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The accurate prediction of enzyme kinetics from first
principles is one of the central goals of theoretical biochem-
istry. Currently there is considerable debate[1–3] 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 kcalmol�1), compar-
ison with the effective measured free energy of activation
would directly show the importance of other effects.

Combined quantum mechanical/molecular mechanical
(QM/MM) methods have become an important tool for
computational modeling of enzyme-catalyzed reactions. Only
the substrate(s) and relevant residues in the active site are
treated quantum mechanically, the rest of the protein is
described at the empirical MM level. This lowers the
computational expense, making it possible to treat large
enzyme systems and the 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 semiempirical methods or density functional theory
(DFT), have been feasible. Semiempirical methods, though
applicable to large systems, are generally not accurate enough
because computed free energies of activation may have an
error of ten or more kcalmol�1. 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 kcalmol�1, which
cannot be systematically improved. Thus, when theoretical
barriers do not agree with those from experiment, it is not
clear whether the discrepancy arises from deficiencies in the
electronic structure theory and the sampling, in the exper-
imental observations, or in the underlying theoretical frame-
work 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 double excitations),
and CCSD(T) (CCSD with a perturbative treatment of triple
excitations) provide a well-established hierarchy that con-
verge reliably to give high accuracy, and rate constants of gas-
phase reactions involving only a few atoms can be predicted
with error bars comparable to those found experimentally.[6,7]

However, the computational expense of these methods
increases very rapidly with the number of atoms (doubling
the system size increases the cost of CCSD(T) by two orders
of magnitude), and this has restricted the applications of such
methods to small molecules.

The steep increase in the computational cost is mainly a
consequence of the delocalized character of the molecular
orbitals from the Hartree–Fock (HF) 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 developments[10–14] have made it possible
to treat systems that are one order of magnitude larger with a
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comparable level 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-hydroxyben-
zoate 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).

This enzyme has been the object of extensive experimen-
tal[15,16] and computational[17–19] research, which have conclu-
sively shown that catalysis proceeds without covalent binding
of 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 mecha-
nism. This makes CM a particularly convenient target for
QM/MM studies,[17–19] 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 modeling has been carried out by using
semiempirical or DFT methods, which do not predict barrier
heights with chemical accuracy.

PHBH is a flavoprotein monooxygenase that catalyzes the
hydroxylation of the substrate p-hydroxybenzoate
(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 (FAD-
HOOH) 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 a consensus that the hydroxylation involves an electrophilic

aromatic substitution on the dianionic substrate, and at
around pH 8 (pH at which the enzyme is most active) the
hydroxylation is considered to be the rate-determining
step.[22,23] An activation enthalpy of 12 kcalmol�1 has been
obtained at pH 8 from temperature-dependent measure-
ments of the overall rate between 277 and 298 K.[24] 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 kcalmol�1,[21] respectively. On the
theoretical side, the hydroxylation mechanism in PHBH has
been the subject of several QM/MM studies[21,26,27] in which
the QM region has been described by the semiempirical AM1
method (in one case also at the HF level[26]). As with CM, tests
showed that the key interactions are well captured in the QM/
MM model.[21, 26]

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 by using
1294 basis functions). To account for the effects of conforma-
tional fluctuations, the results were averaged over multiple
pathways (16 for CM and 10 for PHBH). Initial structures
were sampled from semiempirical QM/MM dynamics, and
reaction pathways were optimized by using B3LYP/MM. To
establish the reliability with respect to all other approxima-
tions, extensive convergence studies were performed. The use
of 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 kcalmol�1. Calculations at the MP2 level with very
large basis sets (up to quintuple zeta) alter the MP2 barrier
heights by less than 0.5 kcalmol�1. This excellent convergence
with respect to basis has been confirmed by calculations that
use the recently developed explicitly correlated methodMP2-
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 approxima-
tions is smaller than 0.5 kcalmol�1. 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 kcalmol�1. This accuracy is unprecedented and was pre-
viously 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 kcalmol�1. Furthermore, it is
assumed that the B3LYP geometries are reliable. This is
justified by the fact that the B3LYP and LCCSD(T) transition
states appear at almost the same reaction-coordinate value
along the B3LYP pathways. The averaged activation enthal-
pies are summarized in Table 1, and the energy profiles along
one typical pathway in CM are shown in Figure 1.

Through comparison of the HFand 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

Scheme 1. Claisen rearrangement in CM.

Scheme 2. Hydroxylation reaction in PHBH.
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correlation energy relative to the reactants. LMP2 and
B3LYP overestimate the correlation effect and predict
barriers that are too low by 3–5 kcalmol�1. Only the
LCCSD(T0) results are in close agreement with experimental
results. These results indicate 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 approx-
imation 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 with the use of
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 kcalmol�1, in good agreement
with the experimental value of 2.7 kcalmol�1.[15] For PHBH,
the computed entropic contribution is 0.4 kcalmol�1, which,
together with the best activation enthalpy computed herein,
gives DG�(300 K)= 13.7 kcalmol�1. This is in good agree-
ment with the experimental values of 14–15 kcalmol�1.[22, 23,25]

Our high-level QM/MM calculations provide near-quan-
titative results for the activation enthalpies and free energies
of the reactions catalyzed by CM and PHBH. The agreement
with experimental results indicates that transition-state
theory provides a good general framework for understanding
the rates of such enzyme-catalyzed 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 theoret-
ical biochemistry and many other areas of computational
chemistry.
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LMP2 9.5 (1.0) 10.7 (1.2)
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[a] Activation enthalpies were derived from averages of energy differ-
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QM region was used and treated with AM1. Full details can be found in
the Supporting Information. [b] In parentheses: root-mean-square
deviations for 16 (CM) and 10 (PHBH) snapshots. [c] LCCSD(T0)
denotes local coupled cluster with an approximate treatment of the (T)
triples correction in which certain couplings are neglected.[10,11] [d] Refer-
ence [15]. [e] Reference [24].

Figure 1. QM/MM potential-energy curves (without thermal correc-
tions) for a single representative reaction pathway in CM. The reaction
coordinate r 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.
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