TS/prephenate and Arg90 treated by QM. As found above 

for QM/MM calculations on the (uncatalyzed) reaction in solution Figure 4, there is a 

~13 kcal/mol spread in the potential energy barrier for this reaction calculated with 

different density functionals e.g. (‡V = 7.30 kcal/mol with M06/aug-cc-

pVDZ//B3LYP/6-31G(d)/CHARMM27 and (‡V = 20.0 kcal/mol with M06-2X/aug-

cc-pVDZ//B3LYP/6-31G(d)/CHARMM27. The reaction energy varies from rV = 

−15.8 kcal/mol at the B3LYP/aug-cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 level to 

rV = −18.6 kcal/mol at the M06-L/aug-cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 

level. The position of the TS on the reaction coordinate differs between methods, with 

the r = −0.6 Å M06-L with the method, r = −0.5 Å with the PBE and B3LYP methods, 

and r = −0.4 Å with the BH&HLYP, M06 and M06-2X methods. These 

DFT/CHARMM27 results for the potential energy barrier for the enzymatic reaction 

are 5-6 kcal/mol lower than the equivalent values for the solution reaction, while the 

values for the reaction energy are similar. 

We also applied projector-based embedding techniques to calculate the 

energetics of the reaction in BsCM. When projector-based embedding techniques are 
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applied to treat sub-system A with SCS-MP2 with sub-system B included by the same 

range of DFT functionals (Figure 7(b)), the spread in energy barriers predicted by the 

different density functionals is eliminated and there is only a 0.3 kcal/mol difference 

in the calculated barrier [‡V = 15.3 kcal/mol at the SCS MP2-in-PBE/aug-cc-

pVDZ//B3LYP/6-31G(d)/CHARMM27 level and [‡V = 15.6 kcal/mol at the SCS 

MP2-in-M06-L/aug-cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 level]. If thermal and 

ZPE contributions to the barrier of –1.6 kcal/mol are considered12, then our estimate of  ‡H = 

13.7 – 14.0 kcal/mol, in good agreement with the experimental value of ‡H = 12.7±0.4 

kcal/mol.47 The difference in energy barrier between the enzyme (~14 kcal/mol) and 

solution (~18.4 kcal/mol) is 4.4 kcal/mol, somewhat lower than the expected ∆‡H = 

8 kcal/mol.47 As for the reaction in solution, the ab initio potential energy profile shows 

a more defined transition state located at the same value of the reaction coordinate 

with all methods (r = −0.4 Å). There is also very little difference in the values for the 

reaction energy, with more exothermic values when projector-based embedding is 

included in the calculation, ranging from −20.6 to −21.4 kcal/mol. The reaction energy 

is similar for the reaction in both the enzyme and solution with projector-based 

embedding included in the energy calculations.  
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Figure 7. (a) Potential energy profiles for the rearrangement of chorismate to prephenate in 
BsCM at the DFT/aug-cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 level of theory, using the 
PBE, BH&HLYP, M06, M06-2X, M06-L and B3LYP functionals. (b) Projector-based 
embedding profiles at the SCS-MP2-in-DFT/aug-cc-pVDZ// B3LYP/6-31G(d)/CHARMM27 
level of theory for the same range of DFT functionals. All energies are relative to the reactant 
(r = −1.8 Å). 

To test the impact of QM region size on these QM/MM calculations we 

included 1 or 2 further arginine side chains in the QM region (without further 

QM/MM optimization of the profiles). Figure 8(a) shows the profiles obtained for the 

1 QM arginine (1ARG: Arg90) and 3 QM arginine side chains (3ARG: Arg90, Arg7 + 
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Arg63) cases, respectively, calculated with B3LYP/aug-cc-pVDZ//B3LYP/6-

