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Abstract: We recently described a method to compute accurate quantum mechanical free

energies [Rod, T. H.; Ryde, U. Phys. Rev. Lett. 2005, 94, 138302]. The method, which we term

quantum mechanical thermodynamic cycle perturbation (QTCP), employs a molecular mechanics

force field to sample phase space and, subsequently, a thermodynamic cycle to estimate QM/

MM free energy changes. Here, we discuss the methodology in detail and test an approach

based on a different thermodynamic cycle. We also show that a new way of treating hydrogen

link atoms makes the free energy changes converge faster and that extrapolation to higher

accuracy can be performed. We finally discuss the quantum mechanical free energy (QM/MM-

FE) method in the framework of the QTCP method. All methods considered are applied to the

methylation of catecholate catalyzed by catechol O-methyltransferase. We compute the free

energy barrier for the reaction by computing free energy changes in steps between fixed QM

regions along a predetermined reaction pathway. Using the QTCP approach, an extrapolated

activation free energy of 69 kJ/mol for the forward reaction and 90 kJ/mol for the reverse reaction

are obtained at the level of the B3LYP functional and the 6-311++G(2d,2p) basis set. The

value for the forward reaction is in excellent agreement with the experimental value of 75 kJ/

mol. Results based on the QM/MM-FE method differ by less than 10 kJ/mol from those values,

indicating that QM/MM-FE may be a fairly accurate and cheap alternative to calculate QM/MM

free energy changes. Moreover, the results are compared to barriers obtained with a fixed

molecular mechanics environment as well as with structures optimized in a vacuum. All the

computed free energy barriers are well converged. A major approximation in the current

implementation of the QTCP method is that the QM region is fixed. The approximation leads to

well-converged free energy barriers, which has been a problem in similar studies.

1. Introduction
The general problem with atomic-scale simulations of
enzyme catalysis is that thousands of atoms are involved and
chemical bonds are modified. The description of bond
breaking or forming calls for fairly accurate quantum
mechanical (QM) methods, whereas the huge phase space
calls for sampling with a cheaper method like molecular
mechanics (MM) or semiempirical QM. The most straight-

forward way to solve the problem is by sampling phase space
using a combined quantum mechanics and molecular me-
chanics (QM/MM) method where a small subset of atoms
are treated by QM and the remaining atoms by MM. This
can be pursued either by sampling directly on the Born-
Oppenheimer surface or by using a Car-Parrinello approach.
The problem is that realistic simulation times are currently
limited to a few tens of picoseconds for this approach because
of the severe computational load even for small QM systems.
This is a rather short simulation time for systems as big as
enzymes where many events, besides the reaction catalyzed,
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occur on time-scales much longer than picoseconds.1 Various
approaches have been proposed and utilized in the literature
to solve the problem of computing accurate QM/MM free
energies for chemical reactions in solutions2-12 including
enzymatic reactions.13-23 A basic idea is to use a fast but
less accurate method to sample phase space and use this
sampling to estimate high-level QM/MM free energies with
a modest number of QM/MM calculations. Below we give
a summary of methods based on this idea.

In the quantum mechanical free energy (QM-FE) approach
by Jorgensen and co-workers,2-4 a reaction pathway for
atoms in the QM region is calculated in a vacuum. Free
energies for the interaction between the QM and MM atoms
are then calculated along the reaction pathway by performing
MM free energy perturbation or thermodynamic integration
calculations where electrostatic interactions between the QM
and MM atoms are defined via point charge interactions. In
the treatment by Jorgensen and co-workers, and later by
Kollman and co-workers,13-15 point charges to represent the
QM atoms were derived from calculations in a vacuum, i.e.,
without an MM region. Jorgensen and co-workers used the
method to study organic reactions in solution, and Kollman
and co-workers extended the method to that of enzymatic
reactions, namely amide hydrolysis in trypsin13 and methyl
transfer by catecholO-methyltransferase.14

Yang and co-workers applied their QM/MM free energy
method (QM/MM-FE) to the enzymes triosephosphate
isomerase,16,17enolase,18,17and 4-oxalocrotonate tautomerase.19

The QM/MM-FE method is an improvement over the QM-
FE method in that a QM/MM optimized reaction pathway
and QM energies and point charges derived from QM/MM
calculations are used. In this way, polarization of the QM
region by the MM region is included. Ishida and Kato
employed the same approach to study acylation by serine
proteases.20,21

An alternative approach is the ab initio QM/MM approach
(QM(ai)/MM) by Warshel and co-workers.5,6,22-24 They
sampled phase space by performing molecular dynamics
(MD) simulations with a reference potential given by the
empirical valence bond (EVB) method.25 Umbrella sampling
ensured that the entire reaction pathway was sampled and
made it possible to calculate the potential of mean force
(PMF). Free energy changes between the system described
by the reference potential and by density functional theory
were calculated with free energy perturbation, and in this
way a high-level QM/MM PMF can be obtained. The
methodology corresponds to using the thermodynamic cycle
in Figure 1 (with MM replaced by EVB) and is in principle
exact with respect to how the free energy changes are
calculated. In practice, the free energy did not converge
owing to large fluctuations of the difference between the
reference potential and the high-level QM/MM potential,
although electrostatic interactions converged. Therefore,
Warshel and co-workers used more approximate methods
to calculate the free energy difference between the system
described by EVB and by a high-level QM/MM method.6,23

Like Warshel and co-workers, Wood and co-workers use
free energy perturbation in their ab initio/classical free energy
perturbation (ABC-FEP) approach, which was used to

compute hydration energies of water and the Na+ and Cl-

ions at different physical conditions.26-29 In this approach,
only solute-solvent interaction energies are perturbed to the
QM level. They also studied solute-solvent structural
properties as well as water dimer dissociation.30,31

Schofield and co-workers and Bandyopadhyay have
developed a similar approach termed the molecular mechan-
ics importance based function (MMBIF) method.7-12 They
also use a MM reference potential to sample the phase space
and calculate corresponding high-level QM/MM energies for
a set of configurations. Based on the two sets of energies,
they use a Metropolis-Hastings algorithm to generate a high-
level QM/MM canonical ensemble from which QM/MM free
energies can be calculated.

