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We use quantum mechanics/molecular mechanics (QM/MM) calculations to estimate the activation free energy
for the chemical reaction catalyzed by catecholO-methyltransferase. While in many cases the activation free
energy of a chemical process is directly determined by the potential of mean force associated with a particular
reaction coordinate, here we have included several corrections that have been proposed in the literature.
These include the free energy change associated with release of the reaction coordinate motion in the reactant
state, consideration of the curvilinear nature of the reaction coordinate, and correction due to the classical
treatment of molecular vibrations. In addition, since potentials of mean force are usually obtained from low
levels of QM theory to describe the quantum subsystem, we have included an interpolated correction term to
improve this description at small additional cost. This last correction term has a dramatic effect, improving
the agreement between the theoretical predictions and the experimental value, while the other terms considered
make only small contributions to this particular reaction.

1. Introduction

Transition state theory (TST) and its variational extension
(VTST) due to the work of Truhlar and co-workers1 provide a
powerful framework for calculating rate constants. In general,
the VTST rate constant for a reaction as a function of the
temperature (T) is given by2-5

whereκ(T) is the transmission coefficient,kB is Boltzmann’s
constant,h is Planck’s constant,C° is the standard state
concentration,n is the order of the reaction,R is the gas constant,
and∆Gq(s) is the standard state molar free energy of activation
for a transition state located at a values of the reaction
coordinate (ê) and is calculated as the difference between the
standard state molar free energy of the transition state (TS) and
that of the reactant state:

Usually,∆Gq is the most important factor determining the rate
constant, with the effect of the transmission coefficient being
significantly smaller. The lowering of the activation free energy
is the most important factor responsible for the rate acceleration
of chemical reactions in enzymes,6 and most computational
studies of enzymatic processes have been devoted to obtaining
and analyzing the changes in the activation free energy when
passing from aqueous solution to the enzymatic active sites.6-11

In many studies, the activation free energy is assimilated to the

change in the potential of mean force (PMF) associated with a
particular reaction coordinate (ê):

where ∆Wq is evaluated as the difference between the PMF
evaluated at the transition state (whereê ) s) and the PMF at
the reactant value of the reaction coordinate (s0). However, the
precise relationship between the activation free energy and the
PMF requires the release of the reaction coordinate motion in
the reactant state, an energy term not included in the PMF:

Note that free energies and the PMF are not equivalent, since
the last one is obtained by integration for particular values of
the reaction coordinate (ê). Then, the free energy associated
with the vibrational motion of this coordinate is not included
in the PMF. In principle Gê

R may contain not only the
vibrational free energy of the reactant mode that correlates with
the reaction coordinate but also other free energy terms due to
the coupling of the reaction coordinate with other coordinates.12

Anyway, this assimilation between the activation free energy
and the PMF holds exclusively when the reaction coordinate is
rectilinear, that is, is a linear combination of atomic Cartesian
coordinates.12 A general reaction coordinate, for example, a bond
distance or an antisymmetric combination of bond distances, is
curvilinear, and in such a case, the activation free energy should
be written as

where the last term accounts for the curvature of the transition
state dividing surface.
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The purpose of this paper is to evaluate the last two terms of
eq 5 for a particular enzymatic reaction in order to gain
knowledge about the relative magnitude of these terms. To have
a realistic evaluation of their importance in the framework of
standard PMF calculations, we will compare them with other
corrections that are not always included in the evaluation of
the activation free energy. In particular, PMFs are usually
obtained by means of molecular dynamic simulations where the
atomic motions are described classically. This classical descrip-
tion of the vibrational motion can introduce a non-negligible
error in the calculation of the activation free energies, as zero-
point energies are not evaluated. Thus, we will also take into
account a correction term due to the discrete nature of quantum
mechanical vibrational energy13-15 which is not properly
accounted in classical simulations:

where ∆∆Gvib is the difference between the classical and
quantum vibrational contributions to the activation free energy,
as detailed in section 3.3. Our evaluation of the activation free
energy will be done according to

