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Reasons for publication in Angewandte Chemie 
 
With the advent of combined quantum mechanics / molecular mechanics (QM/MM) methods, 
enzymatic reactions have become accessible to theoretical modeling in recent years. QM/MM 
calculations on enzymes have generally been restricted to semiempirical or density functional 
QM treatments, which are realistic but of limited accuracy and cannot be improved in a 
systematic manner. In this work it has for the first time been possible to apply high-level 
coupled-cluster ab initio electronic structure methods to enzymatic catalysis, in a QM/MM 
framework. Excellent agreement is obtained between the computed and the experimentally 
determined activation barriers for two quite different enzymatic reactions, a Claisen 
rearrangement in chorismate mutase and an electrophilic aromatic substitution in para-
hydroxybenzoate hydroxylase. This agreement between experimental and converged 
theoretical results has broader implications concerning the role of specific dynamic effects in 
enzyme catalysis that are currently under debate: at least for the two enzymes studied here, 
such dynamic effects must be small since standard transition state theory describes the 
reactivity quantitatively. 
 
We believe that this paper will be of obvious interest to researchers in the fields of 
biochemistry and enzymology as well as computational chemistry because it reports a 
breakthrough towards unprecedented accuracy in QM/MM studies and thereby provides 
strong evidence that transition state theory is adequate for treating enzymatic reactivity. More 
generally, the paper should appeal to the broad audience of Angewandte Chemie because it 
demonstrates significant advances in high-level ab initio QM/MM methodology that can be 
applied to many complex and chemically relevant systems. 
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The accurate prediction of enzyme kinetics from first principles is one of the central goals of 

theoretical biochemistry. There is considerable current debate[1, 2, 3] about the applicability of 

transition state theory (TST) to compute rate constants of enzyme-catalyzed reactions. 

Classical TST is known to be insufficient in some cases, but corrections for dynamical 

recrossing and quantum mechanical tunneling can be included.[1, 2, 4] Many effects that go 

beyond the framework of TST have been proposed, particularly focusing on the possible role 

of protein dynamics and conformational effects on the enzyme activity. Unfortunately, the 

overall importance of these effects for the effective reaction rate is difficult (if not impossible) 

to determine experimentally. However, if one could compute the quasi-thermodynamical free 

energy of activation with chemical accuracy (i.e. 1 kcal/mol), comparison with the effective 

measured free energy of activation would show the importance of other effects directly.  

Combined quantum mechanics / molecular mechanics (QM/MM) methods have become 

an important tool for computational modelling of enzyme-catalysed reactions. Only the 

substrate(s) and relevant residues in the active site are treated quantum mechanically, the rest 

of the protein being described at the empirical MM level. This lowers the computational 

expense, making it possible to treat large enzyme systems and surrounding solvent, and to 

sample phase space. Nevertheless, the number of QM atoms is still relatively large, and until 

now only low levels of QM theory, such as semi-empirical methods or density functional 

theory (DFT), have been feasible. Semi-empirical methods, though applicable to large 

systems, are generally not accurate enough, since computed free energies of activation may be 

in error by 10 or more kcal/mol. DFT (especially with the B3LYP functional[5]) offers 

improved accuracy, but still lacks key physical interactions (e.g., dispersion). Often, DFT 

underestimates barrier heights by several kcal/mol, and this cannot be systematically 

improved. Thus, where theoretical barriers do not agree with experiment, it is not clear 

whether the discrepancy arises from deficiencies in the electronic structure theory and the 

sampling, in the experimental observations, or in the underlying theoretical framework of 

QM/MM and TST. 

Consequently, there is a need for high-level electronic structure calculations for reliable 

predictions of enzyme reactivity. The ab initio electron correlation methods MP2 (Møller-

Plesset second-order perturbation theory), CCSD (coupled-cluster theory with single and 
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double excitations) and CCSD(T) (CCSD with a perturbative treatment of triple excitations) 

provide a well established hierarchy for converging reliably to high accuracy, and rate 

constants of gas-phase reactions involving only a few atoms can be predicted with error bars 

comparable to those in experiment.[6, 7] However, the computational expense of these methods 

very rapidly increases with the number of atoms (doubling the system size increases cost of 

CCSD(T) by two orders of magnitude), and this has restricted applications of such methods to 

small molecules. 