Recently, we employed a third approach,32 which can be
considered as a combination of the QM/MM-FE method and
the approach by Warshel and co-workers. Like Yang and
co-workers as well as Ishida and Kato, we optimized a
reaction pathway using QM/MM and selected a number of
configurations for the QM region along the reaction pathway.
Based on calculated point charges for the QM region, we
calculated classical MM-QM interaction free energy changes
between subsequent fixed QM configurations along the
reaction pathway. Similar to the approach by Warshel and
co-workers, we then calculated the MMf QM free energy
change for each QM configuration along the reaction
pathway, and, in this way, a high-level QM/MM PMF was
obtained. With this approach, we obtained a converged PMF
for the methyl transfer reaction in catecholO-methyltrans-
ferase (COMT). Consistent with results by Warshel and co-
workers,22 it shows that theelectrostaticinteraction energies
between the QM region and the MM region can be converged
to high accuracy. Interactions within the QM region are by
definition completely converged in our application since the
QM region was fixed in the sampling process.

Here we discuss the approach in a more general framework
and study the importance of sampling the phase space of
the MM region and ways to limit the computational cost. In

Figure 1. Illustration of the QTCP method, where a thermo-
dynamic cycle is employed to calculate QM/MM free energy
changes. The lower figure shows how this can be applied to
calculate the free energy barrier along a reaction coordinate
defined by F. We refer to this particular implementation of the
QTCP method by QTCP-U.
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particular, we show that the QM/MM-FE method may be a
fair approximation to our approach.

The article is organized as follows. In the next section,
we describe the methodology employed, including our
treatment of link atoms, and a derivation of the QM-FE and
QM/MM-FE approaches. A description of the computational
setup follows. Results for the methyl transfer reaction
catalyzed by COMT are discussed in section 3. We use two
different thermodynamic cycle approaches and demonstrate
that free energies can be extrapolated accurately to a different
basis set and exchange-correlation functional. The report ends
with some concluding remarks in section 4.

2. Method
2.1. Thermodynamic Cycle Approach.The thermodynamic
cycle depicted in Figure 1 makes it possible to compute high-
level QM/MM free energy changes between two states A
and B based on classical sampling. In this approach, the free
energy change between A and B described by QM/MM is
calculated as the sum of three terms: (1) the negative free
energy change between A described by MM and by QM/
MM (-∆Ammfqm/mm(A)), (2) the free energy change between
A and B with both described by the MM potential (∆Amm(A
f B)), and (3) the free energy change between B described
by the MM potential and by QM/MM (∆Ammfqm/mm(B)).
Hence

The methodology is quite general and can be applied to
compute free energy changes between different chemical
species. For instance, A and B in Figure 1 can be a protonated
and deprotonated group in order to compute a pKa value.
The methodology can also be used to compute the free
energy along a reaction coordinate as indicated in the lower
panel of Figure 1. We term the method the quantum
mechanical thermodynamic cycle perturbation (QTCP) method.
Because the shape of the thermodynamic cycle in Figure 1
resembles an edged U, we use the acronym QTCP-U when
referring specifically to the cycle in Figure 1 (as opposed to
the one in Figure 2).

Each of the three terms in the above equation can be
calculated by means of free energy perturbation (FEP).33,34

In the FEP approach, a free energy change,∆A(0f1) is
calculated as

wherekB is Boltzmann’s constant andT is the temperature.
E0 andE1 are the energies of system 0 and 1, respectively,
and〈...〉0 indicates an ensemble average for system 0. Hence,
the free energy changes in eq 1 can all be calculated as an
ensemble average for the system described by the MM
potential, meaning that a QM/MM free energy change can
be obtained without sampling the QM/MM potential surface
but entirely by sampling the surface of the MM potential.

Using FEP, the middle term on the right side of eq 1 can
be written as

and the first and last terms can be written as

In the equations above,Eqm/mm
tot and Emm

tot are the QM/MM
and MM potential energies.

The approach above demands an MD simulation per state
involved, but the free energy change can in principle be
computed from a single simulation. Figure 2 shows how this
can be pursued using a single simulation of an intermediate
state, O, which we will term an anchor point. In this case,
the free energy change,∆Aqm/mm(A f B), is calculated as
the sum of two terms

where

Figure 2 shows that the idea also can be applied to compute
free energy changes between several points on a reaction
pathway. We refer to this particular implementation of the
QTCP method by QTCP-V, because the shape of the cycle
in Figure 2 resembles a V.

2.2. Definition of Energy Terms.Before discussing the
QM-FE and QM/MM-FE methodologies we need to consider
the involved potential energy terms in more detail. We denote
coordinates of the atoms in the QM and MM region byRq

andRm, respectively. We start by defining the MM energy,
Emm

tot , in eqs 3, 4, and 6. This term can be separated into
three terms

Figure 2. The QTCP method, where a single simulation is
used to compute a QM/MM free energy change (QTCP-V).
The lower panel shows how this approach can be used to
obtain a free energy barrier along a reaction pathway.

∆Aqm/mm(A f B) ) -∆Ammfqm/mm(A) + ∆Amm(A f B) +
∆Ammfqm/mm(B) (1)

e-∆A(0f1)/kBT ) 〈e-(E1-E0)/kBT〉0 (2)

∆Amm(A f B) ) -kBT ln 〈e-[Emm
tot (B)-Emm

tot (A)]/kBT〉mm,A (3)

∆Ammfqm/mm(X) ) -kBT ln 〈e-[Eqm/mm
tot (X) -Emm

tot (X)]/kBT〉mm,X

X ) A, B (4)

∆Aqm/mm(A f B) ) -∆Ammfqm/mm(O f A) +
∆Ammfqm/mm(O f B) (5)

∆Ammfqm/mm(O f X) ) -kBT ln 〈e-[Eqm/mm
tot (X)-Emm

tot (X)]/kBT〉mm,O

(6)

Emm
tot ) Emm

m (Rm) + Emm
q/m(Rq, Rm) + Emm

q (Rq) (7)
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whereEmm
m describes interactions between MM atoms and

Emm
q/m describes interactions between the MM and QM

regions. The last term,Emm
q , describes interactions within

the QM region. All these classical terms are defined via a
force field, and they can be calculated by standard MM
programs such as CHARMM.35

To ease the discussion to come, we can further decompose
Emm

q/m into two terms

whereEne describes all interactions between the MM region
and the QM region besides point charge interactions, which
are described by the last term. This term is given by

where the summations run over MM and QM atoms, and
whereZR andZâ are point charges of MM and QM atoms,
respectively.

