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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 catecBainethyltransferase. 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 change in the potential of mean force (PMF) associated with a

Transition state theory (TST) and its variational extension particular reaction coordinatg)¢

(VTST) due to the work of Truhlar and co-workésrovide a Fy L _ .
powerful framework for calculating rate constants. In general, AG(9) ~ AWJF(S) WS) — W(s) ©)
the VTST rate constant for a reaction as a function of the

temperatureT) is given by—> where AW is evaluated as the difference between the PMF

evaluated at the transition state (whére= s) and the PMF at

kT AGH the reactant value of the reaction coordinatg. (However, the

k(T = —_(Cco)t™ - S) 1 precise relationship between the activation free energy and the

(T) = 1(T)—~(C°)" "ex @ ; ; . et
h RT PMF requires the release of the reaction coordinate motion in

. L . . the reactant state, an energy term not included in the PMF:
wherex(T) is the transmission coefficienkg is Boltzmann’s 9

constant,h is Planck’s constantC® is the standard state GR= GR—W(SO) (4)
concentrationn is the order of the reactioR is the gas constant, ¢

andAG¥(s) is the standard state molar free energy of activation Note that free energies and the PMF are not equivalent, since
for a transition state located at a valseof the reaction  the |ast one is obtained by integration for particular values of
coordinate §) and is calculated as the difference between the ne reaction coordinateg), Then, the free energy associated
standard state molar free energy of the transition state (TS) andyjith the vibrational motion of this coordinate is not included

that of the reactant state: in the PMF. In principle G may contain not only the
£, 8 R vibrational free energy of the reactant mode that correlates with
AG (=G5 -G @) the reaction coordinate but also other free energy terms due to

the coupling of the reaction coordinate with other coordin&tes.
Anyway, this assimilation between the activation free energy
and the PMF holds exclusively when the reaction coordinate is

is the most important factor responsible for the rate acceleration rectlllnear, t2hat IS, 1S a Ilnea_r comblngnon of atomic Cartesian
. i ) : coordinated2 A general reaction coordinate, for example, a bond
of chemical reactions in enzymésand most computational

. . _distance or an antisymmetric combination of bond distances, is

and analyzing the changes in the activation free energy When%)lén\j\lllrlirt]tee a;lr,az;nd in such a case, the activation free energy should

passing from aqueous solution to the enzymatic active &ifés.
In many studies, the activation free energy is assimilated to the AGH = A\Nt(s) — GR+W,, (9 )
- 13 curv!

Usually, AG* 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
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® the quantum mechanical (QM) subsystem consisted of the
NH; HO cofactor SAM and the substrate catecholate (63 atoms), while
the molecular mechanical (MM) subsystem contained the
050G S/CH3 * reminder of the enzyme, a magnesium cation present in the
® ) active site, and water molecules of crystallization. The system
Adenosil © was then placed and equilibrated inside a cubic box of 55.8 A
S-adenosyl-methionine Catecholate side of TIP3PR? water molecules. The PMF for the methyl
transfer was obtained along the antisymmetric combination of
| the distances describing the breaking and forming boéds (
® I'sc — r'co) using the DYNAMG? program. Molecular dynamic
NH, v HO simulations were carried out in the NVT ensemble at a reference
temperature of 300 K and using periodic boundary conditions.
[S) )\/\ * The umbrella-sampling approaéi#® was used to restrain the
oocC S H.C . .
o system by means of a parabolic energy penalty (with a force
Adenosil constant of 2500 kJ mot A—2) centered at the desired value
$-adenosyk-homocysteine O-methylated catechol of the reaction coordinate. The probability distributions were