In this work, we use eq 7 to evaluate the activation free energy
of the enzymatic reaction catalyzed by catecholO-methyltrans-
ferase (COMT, EC 2.1.1.6).16 COMT is an important enzyme
in the central nervous system where it metabolizes dopamine,
adrenaline, noradrenaline, and various xenobiotic catechols. The
reaction is a methyl transfer fromS-adenosylmethionine (SAM)
to the hydroxylate oxygen of a substituted catechol (see Figure
1). One important substrate for COMT is levodopa, presently
the most effective drug for Parkinson’s disease.17 Other
contributions to the rate constant, due to recrossings and
tunneling,6 are not considered in this work.

2. Methodology

The AM1/MM PMF of the reaction was already presented
in ref 18: The initial coordinates for the enzyme calculations
were taken from the X-ray crystal structure of a COMT-inhibitor
complex including 3,5-dinitrocatechol and the cofactor SAM;19

the nitro groups were removed and one of the hydroxyl groups
of catechol was ionized by proton transfer to Lys144. Then,

the quantum mechanical (QM) subsystem consisted of the
cofactor SAM and the substrate catecholate (63 atoms), while
the molecular mechanical (MM) subsystem contained the
reminder of the enzyme, a magnesium cation present in the
active site, and water molecules of crystallization. The system
was then placed and equilibrated inside a cubic box of 55.8 Å
side of TIP3P20 water molecules. The PMF for the methyl
transfer was obtained along the antisymmetric combination of
the distances describing the breaking and forming bonds (ê )
rSC - rCO) using the DYNAMO21 program. Molecular dynamic
simulations were carried out in the NVT ensemble at a reference
temperature of 300 K and using periodic boundary conditions.
The umbrella-sampling approach22,23 was used to restrain the
system by means of a parabolic energy penalty (with a force
constant of 2500 kJ mol-1 Å-2) centered at the desired value
of the reaction coordinate. The probability distributions were
put together by means of the weighted histogram analysis
method (WHAM).24 The free energy barrier directly obtained
from this AM1/MM PMF was 10.4 kcal/mol, clearly below the
experimental estimation (18 kcal/mol).25 An MP2 single-point
correction to the internal energy based on the averaged
geometries of the reactant and transition structures led to a much
better agreement with experiment.18 The reactant and the
transition states appeared at reaction coordinate values of-1.09
and 0.07 Å, respectively. These equilibrated configurations have
been considered as the starting points for the additional
simulations and optimizations carried out in this work, as
explained below.

3. Results

3.1. Evaluation of Gclas,ê
R . First of all, the free energy

change associated with release of the reaction coordinate motion
in the reactant state has to be evaluated. To do this, we have
assimilated the PMF defined at a frozen value of the reaction
coordinate as the free energy of a restrained reactant state (
Gclas

R (êres)) where the (classical) vibrational free energy of the
reaction coordinate is removed (Gclas,vib(êres)) Then, the free
energy of releasing the reaction coordinate can be expressed as

The motion of the reaction coordinate was restrained by
imposing a harmonic umbrella potential to keep it at the value
(ê ) s0) corresponding to the minimum of the PMF. To evaluate
the free energy difference between the free and restrained
reactants, we used a thermodynamic integration technique
through the introduction of a perturbation parameterλ applied
to an umbrella potential, defining thus a restraining Hamiltonian
as

In this equation,λ ) 1 defines the restrained reactant state, while
λ ) 0 defines the free reactant state. The free energy change is
consequently obtained as

The free energyGclas,ê
R is finally obtained by adding the

(classical) vibrational free energy of the restrained reaction
coordinate. The vibration of this coordinate is a function of the