The steep increase of the computational cost is mainly a consequence of the delocalized 

character of the molecular orbitals from Hartree-Fock theory. However, in covalent molecules 

dynamic electron correlation is a short-ranged phenomenon, and by localizing the molecular 

orbitals it is possible to introduce a hierarchy of approximations[8, 9] that lead to linear scaling 

of all computational resources with system size. Recent breakthroughs in the development of 

such methods[10, 11, 12, 13, 14] now make it possible to treat systems one order of magnitude 

larger with comparable levels of accuracy. In the present study, we use these new high-level 

local correlation methods in QM/MM calculations on two biochemically well characterized 

enzymes, chorismate mutase (CM) and para-hydroxybenzoate hydroxylase (PHBH). 

Combining the ab initio results with thorough sampling we predict activation enthalpies that 

approach chemical accuracy. 

The CM enzyme catalyzes the Claisen rearrangement of chorismate to prephenate, a key 

conversion in the shikimic acid pathway that produces aromatic amino acids (Scheme 1).  

 

 

Scheme 1  

 

This enzyme has been the object of extensive experimental[15, 16] and computational[17, 18, 19] 

research, which has conclusively shown that catalysis proceeds without covalent binding of 
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the substrate to the enzyme. The chemical step is believed to be largely rate-limiting in 

Bacillus subtilis CM, and the uncatalyzed reaction in water proceeds by the same mechanism. 

This makes CM a particularly convenient target for QM/MM studies,[17, 18, 19] which have 

focused on aspects such as the structure of the enzyme-substrate complex, reaction pathways, 

and the role of active site residues in transition state stabilization. Calculations demonstrate 

that the key catalytic interactions are primarily electrostatic and are well described in the 

QM/MM model[17, 18]. However, almost all of this previous reaction modelling has been 

carried out using semi-empirical or DFT methods, which do not predict barrier heights with 

chemical accuracy. 

PHBH is a flavoprotein monooxygenase which catalyzes the hydroxylation of the 

substrate p-hydroxybenzoate (Scheme 2). 

 

 

Scheme 2 

 

It plays a crucial role in the oxidative degradation of aromatic compounds, such as lignin, by 

soil bacteria. The active hydroxylation agent is a flavin hydroperoxide (FADHOOH) that 

hydroxylates p-hydroxybenzoate in the meta position. 

The extensive experimental work on PHBH has been reviewed,[20] and the mechanistically 

relevant results for the hydroxylation step have been summarized recently.[21] There is 

consensus that the hydroxylation involves an electrophilic aromatic substitution at the 

dianionic substrate and at around pH 8 where the enzyme is most active, the hydroxylation is 

considered to be the rate-determining step.[22, 23] An activation enthalpy of 12 kcal/mol has 
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been obtained at pH 8 from temperature-dependent measurements of the overall rate between 

277 and 298 K,[24] while the measured rates of hydroxylation at pH 6.5[23, 25] and the reported 

turnover rates at pH 8[22, 23] indicate free energies of activation of 14 and 15 kcal/mol,[21] 

respectively. On the theoretical side, the hydroxylation mechanism in PHBH has been the 

subject of several QM/MM studies,[21, 26, 27] where the QM region has been described by the 

semi-empirical AM1 method (in one case also at the Hartree-Fock (HF) level[26]). As with 

CM, tests showed that the key interactions are well captured in the QM/MM model.[21, 26] Fig. 

1 shows an optimized structure of the transition state within the active site, with a hydrogen 

bond between the transferring OH moiety and the backbone carbonyl of Pro 293. 

 

Figure 1:  PHBH active site 
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In the current work MP2, LMP2 and LCCSD(T0) calculations on CM and PHBH have 

been carried out (the L in the acronyms indicates that local approximations were used, and T0 

is an approximate triples correction[10, 11]). These are certainly by far the largest coupled 

cluster calculations ever performed (for PHBH correlating 284 electrons using 1294 basis 

functions). To account for the effects of conformational fluctuations the results were averaged 

over multiple pathways (16 for CM and 10 for PHBH). Initial structures were sampled from 

semi-empirical QM/MM dynamics, and reaction pathways were optimized using B3LYP/MM. 

To establish the reliability with respect to all other approximations, extensive convergence 

studies were performed. Using an extended QM region for CM (including Arg7, Arg63, 

Glu78 and Arg90 side chains and three water molecules in addition to the substrate) changes 

the B3LYP barrier by only around 0.7 kcal/mol. Calculations at the MP2 level with very large 

basis sets (up to quintuple zeta) alter the MP2 barrier heights by less than 0.5 kcal/mol. This 

excellent convergence with respect to basis has been confirmed by calculations using the 

recently developed explicitly correlated method MP2-F12(loc),[14] which essentially delivers 

the MP2 basis set limit. Further extensive tests, as fully described in the Supporting 

Information, have shown that the effect of local approximations is smaller than 0.5 kcal/mol. 