Figure 1. Schematic representation of the reaction catalyzed by COMT. put together by zTeans of the Welghte_d hl_stogram aryaly&s
An ionized catechol molecule is methylated by the cofact®r ( methoq (WHAM)=* The free energy barrier directly obtained
adenosylmethionine). from this AM1/MM PMF was 10.4 kcal/mol, clearly below the

experimental estimation (18 kcal/méPAn MP2 single-point

The purpose of this paper is to evaluate the last two terms of correction to the internal energy based on the averaged
eq 5 for a particular enzymatic reaction in order to gain geometries of the reactant and transition structures led to a much
knowledge about the relative magnitude of these terms. To havebetter agreement with experiméfitThe reactant and the
a realistic evaluation of their importance in the framework of transition states appeared at reaction coordinate value$.68
standard PMF calculations, we will compare them with other and 0.07 A, respectively. These equilibrated configurations have
corrections that are not always included in the evaluation of been considered as the starting points for the additional
the activation free energy. In particular, PMFs are usually simulations and optimizations carried out in this work, as
obtained by means of molecular dynamic simulations where the explained below.
atomic motions are described classically. This classical descrip-
tion of the vibrational motion can introduce a non-negligible 3. Results
error in the calculation of the activation free energies, as zero- 31 Eyajuation of GR

. . I h il al ke | casg- First of all, the free energy
point energies are not evaluated. Thus, we will also take into o,nqe associated with release of the reaction coordinate motion
account a correction term due to the discrete nature of quantum

. S 15 v in the reactant state has to be evaluated. To do this, we have
mechanical vibrational ener§y'® which is not properly  ;qgimilated the PMF defined at a frozen value of the reaction
accounted in classical simulations: coordinate as the free energy of a restrained reactant state (
Ggas(greg) where the (classical) vibrational free energy of the
reaction coordinate is remove@dasidéred) Then, the free
energy of releasing the reaction coordinate can be expressed as

AW — Gf = AW}.{9) — Gf.: + AAG,,  (6)

clasé&

where AAG,j, is the difference between the classical and
quantum vibrational contributions to the activation free energy, gR

as detailed in section 3.3. Our evaluation of the activation free c|ang— a 5
energy will be done according to Gelas ~ WetadS) & Gglas — [GeiadEred ~ CotasitfEred] (8)
AG*(S) — A\Afl (5 — GR| ,§+ AAG,, + W, (9 (7) The motion of the reaction coordinate was restrained by
cla: clas, VI curv'

imposing a harmonic umbrella potential to keep it at the value
In this work, we use eq 7 to evaluate the activation free energy (§ = so) corresponding to the minimum of the PMF. To evaluate

of the enzymatic reaction catalyzed by catedbahethyltrans- the free energy difference between _the_ free "’F”d restra_ined
ferase (COMT, EC 2.1.1.65.COMT is an important enzyme reactants, we used a thermodynam!c integration tephnlque
in the central nervous system where it metabolizes dopamine,through the mtroductyon of a perturbamon par.a.meltappllled .
adrenaline, noradrenaline, and various xenobiotic catechols. The© @n umbrella potential, defining thus a restraining Hamiltonian
reaction is a methyl transfer fro®adenosylmethionine (SAM) as

to the hydroxylate oxygen of a substituted catechol (see Figure 1 )

1). One important substrate for COMT is levodopa, presently H, =AU, ,= Ekumtﬂ(f -5 9)

the most effective drug for Parkinson's dise&seOther

contributigns to the rate constant, due to recrossings and|, this equationt = 1 defines the restrained reactant state, while
tunneling; are not considered in this work. ). = 0 defines the free reactant state. The free energy change is
consequently obtained as

2. Methodology g y

The AM1/MM PMF of the reaction was already presented R R _ 1 HAD
in ref 18: The initial coordinates for the enzyme )(/:zflculations Gelas ~ ColadEred = ./(‘J dj‘gaf (10)
were taken from the X-ray crystal structure of a COMT-inhibitor
complex including 3,5-dinitrocatechol and the cofactor S®M; The free energyGEasg is finally obtained by adding the
the nitro groups were removed and one of the hydroxyl groups (classical) vibrational free energy of the restrained reaction
of catechol was ionized by proton transfer to Lys144. Then, coordinate. The vibration of this coordinate is a function of the
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umbrella force constantkgmn) and the force constant of the
normal mode associated with the reaction coordinate in the
reactant statekg):