In a similar fashion, the total energy,Eqm/mm
tot , can be

decomposed into a term that depends solely on the positions
of the MM atoms and terms that depend on the positions of
both sets of atoms

where Emm
m is the same as in eq 7.Ecorr is a link atom

correction term, which is discussed in the next section.
The term,Eqm/mm in eq 10, is composed of a quantum

mechanical term,Equant, and a classical interaction term,Ene

whereEne is the same as in eq 8. In density functional theory
notation, the quantum mechanical term is given by

In this equation, density functionals are indicated by bars,
and n denotes the ground-state electron density of the
functionalEhvac + Vhext. Ehvac is the density functional for the
system in a vacuum, i.e., without external point charges, and
Vhext describes the electrostatic interactions between QM and
MM atoms and is given by

where the last term defines electrostatic interactions between
MM atoms and QM nuclei. Eq 13 is the QM analogue to eq
9. Equant involves polarization of the QM region by the MM
region and can be computed by a QM program where
external point charges can be included, such as Turbomole.

2.2.1. Link Atom Correction. When calculatingEquant,
special action is needed when there is a covalent bond
between the QM region and the MM region, and several
ways to handle such junctions are described in the literature.36

We use the hydrogen link atom approach, in which the QM
region is truncated by hydrogen atoms. The atoms that are
converted to hydrogen atoms will be called carbon link
atoms. Bond lengths between hydrogen link atoms and
adjoining QM atoms are changed such that the relative stretch
(or compression) of a given bond from its equilibrium length
is preserved compared to that of the bond between the
corresponding carbon link atom and QM atom.37 In our
methodology, the coordinates of the link atoms always belong
to Rq.

Point charges on MM atoms joining the link atoms are
often manipulated to avoid overpolarization of the QM
region. In our implementation, we do not manipulate any of
the point charges. Instead, we add a correction term,Ecorr,
to eq 11, which is defined as the difference of two classical
electrostatic interaction terms

and which approximately removes unwanted effects from
the hydrogen link atoms.Eelec is the standard MM electro-
static interaction between the MM region and the QM region
(with carbon link atoms) and is defined in eq 9.Ẽelec differs
from Eelec in that the carbon link atoms are changed to (MM)
hydrogen link atoms. This is pursued by deleting the bonds
between the link atoms and the MM region and by changing
the point charges of the carbon link atoms and reposition
them. In that way,Ẽelec models classically the electrostatic
interactions, eq 13, which defines the MM-QM electrostatic
interactions inEquant.

The above correction modifies only interactions between
the MM region and the QM region, whereas interactions
entirely within the QM (or MM) region are not changed.
Moreover, electrostatic interactions between atoms separated
by less than three bonds are approximately removed, and
they are scaled if they are between atoms separated by three
bonds. This is consistent with the Amber force field
employed in the current study. A graphical representation
of the correction term is given in Figure 3.

With the correction term,Ecorr, the free energy between a
state described by MM and by QM/MM converges faster
because the difference between the MM and QM/MM
potential energy surfaces fluctuates less. This is illustrated

Emm
q/m(Rq, Rm) ) Ene(Rq, Rm) + Eelec(Rq, Rm) (8)

Eelec(Rq, Rm) ) ∑
R∈mm

∑
â∈qm

ZRZâ

|RR - Râ|
(9)

Eqm/mm
tot ) Emm

m (Rm) + Eqm/mm(Rq, Rm) + Ecorr(Rq, Rm) (10)

Eqm/mm(Rq, Rm) ) Equant(Rq, Rm) + Ene(Rq, Rm) (11)

Equant(Rq, Rm) ) Ehvac(Rq)[n(Rq, Rm)] +
Vhext(Rq, Rm)[n(Rq, Rm)] (12)

Vhext(Rq, Rm)[n] ) -∫ dr ∑
R∈mm

ZRn(r)

|RR - r|
+ Vnuc, mm(Rq, Rm)

(13)

Figure 3. Illustration of the link atom correction employed in
the present study. The white ball is a hydrogen link atom, and
the black ball represents the corresponding carbon link atom.
In the MM system (center) there are no electrostatic interac-
tions between atoms separated by one or two bonds, whereas
those interactions exist in the QM/MM system across the MM-
QM interface (left). The bond across the interface is removed
in the MM calculation to the right, and, hence, the electrostatic
interactions across the interface mimic those of the QM/MM
calculation.

Ecorr ) Eelec- Ẽelec (14)

QM/MM Free Energy Calculations of Enzyme Reactions J. Chem. Theory Comput., Vol. 1, No. 6, 20051243



in Figure 4 where the fluctuations of (Eqm/mm
total - Emm

total) are
plotted with and without the correction term included for a
simulation of COMT using the setup employed in the current
study (section 2.4). The lower panels of Figure 4 show the
contributions of the individual configurations to the ensemble
averages in the free energy perturbation equations. They
demonstrate that many configurations contribute to the free
energy if the correction term is employed, whereas the free
energy is dominated by a single configuration if the correc-
tion is not used.

2.2.2. Free Energy Perturbation Calculations for Fixed
QM Regions. In the current application, we use the
methodology to compute free energy changes between fixed
points along a reaction coordinate as illustrated in Figures 1
and 2. In addition, we fix the entire QM region, such that
the free energy depends parametrically of the positions of
QM atoms. With that approximation and the definitions in
eqs 7-14, eqs 3, 4, and 6 turn into the following formulas

whereRq
i andRq

i+1 are two subsequent points on a reaction
pathway. Note, that the terms∆Emm

q cancel in the sum eq 1
and therefore simply can be set to zero. This is of great
practical advantage in actual simulations, because no bonded
parameters need to be defined within the QM region, i.e.,
for atoms involved in the chemical reaction.