These studies indicate that the computed LCCSD(T0) barrier heights are likely to agree with 

the full CCSD(T) values at the basis set limit to within 1 kcal/mol. This is an unprecedented 

accuracy which previously was difficult to achieve even for small molecules. 

An underlying assumption in these calculations is that the CCSD(T) method in the basis 

set limit would predict barrier heights accurately. Small molecule calculations show that the 

error is unlikely to exceed 1 kcal/mol. Furthermore it is assumed that the B3LYP geometries 

are reliable. This is justified by the fact the B3LYP and LCCSD(T) transition states appear at 

almost the same reaction coordinate value along the B3LYP pathways. 

The averaged activation enthalpies are summarized in Table 1, and the energy profiles 

along one typical pathway in CM are shown in Fig. 2.  
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Table 1:  Computeda activation enthalpies ∆H‡ (300K) for CM and PHBH in kcal/mol 

 

Method CM PHBH 

HF 28.3 36.7 

B3LYP 10.2   8.4 

LMP2   9.5 10.7 

LCCSD(T0)b 13.1 13.3 

Experiment 12.7c 12.0d 

  

 aActivation enthalpies were derived from averages of energy differences from single-point QM/MM calculations for 

the reactant complex and the TS on different adiabatic pathways. The aug-cc-pVTZ basis was used on oxygen and cc-

pVTZ on all other atoms, and a point-charge representation of the MM environment was included in the QM 

calculations. Starting points for adiabatic pathways were derived from snapshots from molecular dynamics (MD) 

sampling described elsewhere.[21, 28] The geometries along the adiabatic pathways were obtained from separate 

QM/MM optimizations, using B3LYP for the QM part. Zero-point energy (ZPE) and 300 K thermal corrections were 

derived from QM-only calculations on cluster models. For CM, the cluster included chorismate and surrounding 

residues and was treated with B3LYP; for PHBH, the QM region was used, and treated with AM1. Full details can be 

found in Supporting Information.  

b LCCSD(T0) denotes local coupled cluster with an approximate treatment of the (T) triples correction in which certain 

couplings are neglected.[10, 11] 

cReference [15]  

dReference [24] 
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Figure 2:  QM/MM potential energy curves (without thermal corrections) for a single 

representative reaction pathway in CM. The reaction coordinate is defined as the difference 

between the length of the breaking C–O bond and the forming C–C bonds. See Table 1 for 

details of methods used. 

 

 

By comparison of the HF and LCCSD(T0) results it can be seen that electron correlation 

effects lower the activation enthalpies by about a factor of 3. This is due to the fact that near 

the transition state more electrons are spatially close, leading to a significant increase in the 

correlation energy relative to the reactants. LMP2 and B3LYP overestimate the correlation 

effect and predict barriers that are too low by 3–5 kcal/mol. Only the LCCSD(T0) results are 
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in close agreement with experiment. These results clearly demonstrate that a high-level 

electron correlation treatment such as LCCSD(T0) is necessary to make quantitative 

predictions of barrier heights or other energetic properties in enzymes. It is likely that the 

limiting factor for the overall accuracy is now the QM/MM approximation and not the QM 

treatment as in previous semi-empirical or DFT studies. It should be noted in this context that 

the barrier height has been found to be insensitive to the size of the chosen QM region. [18,19]  

Reaction rates depend on activation free energies rather than on the enthalpies shown in 

Table 1. The difference between these two quantities can be estimated using low-level 

QM/MM methods by comparing mean activation enthalpies with activation free energies. The 

free energies are computed by umbrella sampling (CM)[29] or thermodynamic integration 

(PHBH).[21] For CM the entropic contribution at 300 K is computed to be 2.5 kcal/mol, in good 

agreement with the experimental value of 2.7 kcal/mol.[15] For PHBH the computed entropic 

contribution is 0.4 kcal/mol, which together with the best activation enthalpy computed here 

gives ∆G‡(300 K) = 13.7 kcal/mol, in good agreement with the experimental values of 14–15 

kcal/mol.[22, 23, 25] 

Our high-level QM/MM calculations provide near-quantitative results for the activation 

enthalpies and free energies of the reactions catalyzed by CM and PHBH. The agreement with 

experiment indicates that transition state theory provides a good general framework for 

understanding the rates of such enzyme-catalysed reactions. Our results show that it is now 

possible to perform electronic structure calculations on large systems approaching chemical 

accuracy, thus allowing quantitative studies of reaction mechanisms in enzymes. This 

development opens new horizons for theoretical biochemistry and many other areas of 

computational chemistry. 