H D+ h o (Ko + Ke\12
R - r A mb &
Gliast = J, dl@ﬁ RTIn thT(ﬂ—g (1)

with ue being the reduced mass associated with the reaction
coordinate, which is straightforwardly obtained from the Wilson
matrix 26 The transformation froni = 1 to A = 0 was carried

out in 50 windows. In each one of these windows, the value of
oH/o4 or oH;/04 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 mélA—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 sutfur
carbon and carboenoxygen 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 Figure 2. Snapshot of the reactant state showing thg catecholate
cancellation between the removal of the umbrella restraint fg?ﬁgﬁgéiéges‘fgacmr (SAM), the Rtgcation, and some residues close
(—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

Asn170

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

. D(s

frequency (see below): W, (8) = —kgTIn q>( ) (13)
R (s0)

R — RTIn 12
Geiasvif$) = RTIN KgT (12) where for an arbitrary generalized reaction coordirtate

Using eq 12, the obtained value is about 0.7 kcal/mol. It is then hzﬂZ 12

probable that other contributions were included3fy;. The P(s) = 2715 g (14)

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 N i Planck’s constanfj = 1/ksT, andZ; is defined by

the hydroxyl groups is ionized by proton transfer to Lys?44.

The negatively charged oxygen atom is now prepared to be N 1 [a&\2

methylated by SAM. However, during the first stages of the Z.= ZM I~ (15)

reaction, the approach of the methyl group must be accompanied EIVI X

by a lengthening of the distance between the nucleophilic
oxygen and the protonated Lys144. The oxygen atom must bewherex denotes the set of\Batomic Cartesian coordinates of
desobatedin order to be prepared to receive the positive methyl those atoms involved in the definition of the reaction coordinate
group. In other words, the selected reaction coordinate is and My the atomic mass of each atom. Th&un(S) contains
strongly coupled to other coordinates of the environment in the correction terms from both the transition stade'®(&)) and the
reactant state. Thus, setting the reaction coordinate to itsreactant statedR(&)). Considering the case of the system
particular value in the reactant state is accompanied by changesstudied, the reaction coordinate chosen for the methyl transfer
in other coordinates. This is illustrated by comparing the is
averaged distances obtained from the first and last simulation
windows obtained during the removal of the umbrella potential E=Tgc—Ico (16)
added to the reaction coordinate. When the reaction coordinate
is restrained, the averaged carbaxygen distance is 2.96 A
and the distance from this nucleophilic oxygen to the closest
proton of Lys144 is 2.28 A. When the umbrella force constant
is removed, the averaged distance between the carbon atom
the methyl group and the nucleophilic oxygen is slightly longer 1 1 >
(3.06 A) ar_1d the distance between the oxygen and the proton Z.=—+—+—(1— cosfsco a7
of Lys144 is somewhat shorter (2.03 A). Ms Mo M

3.2. Evaluation of Wy /(S). According to the work of Truhlar
and co-workerd? the free energy correction due to the use of wherefscois the S-C—0 bond angle. Thus, the correction 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
oF transferred, and O is the acceptor atom. Equation 15 yields
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W, (S) = will make a contribution to the vibrational correction. Then,
_ 12 we restrict eq 22 to the vibrational modes of the QM subsystem.
1 1 2(1—cosbsco , "
4+ =4 > Moreover, the six lowest frequency modes of the transition state
Kk, TIn ms Mg M S (18) and the reactant structures correspond to very low frequency
1 1  2(1—cosfgcr))H? librational motiond® and the quantum correction is expected to
—t be small. Thus, we omit these modes and the correction is
Ms Mo Me % calculated over thel — 6 (in the reactant state) oN3— 7 (in