2.3. QM-FE and QM/MM-FE Approaches. In the QM-
FE and QM/MM-FE methods, interactions between the MM
and QM regions are described classically. To get to that
approximation, starting out from the QTCP method, we
consider two different configurations of the MM environ-
ment,Rm

0 andRm
1 , and write eq 12 as

It follows from the variational principle38 that

Hence, provided that the electron density does not fluctuate
too much owing to different polarizations by different MM
environments, all the QM/MM calculations in the ensemble
average can be approximated with nonself-consistent calcula-
tions using a frozen density obtained from a single self-
consistent calculation withRm

0 .
At the next level of approximation, we represent the

densityn(Rq, Rm
0 ) by point charges

whereEelec is given by eq 9. Thus

We restrict the discussion to situations where the QM
region is fixed. If the point charges used to represent the
QM region in the classical simulations are derived from a
QM/MM calculation where the coordinates are given byRm

0

(so thatEelec in eqs 8 and 21 are the same functions), then
the above approximation collapses the ensemble average in
eq 16 to

whereRm
0 is the configuration of the MM environment in

the calculation used to derive the point charges. With this
approximation, and using eq 15, the sum in eq 1 can be
written as

The QM terms,Ehvac(Rq)[n(Rq, Rm
0 )] for A or B, can be

computed by obtainingn(Rq, Rm
0 ) from a self-consistent

calculation with point charges positioned according toRm
0 ,

Figure 4. Upper panels show fluctuations of the energy
difference between the QM/MM energies and the correspond-
ing MM energies for the simulation with dC-O ) 1.80 Å. The
left panel shows the fluctuations when no link atom correction
is employed as opposed to the right panel where a link atom
correction is employed. The lower panels show the corre-
sponding contributions to the ensemble average in the free
energy perturbation equation.

∆Amm(Rq
i f Rq

i+1) )

-kBT ln〈e-[Emm
q/m(Rq

i+1,Rm)-Emm
q/m(Rq

i ,Rm)]/kBT〉mm,Rq
i + Emm

q (Rq
i+1) -

Emm
q (Rq

i ) (15)

∆Ammfqm/mm(Rq
i ) )

- kBT ln〈e-[Equant(Rq
i ,Rm)-Ẽelec(Rq

i ,Rm)]/kBT〉mm,Rq
i - Emm

q (Rq
i ) (16)

∆Ammfqm/mm(Rq
o f Rq

i ) )

- kBT ln〈e-[Eqm/mm(Rq
i ,Rm)-Emm

q/m(Rq
o,Rm)]/kBT〉mm,Rq

o - Emm
q (Rq

o) (17)

Equant(Rq, Rm
R) ) Eh(Rq, Rm

R)[n(Rq, Rm
R)]

) Ehvac(Rq)[n(Rq, Rm
R)] + Vhext

R (Rq, Rm)[n(Rq, Rm
R)] R ) 0, 1

(18)

Equant(Rq, Rm
1 ) ) Eh(Rq, Rm

1 )[n(Rq, Rm
1 )]

) Eh(Rq, Rm
1 )[n(Rq, Rm

0 )] + O[(n(Rq, Rm
1 ) - n(Rq, Rm

0 ))2]
(19)

Eh(Rq, Rm
1 )[n(Rq, Rm

0 )] ) Ehvac(Rq)[n(Rq, Rm
0 )] +

Vhext(Rq, Rm
1 )[n(Rq, Rm

0 )]

≈ Ehvac(Rq)[n(Rq, Rm
0 )] + Eelec(Rq, Rm

1 ) (20)

Equant(Rq, Rm
1 ) ≈ Eh(Rq, Rm

1 )[n(Rq, Rm
0 )] ≈

Ehvac(Rq)[n(Rq, Rm
0 )] + Eelec(Rq, Rm

1 ) (21)

∆Ammfqm/mm(Rq
X, Rm) ≈ Ehvac(Rq

X)[n(Rq
X, Rm

0 )] - Emm
q (Rq

X)
(22)

∆Aqm/mm(A f B) )

-kBT ln〈e-[Emm
q/m(Rq

i+1,Rm)-Emm
q/m(Rq

i ,Rm)]/kBT〉mm,Rq
i +

{Ehvac(Rq
B)[n(Rq

B, Rm
0 )] - Ehvac(Rq

A)[n(Rq
A, Rm

0 )]} (23)
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i.e., by computingEquant(Rq, Rm
0 ) ) Ehvac(Rq)[n(Rq, Rm

0 )] +
Vhext(Rq, Rm

0 )[n(Rq, Rm
0 )]. Ehvac[n(Rq, Rm

0 )] can then be com-
puted from a nonself-consistent calculation without point
charges.

At another level of approximation,Ehvac[n(Rq, Rm
0 )] can be

computed withn(Rq, Rm
0 ) represented by point charges in

the calculation ofVhext(Rq, Rm
0 )[n(Rq, Rm

0 )], such that

so that eq 23 is modified to

This form is employed by Yang and co-workers in their
QM/MM-FE method.16,18,19 In practice, it may be a better
approximation since the potential termsVhext(Rq, Rm

1 ) and
Vhext(Rq, Rm

0 ) are treated at the same level of approximation
(eqs 21 and 24) and therefore cancelation of errors may
occur.

If the point charges are derived from a calculation in a
vacuum, such thatn(Rq, Rm

0 ) ) nvac(Rq) and Equant )
Ehvac(Rq)[nvac(Rq)], then eqs 21 and 25 become identical, and
the formalism corresponds to the QM-FE method employed
originally by Jorgensen and co-workers2,3,4 and later by
Kollman and co-workers.13-15

2.4. Computational Details.We use the methodologies
above to compute free energy changes between fixed QM
regions along a predetermined reaction pathway for methy-
lation of catecholate catalyzed by COMT. We emphasize
that the topic of this article is not the calculation of reaction
pathways but rather how to compute free energies once a
reaction pathway is known.

2.4.1. Model System.The crystal structure of COMT (pdb
code: 1VID) was used as the starting structure.39 Hydrogen
atoms were positioned with the HBuild routine as imple-
mented in CHARMM.35 The employed QM system is
illustrated in Figure 5 and consists of 44 atoms of which
five are hydrogen link atoms.37 The QM system consists of
the catecholate molecule, the Mg2+ ion coordinated by
catecholate, an S(CH3)3

+ molecule to modelS-adenosyl-
methionine, HCOO-, HCOO-, and HCONH2 to mimic the
Mg2+ ligands: Asp-141, Asp-169, and Asn-170, respectively.
In the crystal structure, a water molecule (HOH-400) also
coordinates the Mg2+ ion, and that is included in the QM
system as well. All atoms were allowed to move in the MD
simulations, except the 44 QM atoms.