Figure 1. Schematic representation of the reaction catalyzed by COMT.
An ionized catechol molecule is methylated by the cofactor (S-
adenosylmethionine).
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umbrella force constant (kumb) and the force constant of the
normal mode associated with the reaction coordinate in the
reactant state (kê):

with µê being the reduced mass associated with the reaction
coordinate, which is straightforwardly obtained from the Wilson
matrix.26 The transformation fromλ ) 1 to λ ) 0 was carried
out in 50 windows. In each one of these windows, the value of
∂H/∂λ or ∂Hλ/∂λ was averaged for 10 ps of the AM1/MM
molecular dynamics simulation under the same conditions as
those employed to obtain the PMF. The value of the umbrella
force constant was 2500 kJ mol-1 Å-2.

It is interesting to note that this term may contain not only
the vibrational free energy due to the mode corresponding to
this coordinate (the antysimmetric combination of the sulfur-
carbon and carbon-oxygen distances) but also other contribu-
tions associated with setting the reaction coordinate to its value
in the reactant state. The origin of these contributions is the
possible coupling between the reaction coordinates and other
coordinates of the system. The estimation obtained for this term
through eq 11 is very close to zero, resulting from the
cancellation between the removal of the umbrella restraint
(-1.25 kcal/mol) and the consideration of the vibrational free
energy of the reactant under the effect of the umbrella force
constant (1.30 kcal/mol). However, an estimation of this
contribution based uniquely on the vibrational contribution of
the reaction coordinate could be obtained from its averaged
frequency (see below):

Using eq 12, the obtained value is about 0.7 kcal/mol. It is then
probable that other contributions were included inGclas,ê

R . The
origin of these contributions can be clarified if we analyze the
reactant structure, shown in Figure 2. COMT binds catechol in
its neutral form, and once it is placed in the active site, one of
the hydroxyl groups is ionized by proton transfer to Lys144.27

The negatively charged oxygen atom is now prepared to be
methylated by SAM. However, during the first stages of the
reaction, the approach of the methyl group must be accompanied
by a lengthening of the distance between the nucleophilic
oxygen and the protonated Lys144. The oxygen atom must be
desolVatedin order to be prepared to receive the positive methyl
group. In other words, the selected reaction coordinate is
strongly coupled to other coordinates of the environment in the
reactant state. Thus, setting the reaction coordinate to its
particular value in the reactant state is accompanied by changes
in other coordinates. This is illustrated by comparing the
averaged distances obtained from the first and last simulation
windows obtained during the removal of the umbrella potential
added to the reaction coordinate. When the reaction coordinate
is restrained, the averaged carbon-oxygen distance is 2.96 Å
and the distance from this nucleophilic oxygen to the closest
proton of Lys144 is 2.28 Å. When the umbrella force constant
is removed, the averaged distance between the carbon atom of
the methyl group and the nucleophilic oxygen is slightly longer
(3.06 Å) and the distance between the oxygen and the proton
of Lys144 is somewhat shorter (2.03 Å).

3.2. Evaluation ofWcurv(s). According to the work of Truhlar
and co-workers,12 the free energy correction due to the use of

a nonlinear reaction coordinate to obtain the PMF can be
conveniently expressed as

where for an arbitrary generalized reaction coordinateê

h is Planck’s constant,â ) 1/kBT, andZê is defined by

wherex denotes the set of 3N atomic Cartesian coordinates of
those atoms involved in the definition of the reaction coordinate
andMk the atomic mass of each atom. ThisWcurv(s) contains
correction terms from both the transition state (ΦTS(ê)) and the
reactant state (ΦR(ê)). Considering the case of the system
studied, the reaction coordinate chosen for the methyl transfer
is

where S, C, and O are the atoms involved in the reaction; S is
the donor atom, C is the carbon atom of the methyl group which
is transferred, and O is the acceptor atom. Equation 15 yields

whereθSCO is the S-C-O bond angle. Thus, the correction is

Gclas,ê
R ) ∫0

1
dλ〈∂Hλ

∂λ 〉 + RT ln
h

2πkBT(kumb + kê

µê
)1/2

(11)