) . the transition state) frequency modes, witlbeing the number
To calculate this correction, we ran 600 ps of AMI/MM ¢ 410ms in the QM subsystems. The second problem is due to
molecular dynamics _S|.mulat|on in the TS and reactant region, he fact that in complex systems the thermodynamic states
under the same conditions as those used for the computation Ofyeactant and transition states) are not properly represented by
the PMF. We obtained the valuestcofrom these trajectories, 5 gingle structure. Then, thermodynamical statistics cannot be
and thus, we computed the averaged values appearing in thejinh|y anplied to the energy levels corresponding to a unique
preceding equation for both the transition and reactant States-energy well (or saddle point). To circumvent this problem,

As advanced by Truhlar and co-workéfghe free energy term 501564 frequencies have been computed as a representative
that accounts for the curvature of the selected reaction coordinates ihe corresponding thermodynamic statet. has also been

(the antisymmetric combination of the bond forming and bond proposed to directly evaluate the ratio of the classical and
breaking distances) is very small. In fact, for this particular quantum vibrational partition functio8.Here, we use an
reaction, we have concluded that this free energy term is oq ivalent strategy in which the average is carried out over the
negligible (-0.03 kcal/mol). o o thermodynamic corrections calculated over stationary structures.
3.3.. Evaluation of AAGip. The co_ntrlbutlon of the vibrations _ Note that the difference among these strategies designed to
of a single molecular structure to its free energy can be easily ,ain averaged vibrational free energy corrections is just in
obtained, considering the quantum nature of its motions, under e quantity that is averaged: frequencies, partition functions,
the harmonic approximation using the following expression: . fea 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

wherem is the number of vibrational modes to be considered Using a micro/macroiteration approach implemented in a modi-
andv; the fundamental frequency associated with each one of fied DYNAMO program?° Following the idea of the GRACE
these modes. The first term is the well-known zero-point energy, &lgorithm?* we defined a control space containing the coordi-
while the second one contains the thermal contribution of the nates of all of the QM atoms. The Hessian matrix is obtained
vibrations to the molecular free energy. for this subspace, and then, it is used to guide the search
If the vibrations are being described classically, then the algorithm. At each step in the control space, the rest of the
contribution of the vibrational motion to the free energy is given coordinates of the system (the complementary space) are

GQM,vib =
m 1 m
Z—hvi + Y RTIn(L — e ™/®") = ZPE+ Gy (T) (19)
£

by minimized using the gradients. Once the stationary-point
structures (12 minima and 12 saddle points) are located and

m hy; characterized (through inspection of the frequencies obtained

Gasvib= » RTIN — = G55 il T) (20) for the control space), the vibrational contributions to the free
i= ke T energy are obtained and averaged to define the correction to be

) . applied to the activation free energy:
Then, the molecular free energy estimated from a classical

molecular dynamics simulation needs to be corrected by adding Ao . =
the term corresponding to the quantum description of the vib

. . . . . N—7

vibrations and subtracting the term corresponding to the classical —tw,

description: [ZPESs — [ZPER] + RTIn(L — e ™/eh| | —
= S

1= T
AG,, = D&Nfe T D -7 hviD
' RTInl—e™ - RTIn—| | —
GQM,vib - Gclas,vib= ZPE+ GQM,vib(T) - Gclas,vik(T) (21) ; n( e ) R = nkBT =

If we are estimating the correction to the activation free 6 hw; ,
energy, we must take into account that this is obtained as the RT'”_T = [AZPHH mGQI\/l,vib(T)D_
difference between the free energy of the transition state and = ke TR
the reactant states: [AGg,svid T(23)
AAG, = The total value of this correction is small but, surprisingl
, surprisingly,

AGyp — AGH, = AZPE+ AGy ip(T) — AGyeifT) (22) s positive and thus contributes to slightly increase the activation
free energy (about 0.2 kcal/mol). Table 1 shows the decomposi-