31G(d)/CHARMM27 and BH&HLYP/aug-cc-pVDZ//B3LYP/6-

31G(d)/CHARMM27 QM/MM methods. For clarity, only the 1ARG and 3ARG cases 

are discussed here. Profiles for all the QM region sizes at the B3LYP/aug-cc-

pVDZ//B3LYP/6-31G(d)/CHARMM27 are shown in Figure S9 and the 

corresponding SCS-MP2-in-B3LYP profiles are shown in Figure S10. For both the 

B3LYP and BH&HLYP methods increasing the size of the QM region by the addition 

of 2 further arginine residues (26 atoms, changing the charge on the QM region from 

–1e to +1e) increases the calculated barrier height by ~ 3 kcal/mol. To test the 

dependence of the energetics in these systems on the density functionals, Figure 8a 

shows comparable profiles with either 1 arginine or 3 arginine residues in the QM 

region calculated with BH&HLYP and B3LYP QM/MM methods. Figure 8a shows in 

blue the range of energies for the chorismate + Arg90 QM case (1ARG) case calculated 

with the BH&HLYP (squares) and B3LYP (circles) methods (i.e. the difference between 

the two functionals), also shown in Figure 7(a). The equivalent profiles for the 3 

arginine QM system are shown in red in Figure 8a. Comparing these results shows 

that the barrier is about twice as sensitive to the functional (5.7 kcal/mol at r = −0.2 Å) 

as it is to changes in the size QM region (2.7 kcal/mol for B3LYP/MM). The shape of 

the potential energy profile shapes also strongly depends on the functional. Figure 

8(b) shows the results of embedded QM/MM calculations (SCS-MP2-in-B3LYP/aug-

cc-pVDZ//B3LYP/6-31G(d)/CHARMM27) for the same profiles. The SCS-MP2-in-

B3LYP/aug-cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 barrier is 15.4 kcal/mol for 

the 1ARG model and 18.6 kcal/mol for the 3ARG case, a difference in energy of 3.2 
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kcal/mol (at r = −0.4 Å on the reaction coordinate). This value of 18.6 kcal/mol (17.0 

kcal/mol if thermal and ZPE contributions are included) is somewhat higher than the 

experimental value of ‡H = 12.7 (±0.4) kcal/mol and similar to the results for the 

uncatalyzed reaction. It should be emphasized that the QM region has not been 

optimized in this case; the larger QM region is used purely as a test of energies. It is 

known that the MM description of arginine is not correct, and can affect QM/MM 

energies30 and reliable energetics would require QM/MM optimization. 
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Figure 8. (a) Potential energy profiles for the rearrangement of chorismate to prephenate in 
BsCM for different QM region sizes calculated with commonly used functionals B3LYP and 
BH&HLYP (all at the DFT/aug-cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 level). All 
energies are relative to the reactant (r = −1.8 Å). The shaded area represents the difference 
in energy between the two functionals for that system. (b) SCS-MP2-in-B3LYP/aug-cc-
pVDZ//B3LYP/6-31G(d)/CHARMM27 profiles for the different QM region sizes. All energies 
are relative to the reactant (r = −1.8 Å).

CONCLUSIONS

We have carried out QM/MM single point energy calculations using a range of density 

functionals on structures generated by QM/MM adiabatic mapping along a defined reaction 

coordinate to model the rearrangement of chorismate to prephenate in solution and in the BsCM 

enzyme. The profiles were initiated from structures of the TS from QM/MM umbrella sampling 

MD simulations at the SCC-DFTB/CHARMM22 level of theory. We have tested the sensitivity 

of the results to the choice of DFT functional, ab initio method and QM region size. The results 

highlight the significant differences in barriers and reaction energies given by different 

commonly used hybrid functionals (B3LYP and BHLYP) and meta hybrids (M06 and M06-

2x): these various functionals predict barriers which differ by as much as 8.4 kcal/mol for the 

reaction in solution. We compared the barrier to reaction in solution calculated at the B3LYP 
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pVDZ//B3LYP/6-31G(d)/CHARMM27 level to the results of projector-based embedding of 

various ab initio methods. The CCSD(T)-in-B3LYP/cc-pVDZ//B3LYP/6-

31G(d)/CHARMM27 barrier of 20.0 kcal/mol is our benchmark for these calculations.  