 

Keywords: enzyme catalysis, ab initio calculations, QM/MM calculations, transition state 

theory, reaction mechanisms 
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QM/MM geometry optimisations of transition states and corresponding reactants were 

performed using B3LYP/6-31G*/CHARMM[1] and B3LYP/TZVP/GROMOS[2] for CM (16 

pathways) and PHBH (10 pathways) respectively. The QM regions were treated by Jaguar[3] 

and Turbomole[4], and the QM/MM coupling by QoMMMa[5] and ChemShell,[6] for CM and 

PHBH respectively. The final single-point B3LYP, LMP2, and LCCSD(T) calculations were 

carried out with the MOLPRO package of ab initio programs.[7] 

For CM, the initial geometries were sampled from AM1/CHARMM[8, 9] and 

PM3/CHARMM[10] QM/MM molecular dynamics (MD) simulations of Bacillus subtilis CM 

restrained to the transition state region (for details see[11, 12]). Reaction pathways were obtained 

by adiabatic mapping, using as a reaction coordinate the difference in length between the 

breaking C–O and forming C–C bonds. 

For PHBH, snapshots from GROMOS and AM1/GROMOS MD runs served as starting 

structures for AM1/GROMOS geometry optimisations. The resulting AM1/GROMOS 

transition structures were refined at the B3LYP/GROMOS level, by re-optimising the QM 

region and all surrounding residues within a distance of 5 Å. The B3LYP/GROMOS transition 

structures were then relaxed towards the associated reactants by careful stepwise energy 

minimizations, making sure that they are connected by a continuous path. The mapping 

coordinate used here was the difference in length between the breaking O–O and forming C–O 

bonds. 

The definition and preparation of the QM/MM models has been described elsewhere. [11, 12, 

13] Briefly, the CM system was comprised of the 24 atoms of the substrate in the QM region 

and 7033 MM atoms. The PHBH system consisted of 7004 atoms (enzyme, substrate and 
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cofactor) and an aqueous solvent layer (ca. 23 000 atoms in total). The QM region consisted of 

49 atoms comprising p-hydroxybenzoate and FADHOOH with R=Me. Coupling between the 

QM and MM regions was introduced by including a point charge representation of the MM 

region in the QM Hamiltonian, and by computing van der Waals non-bonded terms between 

QM and MM atoms. For the QM atoms, standard MM parameters for analogous MM atoms 

were used for the corresponding van der Waals well depths and radii. 

The computed activation enthalpies for PHBH in Table 1 include a zero-point energy 

(ZPE) correction of –1.1 kcal/mol and an enthalpic temperature correction of –0.2 kcal/mol 

which were determined from AM1 gas-phase calculations for the QM region. Entropic 

corrections computed using AM1 on a gas-phase model amount to 1.2 kcal/mol. The entropic 

corrections for the whole system can be estimated by comparing the directly computed free 

energies of activation from 10 AM1/GROMOS TI runs[13] with the corresponding 

AM1/GROMOS energy barriers, which leads to an average entropic contribution of 0.4 

kcal/mol. 

ZPE corrections for CM were computed by performing B3LYP frequency calculations on 

six different optimized reactant and TS structures of the substrate within the active site 

consisting of 2 water molecules within 3 Å of chorismate and 4 hydrogen terminated amino-

acid side chains (Arg7, Arg63, Arg90 and Glu78). The water molecules and the amino acids 

were frozen during the reactant and TS optimisations. Rows and columns of the Hessian 

corresponding to the frozen atoms were deleted prior to diagonalisation. The values of the 

ZPE and enthalpic temperature correction are very similar for the six structures used; on 

average, the ZPE correction to the barrier height is –1.5 kcal/mol and the average enthalpic 

temperature correction is –0.1 kcal/mol. Free energy corrections for the CM reaction paths are 

computed from density functional tight binding (SCC-DFTB/CHARMM) QM/MM umbrella 

sampling[14] MD calculations along the reaction coordinate (kumbrella=200 kcal/Å).[15] 

All ab initio wave function calculations used density fitting (DF) approximations[16, 17] 

which greatly reduce the computational effort. The DF-HF and DF-LMP2 methods are 

described in Refs.[18, 19]; the DF-LCCSD(T0) calculations were performed using a newly 

developed program.[20, 21] The errors arising from density fitting are very small and typically 
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less than 0.05 kcal/mol for energy differences. 