To apply this correction to the activation free energy of an tion of this contribution into the zero-point energy (ZPE)
enzymatic reaction, we face at least two problems associatedcontribution and the quantum correction to the thermal vibra-
with the complexity of our system. The first one is the very tional term. In hydrogen transfer reactions, the ZPE usually
large number of vibrational modes. However, as we are diminishes the activation free energy by about 2 or 3 kcal/

interested in a relative free energy, only those modes whosemol.32-34 However, in this methyl transfer reaction, the ZPE
frequencies change from the reactant state to the transition statenakes a negligible contribution to the activation free energy.
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TABLE 1: Vibrational Correction to the PMF in COMT 10

and Its Zero-Point and Thermal Contributions (See Text for

Detailsy 8
AAGyi 0.2
[AZPEJ —0.1 (:0.7) ¢
[AGHMyin(T) — AGiasvid )OI 0.3 (#0.8)

a All values are listed in kilocalories per mole.

Although the transition structure has one vibrational mode less,
its ZPE is very close to that of the reactant state (32424
kcal/mol for the TS and 324.% 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 ~ ™° K ¥ ee (angstr‘:;;s) ! e :
the vibration associated with the transferred methyl group has o

. . Figure 3. Correction energy relative to the reactants as a function of
a fundamental frequency that is smaller than in the case of the reaction coordinate. The correction energy function is obtained as

hydrogen atoms. The vibration corresponding to the stfur  ihe averaged difference between gas phase MP2/8531and AM1
carbon bond displays an averaged frequency of 630'dm calculations on QM structures appearing along four reaction paths.
the reactant state, significantly smaller than that for hydrogen
transfers, where the corresponding stretching can take valuegvere obtained along several AM1/MM minimum energy paths
around 3000 cm. In the transition state, the symmetric sutfur ~ traced down from their transition structures to the products and
carbon-oxygen vibration has a frequency of 290 cthhwhile reactant valleys. An initial transition structure was localized and
differences of more than 1000 cthhave been observed in the ~ characterized using the GRACE algorittinfsee details in ref
case of hydrogen atom transfer and thus large contributions of 18) with a control space containing the coordinates of all of
the ZPE are obtained in these cak¥ebloreover, the loss of  the QM atoms. From the set of transition structures described
ZPE in this particular mode in the transition state is compensatedin the previous point, we selected three additional structures
by the fact that the averaged frequency of the remaining modesobtained from initial configurations separated by at least 100
in the transition state is slightly larger than that in the reactant PS during the molecular dynamic simulation of the transition
state (1246 cmt versus 1239 cmi). This larger averaged state. A different correction energy term was then obtained for
frequency reflects that in the transition structure the two reacting €ach one of the energy paths traced down from the different
fragments are more tightly bound than in the reactant state andtransition structures:
thus the vibrations display larger associated force constants. L L

The correction of the thermal vibrational contribution to the AEi(8) = Eqm; — Eqw; (25)
activation free energy due to its quantum nature is also modest,
amounting to 0.3 kcal/mol. This value results from the difference We finally obtained the correction energy applied to obtain the
between the quantum thermal contributidAAGpy ,,(T)J= new PMF as the average over the energy paths:
0.5 kcal/mol) and the classical thermal contributioNGgjas vitr
(T)(= 0.2 kcal/mol.). We can also directly compare the quantum
contribution of vibrations to the activation free energxGow-
vib(0= 0.4 kcal/mol) and the classical contributio\Gejas,vid]
= 0.2 kcal/mol) by adding the ZPE. For this particular reaction, whereL is the number of considered reaction paths<(4 in
where a methyl group is being transferred, the quantum this case). We have checked that, in this case, four paths are
correction to the vibrational contribution to the activation free enough to reduce the statistical deviation of the correction term
energy obtained from classical simulations seems to be quitecontribution to the reaction barrier to less than 0.5 kcal/mol.

modest. N _ ~ This value is very similar to that obtained for other systems
3.4. Refining the PMF.To reduce the errors associated with  and gives an idea of the sensitivity of the correction term to

the low level (LL) of theory employed in describing the QM  changes in other coordinat®s.