Gclas,vib
R (ê) ) RT ln

h〈νê
R〉

kBT
(12)

Figure 2. Snapshot of the reactant state showing the catecholate
substrate, the cofactor (SAM), the Mg2+ cation, and some residues close
to the active site.
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Zê ) ∑
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(∂ê

∂xk
)2

(15)

ê ) rSC - rCO (16)

Zê ) 1
mS

+ 1
mO

+ 2
mC

(1 - cosθSCO) (17)
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To calculate this correction, we ran 600 ps of AM1/MM
molecular dynamics simulation in the TS and reactant region,
under the same conditions as those used for the computation of
the PMF. We obtained the values ofθSCOfrom these trajectories,
and thus, we computed the averaged values appearing in the
preceding equation for both the transition and reactant states.
As advanced by Truhlar and co-workers,12 the free energy term
that accounts for the curvature of the selected reaction coordinate
(the antisymmetric combination of the bond forming and bond
breaking distances) is very small. In fact, for this particular
reaction, we have concluded that this free energy term is
negligible (-0.03 kcal/mol).

3.3. Evaluation of∆∆Gvib. The contribution of the vibrations
of a single molecular structure to its free energy can be easily
obtained, considering the quantum nature of its motions, under
the harmonic approximation using the following expression:

wherem is the number of vibrational modes to be considered
andνi the fundamental frequency associated with each one of
these modes. The first term is the well-known zero-point energy,
while the second one contains the thermal contribution of the
vibrations to the molecular free energy.

If the vibrations are being described classically, then the
contribution of the vibrational motion to the free energy is given
by

Then, the molecular free energy estimated from a classical
molecular dynamics simulation needs to be corrected by adding
the term corresponding to the quantum description of the
vibrations and subtracting the term corresponding to the classical
description:

If we are estimating the correction to the activation free
energy, we must take into account that this is obtained as the
difference between the free energy of the transition state and
the reactant states:

To apply this correction to the activation free energy of an
enzymatic reaction, we face at least two problems associated
with the complexity of our system. The first one is the very
large number of vibrational modes. However, as we are
interested in a relative free energy, only those modes whose
frequencies change from the reactant state to the transition state

will make a contribution to the vibrational correction. Then,
we restrict eq 22 to the vibrational modes of the QM subsystem.
Moreover, the six lowest frequency modes of the transition state
and the reactant structures correspond to very low frequency
librational motions28 and the quantum correction is expected to
be small. Thus, we omit these modes and the correction is
calculated over the 3N - 6 (in the reactant state) or 3N - 7 (in
the transition state) frequency modes, withN being the number
of atoms in the QM subsystems. The second problem is due to
the fact that in complex systems the thermodynamic states
(reactant and transition states) are not properly represented by
a single structure. Then, thermodynamical statistics cannot be
simply applied to the energy levels corresponding to a unique
energy well (or saddle point). To circumvent this problem,
averaged frequencies have been computed as a representative
of the corresponding thermodynamic states.14 It has also been
proposed to directly evaluate the ratio of the classical and
quantum vibrational partition functions.29 Here, we use an
equivalent strategy in which the average is carried out over the
thermodynamic corrections calculated over stationary structures.
Note that the difference among these strategies designed to
obtain averaged vibrational free energy corrections is just in
the quantity that is averaged: frequencies, partition functions,
or free energies. In our scheme, we selected 12 different
configurations from the molecular dynamic simulations of the
reactant and transition states: These configurations were
separated by 50 ps each, ensuring then that they were indepen-
dent. Each of these structures was then refined and characterized
as saddle points and minima by means of QM/MM methods
using a micro/macroiteration approach implemented in a modi-
fied DYNAMO program.30 Following the idea of the GRACE
algorithm,31 we defined a control space containing the coordi-
nates of all of the QM atoms. The Hessian matrix is obtained
for this subspace, and then, it is used to guide the search
algorithm. At each step in the control space, the rest of the
coordinates of the system (the complementary space) are
minimized using the gradients. Once the stationary-point
structures (12 minima and 12 saddle points) are located and
characterized (through inspection of the frequencies obtained
for the control space), the vibrational contributions to the free
energy are obtained and averaged to define the correction to be
applied to the activation free energy:

The total value of this correction is small but, surprisingly,
is positive and thus contributes to slightly increase the activation
free energy (about 0.2 kcal/mol). Table 1 shows the decomposi-
tion of this contribution into the zero-point energy (ZPE)
contribution and the quantum correction to the thermal vibra-
tional term. In hydrogen transfer reactions, the ZPE usually
diminishes the activation free energy by about 2 or 3 kcal/
mol.32-34 However, in this methyl transfer reaction, the ZPE
makes a negligible contribution to the activation free energy.

Wcurv(s) )

-kBT ln
〈( 1

mS
+ 1

mO
+

2(1 - cosθSCO)

mC
)1/2〉

s

〈( 1
mS

1
mO

+
2(1 - cosθSCO)

mC
)1/2〉

s0

(18)

GQM,vib )

∑
i)1

m 1

2
hνi + ∑

i)1

m

RT ln(1 - e-hνi/kBT) ) ZPE+ G′QM,vib(T) (19)

Gclas,vib) ∑
i)1

m

RT ln
hνi

kBT
) Gclas,vib(T) (20)

∆Gvib )
GQM,vib - Gclas,vib) ZPE+ G′QM,vib(T) - Gclas,vib(T) (21)

∆∆Gvib )

∆Gvib
TS - ∆Gvib

R ) ∆ZPE+ ∆G′QM,vib(T) - ∆Gclas,vib(T) (22)

∆∆Gvib )

[〈ZPE〉TS - 〈ZPE〉R] + [〈 ∑
i)1

3N-7

RT ln(1 - e-hνi/kBT)〉
TS

-

〈 ∑
i)1

3N-6

RT ln(1 - e-hνi/kBT)〉
R] - [〈 ∑

i)1

3N-7

RT ln
hνi

kBT〉
TS

-

〈 ∑
i)1

3N-6

RT ln
hνi

kBT〉
R
] ) 〈∆ZPE〉 + 〈∆G′QM,vib(T)〉 -

〈∆Gclas,vib(T)〉 (23)
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Although the transition structure has one vibrational mode less,
its ZPE is very close to that of the reactant state (324.2( 0.4
kcal/mol for the TS and 324.3( 0.6 kcal/mol for the reactant
state). This similarity in the ZPE of the reactant and transition
structures in this particular reaction is partly due to the fact that
the vibration associated with the transferred methyl group has
a fundamental frequency that is smaller than in the case of
hydrogen atoms. The vibration corresponding to the sulfur-
carbon bond displays an averaged frequency of 630 cm-1 in
the reactant state, significantly smaller than that for hydrogen
transfers, where the corresponding stretching can take values
around 3000 cm-1. In the transition state, the symmetric sulfur-
carbon-oxygen vibration has a frequency of 290 cm-1, while
differences of more than 1000 cm-1 have been observed in the
case of hydrogen atom transfer and thus large contributions of
the ZPE are obtained in these cases.14 Moreover, the loss of
ZPE in this particular mode in the transition state is compensated
by the fact that the averaged frequency of the remaining modes
in the transition state is slightly larger than that in the reactant
state (1246 cm-1 versus 1239 cm-1). This larger averaged
frequency reflects that in the transition structure the two reacting
fragments are more tightly bound than in the reactant state and
thus the vibrations display larger associated force constants.