2.4.2. Reaction Pathway.We calculate the free energy
along a reaction pathway adopted from another study.40 Here
it is sufficient to give a brief summary. The distance,dC-O,
between the acceptor oxygen of catecholate and the carbon
atom in the transferred methyl group was used as reaction
coordinate. For 10 different values of the reaction coordinate

with dC-O ) 1.47, 1.80, 1.95, 2.00, 2.05, 2.10, 2.13, 2.30,
2.55, and 2.84 Å, the QM region was QM/MM optimized
with a constraint on the reaction coordinate and on all the
MM atoms. The ComQum program, which in turn is based
on the MM software Amber41 and the QM code Turbomole,42

was used for these calculations. The transition state was
found at 2.13 Å. For each of the points, the RESP protocol43

as implemented in Amber41 was used to calculate the point
charges in the presence of the MM region using electrostatic
potential points obtained by the Merz-Kollman scheme as
implemented in Gaussian.44

Because a single distance was used as reaction coordinate,
it is possible that abrupt changes occur in coordinates
orthogonal to the reaction coordinate. This indicates that an
improper reaction coordinate is used and that the obtained
reaction pathway may be significantly differently than the
energy minimum path. It was checked by plotting the
progress of other QM degrees of freedom, most noticeably
the distance between the transferred methyl group and the
donor atom, that this is not the case in the current study,
but rather that they progress in a continuous way from the
values of the reactant complex to the values of the product
complex.

2.4.3. Molecular Dynamics Simulations.Ten molecular
dynamics simulations, one for each point along the reaction
pathway, were made using the program CHARMM.35 In
these simulations, the QM system was represented by the
RESP point charges. The QM region was kept fixed in space
during the simulations, and all bond lengths involving
hydrogen atoms were constrained by means of the SHAKE
algorithm.45 Atoms of the cofactor and protein that are not
part of the QM region were described by the Amber94 force
field,46 and solvents were described explicitly using the
TIP3P model.47 Periodic boundary conditions were employed
using an octahedral unit cell and the Particle Mesh Ewald
(PME) method48 with a real-space cutoff of 9 Å to describe
the electrostatic interactions. All simulations were performed
with a constant volume, and the temperature was kept
approximately constant by reassigning the atomic velocities
from a Gaussian distribution if the temperature differed by
more than 5 K from 298 K.

The 10 simulations were initiated from structures in which
the coordinates of the QM system were taken from the QM/
MM calculations, whereas the positions of the MM atoms

Ehvac(Rq)[n(Rq, Rm
0 )] ) Equant(Rq, Rm

0 ) -

Vhext(Rq, Rm
0 )[n(Rq, Rm

0 )]

≈ Equant(Rq, Rm
0 ) - Eelec(Rq, Rm

0 ) (24)

∆Aqm/mm(A f B) ) -kBT ln〈e-[Emm
q/m(Rq

i+1,Rm)-Emm
q/m(Rq

i ,Rm)]/kBT〉mm,Rq
i

+ (Equant(Rq
B, Rm

0 ) - Eelec(Rq
B, Rm

0 ))

- (Equant(Rq
A, Rm

0 ) - Eelec(Rq
A, Rm

0 )) (25)

Figure 5. The QM system (bold sticks and sphere) employed
in the present study.
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and the size of the unit cell were taken from the last snapshot
of a 200 ps constant pressure (1 atm) and temperature (298
K) simulation for the transition state withdC-O ) 2.13 Å.
The structures were relaxed by 100 steps of steepest-descent
minimization with all heavy nonsolvent atoms restrained by
a harmonic potential using a mass-weighted force constant
of 10 kcal mol-1 Å-2 amu-1. This was followed by 20 ps of
simulation with only the backbone atoms restrained by a
harmonic potential using a mass-weighted force constant of
5 kcal mol-1 Å-2 amu-1. After that, the harmonic restraints
were removed. A total of 600 ps of simulations were
performed for each of the 10 points defining the reaction
pathway.

2.4.4. QM/MM Calculations. For each of the simulations,
400 configurations separated by 1 ps were stored. The
configurations were taken from the 200-600 ps time interval
of the simulations, and the configurations were used to
computeEquantinvolved in the FEP calculations. In principle,
Equantshould be computed with periodic boundary conditions
employed. However, such calculations are not possible with
the QM program employed, and we therefore only include
point charges from a single unit cell in the QM calculations
as well as in the calculations ofEmm

q/m in eqs 16 and 17. This
is a fair approximation because test calculations for the
classical free energy changes defined in eq 3 show that
describing the electrostatics in this way rather than with
periodic boundary conditions does not change the results
significantly.

Density functional theory with the Perdew-Burke-Ernzer-
hof (PBE) exchange-correlation functional49 was employed
for the QM calculations. The resolution-of-the-identity (RI)
approximation was used for the Coulomb terms,50 and the
one-electron wave functions were expanded in a 6-31G*
basis set with an additional set of diffuse s and p functions
located on the oxygen and sulfur atoms. We denote this basis
set 6-31(+)G*. The calculations were performed with the
program TURBOMOLE.42

The term, Ehvac[n(Rq, Rm
0 )], used in the QM/MM-FE

approximation, eq 23, was calculated by making a self-
consistent calculation with point charges included. Then, the
point charges were removed, and a single iteration (nonself-
consistent calculation) was performed using the wave func-
tion from the self-consistent calculation.51

3. Results and Discussion
3.1. QTCP-U Approach.The results based on the QTCP-U
method (Figure 1) are shown in Figure 6 for the enzyme
catalyzed reaction. The barrier for forward reaction is 56
kJ/mol and that of the reverse reaction is 78 kJ/mol. The
barrier is well converged with standard errors less than 1
kJ/mol.52 In addition, a difference of 1.6 kJ/mol is obtained
for the forward barrier, when individual classical free energy
changes (eq 15) based on forward and reverse transitions
are used, cf. Table 1.

The contribution to the free energy barrier from the MM
environment is indicated by the dashed line. The steepness
of the curve shows that the environment has a significant
impact on the reaction and emphasizes the importance of a
proper description of the environment. If the environment

had been omitted, the reaction would occur almost spon-
tanously.