region to obtain the PMF, we recalculated it applying a A representation of this correction term as a function of the
correction method recently implemented in our gréughe reaction coordinate is given in Figure 3. The correction energy
method is based on the original work of Truhlar and co- destabilizes the transition state with respect to the reactant state,
workers®38 and considers the inclusion of an interpolated and thus, larger activation energies are expected when this term
correction (IC) energy term obtained as a function of the reaction is included. The most important changes in these correction

Relative Correction Energy (Kcal/mol)
>

1 L
AE(¢) = AE(£) (26)

coordinate: terms take place during the bond breaking and bond forming
N " processes; this is in the surroundings of the TS. For the products,
E = Eou T Eommm + Eum + AE(E) (24) AM1 calculations predict an exothermicity that is too large

which is corrected at the MP2 level. Splines under terfSitfh
This correction ternAE(&) is obtained as the difference between are used to interpolate these correction energy terms at any value
the energy provided by the low level (LL) method and a single- of the reaction coordinate. In this way, we obtain a continuous
point energy gas phase calculation at a high level (HL) of theory function in&, with continuous first and second derivatives, which
method for particular configurations of the QM subsystem are necessary to perform molecular dynamics simulations.
obtained along the chosen reaction coordinate. In this case, theTechnical details are provided elsewhétre’®
LL single-point gas phase energies were obtained using the AM1 The corrected PMF was obtained on the new potential energy
Hamiltonian3® while the HL energies were obtained at the MP2/ surface defined by eq 24. As described above, we used the
6-31+G* 40-42|evel of theory. This level is a good compromise umbrella-sampling approa&h? to restrain the system in a
between accuracy and computational effort considering the sizeparticular value of the reaction coordinate by means of a
of the QM subsystem (63 atoms). The selected configurations parabolic energy penalty (with a force constant of 2500 kJ#nol
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» 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
guantum 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 6-3tG* 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
i M py ; o T T ! of an antysimmetric combination of the bond breaking and bond

R. C. (angstroms) forming distances due to its curvilinear nature gives an almost
Figure 4. Potentials of mean force as a function of the reaction Z€ro correction £0.03 kcal/mol). This result was not unex-
coordinate obtained at the AM1/MM level (dashed line) and including Pected, but it should be taken into account that the magnitude
interpolated corrections (solid line). of this contribution depends on the particular form selected for
) _ L . the reaction coordinate and that it could be a significant
;AeBll?_eEa(z:ii O';“é';g%g’gf@”ggﬁfrvﬁgﬂ d'Tr';ZeD'iEf?;rgrﬁs for contribution for particular casé3.The release of the reaction
Corrections, as Explained in the Text coordinate motion in the reactant state, here evaluated using a
thermodynamic integration technique, is also zero as a result

PMF (Kcal/mol)

-20

-25

2%'34@;'&%3 > ig'gs of the compensation between the vibrational free energy and

AG%?A%Ml) ) 10.6 the work spent setting the reaction coprdlnate to a pamcular

AGH(ICIMP2) 15.0 value. This process can be accompanied by changes in other
AGH(exp) 185 coupled coordinates, for example, those reflectingsthigation

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-3 kcal/mol. In this particular

dreaction, 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 stdarbon

/ bond has an associated frequency that is significantly smaller

than in the case of hydrogen transfers. Moreover, this effect is

a free energy barrier that is much closer to the experimental compensated by the rest of the normal modes that have slightly
data. Adding an interpolated correction term based on the larger frequencies in the transition state than in the reactant state,

difference between MP2/6-31G* and AM1 calculations to the resulting thus in a final positive contribution to the activation
energetic description of the system leads to a new potential Offree energy.

mean force with a barrier of 14.8 kcal/mol. This means that the
error, defined as the difference between the experimental resuILI_r
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.

a All values are listed in kilocalories per mole.

A~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 an
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
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