The correction of the thermal vibrational contribution to the
activation free energy due to its quantum nature is also modest,
amounting to 0.3 kcal/mol. This value results from the difference
between the quantum thermal contribution (〈∆G′QM,vib(T)〉 )
0.5 kcal/mol) and the classical thermal contribution (〈∆Gclas,vib-
(T)〉 ) 0.2 kcal/mol.). We can also directly compare the quantum
contribution of vibrations to the activation free energy (〈∆GQM-

,vib〉 ) 0.4 kcal/mol) and the classical contribution (〈∆Gclas,vib〉
) 0.2 kcal/mol) by adding the ZPE. For this particular reaction,
where a methyl group is being transferred, the quantum
correction to the vibrational contribution to the activation free
energy obtained from classical simulations seems to be quite
modest.

3.4. Refining the PMF.To reduce the errors associated with
the low level (LL) of theory employed in describing the QM
region to obtain the PMF, we recalculated it applying a
correction method recently implemented in our group.35 The
method is based on the original work of Truhlar and co-
workers36-38 and considers the inclusion of an interpolated
correction (IC) energy term obtained as a function of the reaction
coordinate:

This correction term∆E(ê) is obtained as the difference between
the energy provided by the low level (LL) method and a single-
point energy gas phase calculation at a high level (HL) of theory
method for particular configurations of the QM subsystem
obtained along the chosen reaction coordinate. In this case, the
LL single-point gas phase energies were obtained using the AM1
Hamiltonian,39 while the HL energies were obtained at the MP2/
6-31+G* 40-42 level of theory. This level is a good compromise
between accuracy and computational effort considering the size
of the QM subsystem (63 atoms). The selected configurations

were obtained along several AM1/MM minimum energy paths
traced down from their transition structures to the products and
reactant valleys. An initial transition structure was localized and
characterized using the GRACE algorithm31 (see details in ref
18) with a control space containing the coordinates of all of
the QM atoms. From the set of transition structures described
in the previous point, we selected three additional structures
obtained from initial configurations separated by at least 100
ps during the molecular dynamic simulation of the transition
state. A different correction energy term was then obtained for
each one of the energy paths traced down from the different
transition structures:

We finally obtained the correction energy applied to obtain the
new PMF as the average over the energy paths:

whereL is the number of considered reaction paths (L ) 4 in
this case). We have checked that, in this case, four paths are
enough to reduce the statistical deviation of the correction term
contribution to the reaction barrier to less than 0.5 kcal/mol.
This value is very similar to that obtained for other systems
and gives an idea of the sensitivity of the correction term to
changes in other coordinates.35

A representation of this correction term as a function of the
reaction coordinate is given in Figure 3. The correction energy
destabilizes the transition state with respect to the reactant state,
and thus, larger activation energies are expected when this term
is included. The most important changes in these correction
terms take place during the bond breaking and bond forming
processes; this is in the surroundings of the TS. For the products,
AM1 calculations predict an exothermicity that is too large
which is corrected at the MP2 level. Splines under tension43,44

are used to interpolate these correction energy terms at any value
of the reaction coordinate. In this way, we obtain a continuous
function inê, with continuous first and second derivatives, which
are necessary to perform molecular dynamics simulations.
Technical details are provided elsewhere.35-38

The corrected PMF was obtained on the new potential energy
surface defined by eq 24. As described above, we used the
umbrella-sampling approach22,23 to restrain the system in a
particular value of the reaction coordinate by means of a
parabolic energy penalty (with a force constant of 2500 kJ mol-1

TABLE 1: Vibrational Correction to the PMF in COMT
and Its Zero-Point and Thermal Contributions (See Text for
Details)a

∆∆Gvib 0.2
〈∆ZPE〉 -0.1 ((0.7)
〈∆G′QM,vib(T) - ∆Gclas,vib(T)〉 0.3 ((0.8)

a All values are listed in kilocalories per mole.

E ) EQM
LL + EQM/MM

LL + EMM + ∆E(ê) (24)

Figure 3. Correction energy relative to the reactants as a function of
the reaction coordinate. The correction energy function is obtained as
the averaged difference between gas phase MP2/6-31+G* and AM1
calculations on QM structures appearing along four reaction paths.