Individual contributions from the FEP calculations are
listed in Table 1. It can be seen that the barrier is the result
of increasingly positive contributions from the classical free
energy changes and increasingly negative contributions from
the MM f QM/MM calculations. The averages of∆Amm

are used to report the final barrier.
In Figure 7, we investigate how the results vary with the

number of data points used in the ensemble averages in eqs
15 and 16. We compare results based on FEP ensemble
averages of 20, 50, 100, 200, and 400 data points. It can
be seen from the right panel that the barrier height is al-
most converged already at 20 data points, whereas the left
panel shows that additional data points smooth the bar-
rier. However, the transition state at 2.05 Å is not located
until 200 data points are used. With 200 data points, the
barrier is almost indistinguishable from that using the full
data set of 400 points. This shows that it is possible to
compute converged free energy barriers with the QTCP
approach.

3.2. Extrapolation to Higher Accuracy. The barrier of
56 kJ/mol is lower than the experimental prediction of about
75 kJ/mol.53 The free energy barrier is converged, but the

Figure 6. QM/MM free energy barrier at the level of DFT for
the methylation of catechol catalyzed by catechol O-methyl-
transferase. The dashed line indicates the contribution to the
free energy barrier from the MM environment.

Table 1: Individual FEP Contributions to the Free Energy
Barriers Based on the Ensemble Averages in Eqs 15 and
16a

∆Amm

dC-O ∆Ammfqm/mm step forward reverse av acc

2.84 0.0(0.4) 2.84 f 2.55 9.6(0.2) 9.0(0.2) 9.3 9.3

2.55 -2.1(0.3) 2.55 f 2.30 11.9(0.1) 12.0(0.2) 11.9 21.2

2.30 5.1(0.3) 2.30 f 2.13 14.6(0.2) 15.3(0.2) 15.0 36.2

2.13 11.5(0.5) 2.13 f 2.10 3.1(0.1) 2.9(0.1) 3.0 39.2

2.10 14.7(0.3) 2.10 f 2.05 8.0(0.1) 6.6(0.1) 7.3 46.5

2.05 9.2(0.5) 2.05 f 2.00 5.5(0.1) 6.6(0.1) 6.0 52.5

2.00 1.9(0.7) 2.00 f 1.95 3.5(0.1) 4.1(0.1) 3.8 56.3

1.95 -6.4(0.7) 1.95 f 1.80 9.2(0.1) 8.4(0.2) 8.8 65.1

1.80 -36.8(0.4) 1.80 f 1.47 13.4(0.2) 14.3(0.2) 13.9 79.0

1.47 -101.4(0.4)
a Classical free energy changes are computed for the forward and

reverse step, and the averages are listed as well. Accumulated
averages (acc) are listed in the last column. All energies are in kJ/
mol and reaction coordinates in Å. Statistical standard errors are given
in parentheses. Note that Emm

q ≡ 0, so internal energy changes of
the QM system are described exclusively by ∆Ammfqm/mm.
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QM/MM energies depend significantly on the basis set and
exchange-correlation functional chosen. This is shown in
Table 2, in which the reaction and activation energy for
various functionals and basis sets are listed. Energies based
on the 6-31(+)G* basis set are not fully converged, and there
are also significant changes among the different functionals.
On the other hand, energy fluctuations are almost invariant
to the basis set and functional employed. This is illustrated
in the left panel of Figure 8, where the difference between
energies calculated with the original setup (setup I) and a
6-311++G(2d,2p) basis set and the B3LYP hybrid functional
(setup II) are plotted for three different simulations. Because
the fluctuations are small compared to the shift in average
energy along the reaction pathway, it makes sense to

extrapolate between the two setups. The result of such an
extrapolation is plotted in the right panel in Figure 8.

Using this setup we get a free energy barrier of 69 kJ/
mol, which is in excellent agreement with the experimental
value of about 75 kJ/mol. The barrier for the reverse reaction
is calculated to 90 kJ/mol.

In the extrapolation scheme, a correction term∆Ei
xpol )

Ei
setup II - Ei

setup I is added to each pointi on the reaction
pathway. The strategy which we have chosen and which
performs well is one where the same MM environment (i.e.
positions and charges of MM atoms) is used to calculate all
the ∆Ei

xpol. The result shown in Figure 8 are based on
energies calculated with the MM environment defined by a
configuration taken from the simulation of the transition state,
but extrapolation based on calculations with the MM
environment turned off, i.e., calculations in a vacuum,
performs equally well. The two strategies give almost
identical barrier heights; for the forward barrier we compute
a barrier of 69 kJ/mol if the TS environment is employed
and 71 kJ/mol for the in vacuum corrections. The corre-
sponding barrier heights for the reverse reaction are 90 and
91 kJ/mol, respectively. The agreement between the two
strategies validates the extrapolation scheme further.

Cancelation of systematic errors probably occurs when the
same MM environment is used to calculate all extrapolated
energies along the reaction pathway. In contrast, because the
energy difference between setup I and setup II fluctuates
somewhat (Figure 8), a rugged free energy barrier is obtained
if a different MM environment is used for each point on the
reaction pathway. Therefore, we find such a procedure less
reliable. A more accurate approach would be to use an
average for several energy calculations for each point, but
we have not pursued such an approach here.

3.3. CPU Consumption.The total CPU load for the QM/
MM calculations using setup I is approximately 8 CPU days
on an Intel Xeon 2.4 GHz CPU for the entire free energy
barrier based on 4000 QM/MM calculations (∼3 CPU min/
calculation). One or two CPU days spend on 10 calculations
using setup II should be added if the free energies are
extrapolated to higher accuracy (2.5-4 CPU h/calculation).

The fairly small CPU load is due mostly to the RI
approach, which saves significant CPU time: a factor of
about 6 for the smaller basis set and a factor of about 13 for
the larger basis set. With the larger basis set a calculation
with the RI approximation takes about 20 CPU min, and,
hence, even with the larger basis set, the CPU load does not
prohibit convergence of the free energy changes as long as
pure density functionals are employed to which the RI
approximation applies. We find that the RI approach is
sufficiently accurate; the PBE energy changes listed in Table
2 with and without the RI approximation deviate by at most
0.5 kJ/mol from each other.

Finally, the methodology is perfectly suitable for cluster
and grid computing since all the single point QM/MM
calculations are strictly independent of each other.