Thermal and ZPE contributions (calculated at the B3LYP level) of –1.6 kcal/mol give an 

estimate of ∆‡H = 18.4 kcal/mol, close to the experimental value of ∆‡H = 20.7 kcal/mol.47 The 

SCS MP2-in-B3LYP/cc-pVDZ//B3LYP/6-31G(d)/CHARMM27 barrier of 19.8 kcal/mol is in 

excellent agreement with the CCSD(T) value as has been shown previously. MP2 and CCSD 

methods predicted barriers ~5 kcal/mol lower than the CCSD(T) result. Consequently, all 

subsequent projector-based embedding calculations were carried out at the SCS MP2 level of 

theory. 

Calculations on the reaction in the enzyme (BsCM), also showed large differences in 

barriers between different functionals (e.g. the difference in barrier the commonly used 

functionals B3LYP and BHLYP is ~ 8 kcal/mol (for the a chorismate/TS/prephenate + Arg90 

QM system). This variation in barrier height with density functional is effectively removed by 

projector-based embedding: the differences between barriers with different functionals is only 

~0.3 kcal/mol at the SCS-MP2-in-DFT/aug-cc-pVDZ/B3LYP/63-1G(d)/CHARMM27 

level. 

The shape of the potential energy surface was also different: the more accurate ab initio 

methods give a more curved profile and well-defined transition state, compared to the 

B3LYP/6-31G(d)/CHARMM27 profile, which is quite flat in the region of the transition state. 

The reaction energy at the B3LYP/ aug-cc-pVDZ/B3LYP/6-31G(d)/CHARMM27 level is 

also less exothermic by 6 kcal/mol compared to SCS MP2 or CCSD(T) calculations.

We investigated the sensitivity of the results to the size of QM region. In solution we 

modelled chorismate/TS/prephenate and increasing numbers of water molecules by QM. The 

variation of the barrier due to the size of the QM region was 3 kcal/mol in the B3LYP/6-
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31G(d)/CHARMM27 profiles. In the SCS MP2-in-B3LYP/aug-cc-pVDZ/B3LYP/6-

31G(d)/CHARMM27 calculations the barriers differ by ~1.5 kcal/mol. In the enzyme the 

average difference in energy barrier between the model where only chorismate/TS/prephenate 

is treated by QM and one with Arg90 included in the QM region is 0.8 kcal/mol. The 

stabilization provided by Arg90 is mostly electrostatic in nature109 and the point charge 

representation of arginine in the forcefield provides a reasonably accurate description of this 

interaction, hence the small difference in energy.  Larger QM models with additional arginine 

residues (Arg7 and Arg63) in the QM region were also investigated (without any optimization 

of the geometry). Increasing the number of arginine residues increased the barrier by ~3 

kcal/mol at all levels of theory, but the reaction energy is much less sensitive to the size of the 

QM region. The difference in barrier heights predicted by common density functionals for any 

size of QM region is significantly larger than the change in barrier caused by increasing the 

number of arginine residues treated in the QM region. For the 3ARG model, the SCS MP2 in-

B3LYP/aug-cc-pVDZ/B3LYP/6-31G(d)/CHARMM27 barrier is 18.3 kcal/mol, but this 

may be reduced by full optimization of the QM region. 

Sampling of conformations is also important to draw reliable conclusions from 

QM/MM calculations on enzyme reactions. For six different structures of the enzyme 

taken from QM/MM MD simulations, the variation in energy was ~ 1.3 kcal/mol. 

