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Abstract: A comparative theoretical study of a bimolecular reaction in aqueous solution and catalyzed by
the enzyme catechol O-methyltransferase (COMT) has been carried out by a combination of two hybrid
QM/MM techniques: statistical simulation methods and internal energy minimizations. In contrast to previous
studies by other workers, we have located and characterized transition structures for the reaction in the
enzyme active site, in water and in a vacuum, and our potential of mean force calculations are based upon
reaction coordinates obtained from features of the potential energy surfaces in the condensed media, not
from the gas phase. The AM1/CHARMM calculated free energy of activation for the reaction of S-adenosyl
methionine (SAM) with catecholate catalyzed by COMT is 15 kcal mol~* lower the AM1/TIP3P free-energy
barrier for the reaction of the trimethylsulfonium cation with the catecholate anion in water at 300 K, in
agreement with previous estimates. The thermodynamically preferred form of the reactants in the uncatalyzed
model reaction in water is a solvent-separated ion pair (SSIP). Conversion of the SSIP into a contact ion
pair, with a structure resembling that of the Michaelis complex (MC) for the reaction in the COMT active
site, is unfavorable by 7 kcal mol™2, largely due to reorganization of the solvent. We have considered
alternative ways to estimate the so-called “cratic” free energy for bringing the reactant species together in
the correct orientation for reaction but conclude that direct evaluation of the free energy of association by
means of molecular dynamics simulation with a simple standard-state correction is probably the best
approach. The latter correction allows for the fact that the size of the unit cell employed with the periodic
boundary simulations does not correspond to the standard state concentration of 1 M. Consideration of
MC-like species allows a helpful decomposition of the catalytic effect into preorganization and reorganization
phases. In the preorganization phase, the substrates are brought together into the MC-like species, either
in water or in the enzyme active site. In the reorganization phase, the roles of the enzymic and aqueous
environments may be compared directly because reorganization of the substrate is about the same in both
cases. Analysis of the electric field along the reaction coordinate demonstrates that in water the TS is
destabilized with respect to the MC-like species because the polarity of the solute diminishes and
consequently the reaction field is also decreased. In the enzyme, the electric field is mainly a permanent
field and consequently there is only a small reorganization of the environment. Therefore, destabilization
of the TS is lower than in solution, and the activation barrier is smaller.

Introduction related to enzyme catalysisjVarshel proposed that the pref-

) . . erential stabilization of the transition state (TS) is essentially
Enzymes are biological catalysts that are capable of speedingg|gctrostatic in nature, due to the favorable organization of the

up cher_nic?l processes as compared with the related reactiongparge distribution in the enzyme active sitén contrast,

n SOI,Ut'o,n' While this fact is cllear, the wa}y these cataly;ts electrostatic stabilization of the TS in solution involves energeti-
work is still under debate. Following the seminal idea of Pauling cally costly reorganization of solvent molecules, evaluated as
half of the solventsolute interaction energy when using

T i i . . .
, Universitat Jaume I. continuum models of solvated systefridowever, in going from
Universidad de Valencia.

§ Universitat Autmoma de Barcelona.

I'University of Bath. (2) (a) Pauling, L.Chem. Eng. New$946 24, 1375-1377. (b) Pauling, L.
(1) (a) Fersht, A.Enzyme Structure and MechaniskV. H. Freeman and Nature 1948 161, 707—709.
Company: New York, 1985. (b) Jencks, W. &dv. Enzymol.1975 43, (3) (a) Warshel, A.P. Natl. Acad. Sci. U.S.A1978 75, 5250-5254. (b)
219-410. Warshel, A.J. Biol. Chem 1998 273 27035-27038.
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reactants to TS in an enzyme active site, favorable enzyme

prephenate catalyzed Wyacillus subtilischorismate mutase

substrate interactions are achieved without significant reorga- (BsCM) by means of hybrid quantum-mechanical/molecular-

nization of the environment. The enzymic charge distribution

mechanical (QM/MM) and molecular dynamics (MD) methods

preferentially stabilizes the TS of the catalyzed reaction relative to compute the potential of mean force (PM¥long a suitable

to reactants with a much-reduced energetic cost.