3.4. Importance of Sampling.Having established that the
environment is important for a proper description of the
reaction, it is now interesting to explore the role of sampling.
An approach sometimes employed in QM/MM calculations

Figure 7. Convergence of free energy barriers with a number
of data points utilized. In the left panel, barriers based on 20-
400 data points are shifted vertically from one another. In the
right panel, the same barriers are superpositioned so that the
value at the reactant complex (2.84 Å) is zero.

Table 2: Computed Activation and Reaction Energies
(kJ/mol) for Methyl Transfer Using the QM Region
Indicated in Figure 5 in a Vacuuma

basis set

6-31(+)G* 6-311++G(2d,2p)

functional PBE
PBE/

RI PBE
PBE/

RI
TPSS/

RI TPSSh B3LYP

∆Efwd
* 12 12 22 22 11 18 27

∆Erev
* 111 112 101 101 106 117 115

∆Ereaction -99 -100 -80 -80 -96 -99 -98
a The resolution-of-the-identity (RI) approximation54 is used in

combination with the PBE and TPSS density functionals.

Figure 8. In the left panel, the difference between energies
computed with setup II (B3LYP, 6-311++G(2d,2p)) and setup
I (PBE, 6-31(+)G*) are plotted for configurations taken from
a simulation of the reactant complex (RC), the transition state
complex (TSC), and the product complex (PC). A free energy
barrier extrapolated from the one based on setup I to one
based on setup II (squares) is plotted in the right panel and
compared to the one based on setup I (circles).
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is to include the environment as a static set of point charges.
Figure 9 shows energy barriers computed in this way using
the same fixed MM environments (including solvent mol-
ecules) for all points on the reaction pathway. Two different
configurations for the MM environments are tested. One
configuration is taken from a simulation of the reactant
complex (dashed curve), and the other is taken from a
simulation of the product complex (dotted curve). The former
one gives barrier heights of 59 and 47 kJ/mol for the forward
and reverse reaction, respectively, and the later one gives
barrier heights of 26 and 96 kJ/mol. The difference between
the two curves is caused by a change in the polarization of
the environment upon going from the reactant complex to
the product complex. This can be seen from Figure 10 where
the electrostatic potential at the donor atom (VO) versus that
at the acceptor atom (VS) is plotted for the reactant complex
(RC), the transition state complex (TSC), and the product
complex (PC). The lack of a significant overlap between the
distributions of the product complex and the other complexes
also shows that sampling of one complex does not sample
important contributions to the free energy of the other
complex.55

As mentioned previously, omitting the MM environment
leads to a very low barrier, if the same QM/MM optimized

reaction pathway is employed. A method that has been used
extensively in the literature is to omit the MM environment
and optimize product, transition state, and the reactant
complex in a vacuum. Using this approach with setup II
(B3LYP, 6-311+G(2d,2p)) and with a solvent correction,
which is based on a continuum model with a dielectric
constant of 4, results in a forward barrier of 62 kJ/mol and
a barrier of 138 kJ/mol for the reverse reaction. These values
should be compared with the extrapolated values of 69 and
90 kJ/mol based on the QTCP-U method (Figure 8). Hence,
the forward barrier is fairly well reproduced, whereas the
reverse barrier is reproduced less well. The relatively small
and large deviations are because the transition state and
reactant complexes are similar and polarize the environment
in a similar manner as revealed by Figure 10. In contrast,
the product and transition state complexes polarize the
environment differently in a way that cannot be modeled
adequately by the low dielectric continuum model. It should
be emphasized that the reaction pathway optimized in a
vacuum is different from the QM/MM optimized reaction
pathway.

In the calculations in a vacuum, entropy changes and zero-
point energies can be estimated from normal mode calcula-
tions. Including entropy changes calculated in this way
decreases the barrier for forward reaction by 8 kJ/mol and
increases that of the reverse reaction by 2 kJ/mol. Entropy
changes of the QM region are not included in the results
based on the QTCP method, because the QM region is fixed.
As a first approximation, the above values can be included.
However, the entropy change between the transition-state
complex and reactant complex of 8 kJ/mol is probably an
overestimation because the orientation of S(CH3)3 group and
the catecholate oxygen in the reactant complex optimized
in a vacuum is different from that in the corresponding QM/
MM structure. On the other hand, the transition state and
product structures are quite similar in the two types of
calculations. For these reasons, we do not add these entropy
terms to our final results.

3.5. QTCP-V Approach.As described in section 2.1, the
actual number of simulations may be reduced if the QTCP-V
method (Figure 2) is employed. Here we have tested this
approach by computing free energy barriers based on
simulations with anchor points at 1.80, 2.05, or 2.55 Å. Using
these anchor points, the computed barriers for the forward
reaction are found to be 50, 63, or 58 kJ/mol, respectively,
and 82, 70 or 61 kJ/mol, respectively, for the reverse reaction.
In light of the previous section, these deviations are not
surprising since a single simulation does not sample impor-
tant contributions to all the other points.

We can compute a barrier where each of the three
simulations are used only to compute free energy changes
in an interval around the point for which the simulation was
performed. The three pieces can then be merged together to
give the complete free energy barrier. The result from this
strategy is plotted in Figure 11 (black line) and compared to
the result based on the QTCP-U method in the lower panel.
It is seen that the agreement is pretty good. The reaction
barrier based on the QTCP-V method is 60 kJ/mol for the

Figure 9. Energy barriers for methyl transfer catalyzed by
COMT using a fixed MM enviroment. The curves are averages
of 10 configurations taken from a simulation of the reactant
complex (RC, dashed) and the product complex (PC, dotted)
and compared with the QTCP-U method (solid).

Figure 10. The electrostatic potential caused by the MM
environment at the donor atom as a function of that at the
acceptor atom in the methyl transfer reaction catalyzed by
COMT. The potentials are plotted for a simulation of the
reactant (red), transition state (blue), and product (green)
complexes.
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forward reaction and 78 kJ/mol for the reverse reaction, to
be compared with 56 and 79 kJ/mol for the QTCP-U method.

The curves based on the 2.55 and 2.05 Å anchor points
coincide over a large interval between the two anchor points.
In fact, the curve based solely on the 2.55 Å anchor point
almost predicts the correct barrier height for forward reaction.
This feature is consistent with the scattering plot in Figure
10, which shows that the simulation of the reactant complex
(next to the 2.55 Å anchor point) samples important
contributions about the transition state complex at 2.05 Å.
On the other hand, merging of the curves based on the 2.05
and 1.80 Å anchor points is less well defined. Splicing the
two curves either at 1.95 or 1.80 Å gives slightly different
results for the reverse barrier height (∼4 kJ/mol difference).
The solid curve in Figure 11 is based on the average of the
two values.