This enzyme active site is relatively well-ordered and no significant conformational 

changes are required for reaction, but nevertheless, thermal fluctuations will give rise 

to small fluctuations in the barrier. The effect of conformational variation here is 

relatively small, and comparable the effect of increasing the QM region by 13 atoms 

to include Arg90 in the B3LYP/6-31G(d)/CHARMM27 pathway calculations. A 

practical consideration is that smaller QM regions allow more extensive sampling of 
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conformations (e.g. in MD simulations), which is also an important factor in the 

reliability of mechanistic insight that has been gained through many ‘small’ QM 

region QM/MM studies. The size of QM region should be balanced against the 

amount of sampling required to test mechanistic conclusions or predictions of 

selectivity.104, 110 

There are a number of factors that should be considered and tested in any QM/MM 

investigation, including the choice of QM method, the size of the QM region and the amount 

of sampling required. Generally, in practical investigations of reactivity, relative barriers 

(rather than absolute barriers) are important,111, 112 e.g. to distinguish between possible 

mechanisms, to identify reactive conformations113, 114, predict the effects of mutation, reactivity 

of alternative substrates or analyse chemo-, stereo- or regioselectivity.101-104 However, 

limitations of DFT may prevent reliable predictions even for calculations of relative barriers. 

Multiple applications have shown that, when applied sensibly and appropriately, QM/MM 

calculations can provide insight and can make useful predictions,115-118 and e.g. identify 

catalytic interactions119, 120. For some applications, errors intrinsic to DFT (as currently 

applied), or uncertainty due to differences between functionals, may be the most significant 

limitation in making reliable predictions. For the systems studied here, the reaction barrier is 

significantly more sensitive to the functional than it is to the size of the QM region. It is useful 

to test the sensitivity of the results to the size of the QM region, but it should be remembered 

that the choice of the density functional may be more of a limiting factor in accuracy. 

Dispersion effects within the QM region may be important121 and may need to be included in 

DFT calculations (e.g. via empirical corrections122, 123). Also QM/MM methods are intrinsically 

approximate (the approximations and limitations of the MM forcefield are probably now a 

limiting factor in accuracy) and simple convergence of properties with increasing size of the 

QM region cannot necessarily be expected: e.g., errors of electronic polarization and charge 
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transfer, not represented in typical MM forcefields, are often relatively small for small QM 

regions15 but may increase with the size of the QM region and associated increase in size of 

the QM/MM boundary. Use of large QM regions (100s of atoms) may require somewhat 

different treatment of the boundary, e.g. frozen density methods28, 29. For reactions in 

chorismate mutase, there is no evidence of significant discrepancy between large-scale (up to 

2000 atoms) pure QM results and QM/MM calculations.48 QM/MM methods have also been 

shown to be able to predict effects of mutation, and analyse the origins of catalysis, in this 

enzyme. 38, 40, 42, 49-54, 57, 58

Highly accurate (and systematically improvable/testable) calculations of potential 

energy surfaces and reaction barriers require correlated ab initio methods.12, 124 Only with high-

levels of ab initio theory (e.g. CCSD(T)) can barriers generally be predicted to close to 

chemical accuracy (1 kcal/mol) in electronic structure calculations. SCS-MP2 calculations can 

be close to CCSD(T) in accuracy, as found here and previously,9-11, 13 and provide a good 

balance of accuracy and cost. Such methods can be applied in large systems using local 

approximations (e.g. LCCSD(T) etc.12), but these currently can require expert knowledge for 

useful calculations (e.g. in the definition of domains). Projector-based embedding31 provides a 

more straightforward, easier to use approach for high-level QM and QM/MM calculations in 

chemistry and enzymology.32, 33 Practically, structures generated with lower level methods (e.g. 

DFT/MM) must be used. A relatively small region encompassing the reaction is embedded 

rigorously in a large QM region treated by DFT; the effects of the bulk of the system can be 

included in a QM/MM framework. Barriers calculated by projector-based embedding are not 

sensitive to the functional used for embedding, allowing accurate calculations of reaction 

barriers and potentially other properties at reasonable computational cost. 
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SUPPORTING INFORMATION

Details of the nudged elastic band calculations to carried out to test the reaction 

coordinate are available in section 1.1 of the SI. Figures S1 to S10 and Tables S1-S3 are 

also included. 
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