∆Ei(ê) ) EQM,i
HL - EQM,i

LL (25)

∆E(ê) )
1

L
∑
i)1

L

∆Ei(ê) (26)
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Å-2). The corrected PMF was calculated along 80 windows.
Simulations were run for 10 ps for each window. The obtained
PMF, together with the AM1/MM one, is presented in Figure
4. The free energy difference between the transition state and
the reactant state obtained from the AM1/MM potential of mean
force is about 10.4 kcal/mol, a value clearly below the
experimental estimation of the activation free energy (18 kcal/
mol).25 The use of the interpolated correction scheme leads to
a free energy barrier that is much closer to the experimental
data. Adding an interpolated correction term based on the
difference between MP2/6-31+G* and AM1 calculations to the
energetic description of the system leads to a new potential of
mean force with a barrier of 14.8 kcal/mol. This means that the
error, defined as the difference between the experimental result
and the theoretical prediction, is reduced to less than half at a
very similar computational effort (the additional cost of the
evaluation of the derivatives of the correction energy term is
negligible). PMF barriers and estimated activation free energies
are summarized in Table 2. To further reduce the difference
from the experimental value, further improvements of the
theoretical treatment would need to consider corrections not only
along the semiempirical reaction paths but also on other regions
of the PES. Work is in progress for this.

4. Conclusions

In this work, we have considered three different contributions
or corrections that should be added to the PMF in order to
estimate the activation free energy of a given chemical
process: the free energy associated with the release of the
reaction coordinate in the reactant state (Gclas,ê

R ), a correction
due to the use of curvilinear reaction coordinates (Wcurv(s)), and
finally a correction of the classical free energy due to the
quantum nature of these degrees of freedom (∆∆Gvib). The
magnitude of each of these contributions depends on the
particular selected reaction and also on the nature of the
distinguished reaction coordinate used to trace the PMF. In
addition, we have also considered the dependence of the

potential of mean force on the computational level chosen to
describe the quantum subsystem. For the particular example
analyzed in this paper, the methylation of catecholate catalyzed
by catecholO-methyltransferase, consideration of an adequate
quantum treatment in the PMF, even through simple correction
schemes, is essential in order to have a good quantitative
description of the process. The corrections introduced at the
MP2 level, using the 6-31+G* basis set, considerably reduce
the error in predicting the activation free energy (as compared
to the AM1/MM value).

None of the rest of the contributions or corrections to the
activation free energy are quantitatively significant. The selection
of an antysimmetric combination of the bond breaking and bond
forming distances due to its curvilinear nature gives an almost
zero correction (-0.03 kcal/mol). This result was not unex-
pected, but it should be taken into account that the magnitude
of this contribution depends on the particular form selected for
the reaction coordinate and that it could be a significant
contribution for particular cases.12 The release of the reaction
coordinate motion in the reactant state, here evaluated using a
thermodynamic integration technique, is also zero as a result
of the compensation between the vibrational free energy and
the work spent setting the reaction coordinate to a particular
value. This process can be accompanied by changes in other
coupled coordinates, for example, those reflecting thesolVation
of the nucleophilic oxygen. Finally, the correction of the
vibrational free energy term is also very small (0.2 kcal/mol).
This is not obviously a general conclusion, since in the case of
hydrogen transfer the zero-point energy can lower the activation
free energy by as much as 2-3 kcal/mol. In this particular
reaction, the loss of one vibrational degree of freedom in the
zero-point energy of the transition state is not so important
because the stretching mode corresponding to the sulfur-carbon
bond has an associated frequency that is significantly smaller
than in the case of hydrogen transfers. Moreover, this effect is
compensated by the rest of the normal modes that have slightly
larger frequencies in the transition state than in the reactant state,
resulting thus in a final positive contribution to the activation
free energy.
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