The basis set convergence was established at the canonical DF-MP2 level by comparing 

the barrier heights for one pathway in each system for different basis sets. For CM, the [aug]-

cc-pVTZ set (aug-cc-pVTZ for O and cc-pVTZ for all other atoms), which was used in the 

final DF-LCCSD(T0) calculations, was compared with the full aug-cc-pVTZ, aug-cc-pVQZ 

and aug-cc-pV5Z sets. For PHBH, a similar comparison was made with full aug-cc-pVTZ and 

aug-cc-pVQZ sets. In addition, for both systems a recently developed DF-MP2-F12(loc) 

method[22, 23] was used to check the basis set convergence. As has been demonstrated in Ref. 
[23], the DF-MP2-F12(loc) method yields results very close to the basis set limit even with the 

aug-cc-pVTZ orbital basis. In fact, as shown in Table 1, the MP2 barrier heights converge 

with increasing basis set towards the MP2-F12(loc) values for both systems. From these 

results it can be concluded that the computed MP2/[aug]-cc-pVTZ barrier heights are within 

0.5 kcal/mol of the complete basis set (CBS) limits. It is known from small-molecule 

calculations that the basis set effect is usually somewhat smaller at the LCCSD(T0) level than 

at the MP2 level, and therefore it can be assumed that the LCCSD(T0) results are also within 

about 0.5 kcal/mol of the basis set limit. 

 

Table 1:  Basis set convergence of DF-MP2 barrier heightsa 

Method CM PHBH 

DF-MP2/[aug]-cc-pVTZb 12.3 11.8 

DF-MP2/aug-cc-pVTZ 11.8 11.7 

DF-MP2/aug-cc-pVQZ 12.2 12.1 

DF-MP2/aug-cc-pV5Z 12.3 – 

DF-MP2-F12/aug-cc-pVTZc 12.3 12.2 

a) Without zero-point corrections 

b) Diffuse functions only on O atoms 

c) Using MP2-F12/2*A(loc) corrections, see Ref. 23 
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Local correlation calculations used domains determined through the Boughton-Pulay 

procedure[24] with a completeness criterion of 0.98. In order to guarantee a balanced treatment 

of reactants and transition state and to ensure smooth potentials, the domains of the reactants 

and transition state should be merged and then kept fixed. This was done for CM, but not for 

the larger PHBH system. We tested the impact of this approximation by computing a single 

PHBH barrier height using merged domains, and found that this differed from the more 

efficient calculation by only 0.2 kcal/mol. 

The domain approximation was tested by comparing the barrier heights of DF-MP2 and 

DF-LMP2 calculations. In LMP2 no weak or distant pair approximations were made, and 

therefore the difference of DF-MP2 and DF-LMP2 solely reflects the effect of restricting the 

excitations to domains. It was found for both systems that LMP2 underestimates the 

correlation contribution by 0.3–0.4 kcal/mol. From previous studies[25] it is known that the 

errors caused by the domain approximation are very similar at the LMP2 and LCCSD(T) 

levels, and therefore it can be assumed that these error bounds apply to LCCSD(T) as well. 

In the LCCSD(T) calculations additional weak pair and triples approximations[26, 27] were 

made. Furthermore, the (T0) approximations was used, in which couplings between different 

orbital triples are neglected.[27] For one pathway of each system the latter approximation has 

been tested by comparing with the more accurate (T1) approximation,[28] and the errors were 

found to be negligible. In order to save computer time, the triples correction was computed 

using the [aug]-cc-pVDZ basis for most pathways of PHBH; tests on three pathways show 

that the errors compared to the larger basis are less than 0.3 kcal/mol. The convergence with 

respect to the weak pair and triples approximations has been established for each system by 

extending the pair and triples lists until the barrier heights were converged to within 0.3 

kcal/mol (or better). The final distance criteria[26, 27] for close and weak pairs were Rclose = 1 

bohr / 1 bohr and Rweak = 5 bohr / 7 bohr for CM / PHBH, respectively. From the convergence 

of the results with respect to these parameters it was observed that the weak pair and triples 

approximations lead to a slight overestimation of the correlation contribution. This effect 

partly cancels with the error due to the domain approximation. Such cancellations are well 

known from other studies,[25, 26] and it can therefore be assumed that the total error caused by 
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the local approximations should be less than 0.5 kcal/mol. Together with the basis set error it 

can be concluded that the LCCSD(T0) results are likely to be converged to within 1 kcal/mol 

of the full CCSD(T)/CBS limits. 
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