We finally mention that the three curves also can be
aligned relative to each other by computing the classical free
energy changes between the three anchor points. The single
step free energy computations between the anchor points are
however associated with great uncertainty. This is revealed
by a hysteresis of about 8 kJ/mol for both the 1.80f 2.05
Å and the 2.05f 2.55 Å step. Nonetheless, if the averages
over the values computed for the forward and reverse
transitions are used, almost the same results as that from
the splicing of the curves is obtained.

3.6. QM/MM-FE Approach. Figure 12 compares results
based on the QM/MM-FE method, eq 23 or 25, with results
based on the more exact QTCP-U method. The two QM/
MM-FE approaches differ in how the QM energyEquant is
approximated (the approximation in eq 24 turns eq 23 into
eq 25).

The results based on eq 23 (dotted line) reproduces the
barrier for forward reaction well with a slight overestimation
of 1 kJ/mol, whereas the barrier for the reverse reaction is
overestimated by 10 kJ/mol. This trend is not surprising,
since the point charges employed are derived from a
QM/MM calculation where the enzyme is relaxed and the
solvent is equilibrated to the reactant complex, and therefore
the point charges model the electron density of points close
to the reactant complex better than points closer to the
product complex.

On the other hand, if eq 25 is used (dashed line), the
reaction barrier for forward reaction is underestimated by 5
kJ/mol and that of the reverse reaction by 4 kJ/mol. The
similar performance over the entire range might be due to
cancellation of errors as discussed in section 2.3.

Nonetheless, with or without the approximation in eq 24
included, the QM/MM-FE approach seems to be a reasonable
approximation to the QTCP approach leading to a significant
reduction of CPU time consumed.

4. Discussion and Conclusion
We have described a method, QTCP, that makes it possible
to compute converged high-level free energy changes. We
have used it successfully to compute a free energy barrier
for the methyl transfer reaction catalyzed by catechol
O-methyltransferase. The computations are based on a total
of 600 ps simulations per point on a reaction pathway (200
ps equilibration and 400 ps production run) and result in a
free energy barrier of 56 kJ/mol using the 6-31(+)G* basis
set with the PBE exchange-correlation functional. This value
can be extrapolated to 69 kJ/mol using the 6-311++G(2d,-
2p) basis set with the B3LYP functional, which is in excellent
agreement with an experimental value of about 75 kJ/mol.
The results are converged to standard errors to within 1 kJ/
mol and with a hysteresis of less than 2 kJ/mol. To obtain
such a good convergence we fix the QM region and make a
simple link atom correction, which compensates for the
improper description of covalent bonds at the interface
between the MM and QM region.

An important outcome of our computations is that a
significant polarization of the environment occurs as the

Figure 11. Top: Free energy barriers based on the QTCP-V
method using anchor points of dC-O ) 1.80 Å (cyan), dC-O )
2.05 Å (green), or dC-O ) 2.55 Å (magenta). The bold black
curve is a free energy barrier generated by merging pieces
from the three other curves together. Bottom: Comparison
of the merged black curve from the top panel with the free
energy barrier based on the QTCP-U method.

Figure 12. Free energy barrier for the methyl transfer reaction
catalyzed by COMT computed by means of the QM/MM-FE
approach, eq 23 (circles and dotted line), and compared with
the barrier based on the QTCP-U method in Figure 6 (solid
line). A free energy barrier based on the QM/MM-FE approach
and using the approximation in eq 24 is plotted with the
triangles connected with a dashed line.
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reaction progresses. For that reason relaxation of the MM
environment is important as obtained through the MD
simulations. It is possible that minimization of the total QM/
MM energy would give similar results. Electronic polariza-
tion of the QM region does not need to be described in great
detail. This is illustrated by the fact that energy fluctuations
are almost invariant to the exchange-correlation functional
and basis set employed. Moreover, using a point charge
description of the QM region, as in the QM/MM-FE
approach, reproduces the results fairly well.

We have demonstrated that significant CPU time can be
saved by using an extrapolation scheme and also that the
number of simulations can be reduced. The CPU time can
be reduced even further by using the QM/MM-FE ap-
proximation.

A major approximation in the current implementation of
the QTCP method and in other similar methods is that
entropic effects from the internal degrees of freedom of the
QM region are ignored or at least considered constant along
the reaction pathway. The need for fixing the QM region is
caused by the very different potential surfaces for the QM
internal degrees of freedom in the QM and MM description
of the QM region, which in turn makes the MMf QM FEP
calculations difficult to converge, cf. refs 6 and 22. In a first
approximation, entropic effects from the QM region can be
estimated from normal mode calculations based on optimized
QM structures in a vacuum. However, we find such an
approach unreliable since the reaction pathway in a vacuum
is different from that obtained from the QM/MM reaction
pathway. In the current study, this is most noticeable for the
forward reaction, since the reaction complex optimized in a
vacuum is markedly different from the one optimized by QM/
MM calculations. A different approach is to include QM
entropic effects by parametrizing the QM region along the
reaction pathway and use the parametrized potential surface
to describe fluctuations of the QM region.6,22,56However, if
the parametrization mimics the ab initio QM potential surface
well, it should also be possible to obtain converged MMf
QM FEP calculations. Indeed, the MMf QM FEP calcula-
tions can be considered as a test of a computationally cheaper
potential. In this regard, Wood and co-workers find that the
FEP calculations can be improved considerably by using
better reference potentials. Moreover, the ab initio calcula-
tions involved in the MMf QM FEP calculations can be
used to optimize the reference potential.22,26,28,29,31Warshel
and co-workers have also proposed an alternative approach
to circumvent the problem of a flexible QM region. The
approach is based on the linear response approximation
(LRA) and involves sampling of the ab initio potential energy
surface in addition to the EVB potential energy surface.6

In conclusion, the QTCP and the QM/MM-FE methods
seem to be promising methods for computing high-level
quantum mechanical free energies. We are currently testing
the methods, e.g. for the calculation of proton and electron
affinities.
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