However, reorganization of the enzyme is not the only factor
contributing to enzyme catalytic power. The ability of an enzyme
to bind substrate(s) in the Michaelis complex (MC) with an

reaction coordinate. Being unimolecular, this reaction avoided
the problem of bringing separate reactant fragments together
to an appropriate distance and orientation, so simplifying this
aspect into a conformational issue. This study concluded that

appropriate conformation capable of progressing to the TS canreorganization of the enzyme and preorganization of the

be an important component of catalysis. MengBruice8 and

substrate were not independent factors but were both conse-

Koshland have explained enzyme catalysis by focusing on a quences of the favorable structure of the enzyme for catalysis.

variety of factors contributing to formation of the MC and to
its possible destabilization in solution. They consider that

To check these conclusions derived from a unimolecular
reaction, we now present an analogous study of a bimolecular

bringing the reactant fragments to an adequate distance andeaction, namely methyl transfer fro®adenosylmethionine

orientation is mainly an enthalpic term. Westheirhand later
Page and JencRgpointed out that an enzyme could catalyze a
bimolecular reaction by serving simply as an “entropy trap”:

(SAM) to the hydroxylate oxygen of a substituted catechol
catalyzed by catech@-methyltransferase (COMT, EC 2.1.118).
COMT is important in the central nervous system where it

the unfavorable entropy of association of the substrates couldmetabolizes dopamine, adrenaline, noradrenaline, and various

be “paid for” by favorable binding interactions within the MC,
thereby in effect making the reaction unimolecular. Following
this direction, Hermans and Wakgpresented a complete
treatment for calculating free energies of formation of macro-
molecule-ligand complexes and, more recently, Kollman and
co-workerd! considered the implications of bringing the
molecules together and of orienting them properly: in most

xenobiotic catechols. One important substrate for COMT is
levodopa, presently the most effective drug for Parkinson’s
diseasé® This reaction involves attack on a methyl group,
originally bonded to the sulfur atom of the coenzyme SAM, by
a catecholate Oin a direct bimolecular @& process that can
be formally considered as an inverse Menschutkin reaction
where ionic reactants proceed toward neutral prodict8 The

cases a free-energy price must be paid to form a reactantenzymatic process also requires the presence of a magnesium

complex in solution, while in the enzyme the substrate binding

cation (M) in the active site. We have selected this enzymatic

energy associated to the formation of the MC (and thus its system because it possesses some advantages: (i) the results

dissociation constanky,) includes the free-energy price for

entropic and desolvation contributions. Finally, Warshel and co-

of the reaction catalyzed by the enzyme COMT can be compared
with a similar process in solution, with experimental data

worker$"!2have presented an approach to evaluate the entropicavailable in the literature; (ii) the cofactor and the substrate are

contribution to the activation barrier of an enzymatic reaction

the only reactants, while the protein environment does not

and of the corresponding reference reaction in solution. In this directly take part into the reaction; (iii) no covalent bonds are
view of enzyme catalysis, the emphasis is made on the formed between the substrate and the protein, and therefore,

preorganizationof the substrate in a particular conformation
prepared to progress up to the corresponding TS.

technical problems of frontier treatments between QM and MM
regions are avoided.

As part of a research program to evaluate these possible key Recently, Bruice and co-workers carried out both QM and

factors in enzyme catalysis, we have previously studied
unimolecular reaction, the conversion of)tchorismate to

(4) (a) Cramer, C. J.; Truhlar, D. @hem. Re. 1999 99, 2161-2200. (b)
Cramer, C. J.; Truhlar, D. G. IBobent Effects and Chemical Reagty;
Tapia, O., Bertra, J., Eds. Kluwer: Dordrecht, The Netherlands, 1996;
pp 1-80.

(5) (a) Menger, F. MAcc. Chem. Red993 26, 206-212. (b) Khanjin, N.
A.; Snyder, J. P.; Menger, F. M. Am. Chem. Sod.999 121, 11831
11846.

(6) (a) Lau, E. Y.; Bruice, T. CJ. Am. Chem. S0d.998 120, 12387-12394.
(b) Torres R. A.; Schigt B.; Bruice T. Q. Am. Chem. Sod.999 121,
8164-8173. (c) Lightstone, F. C.; Bruice, T. G. Am. Chem. S0d.996
118 2595-2605. (d) Bruice, T. C.; Lightstone, F. &cc. Chem. Red4999
32, 127-136. (e) Bruice, T. C.; Benkovic, S. Biochemistry200Q 39,
6267—-6274. Bruice, T. CAcc. Chem. Re®002 35, 139-148..

(7) Mesecar, A. T.; Stoddard, B. L.; Koshland, D.&€iencel997, 227, 202—
206

(8) Westheimer, F. HAdv. Enzymol.1962 24, 441-482.
(9) Page, M. I.; Jencks, W. FProc. Natl. Acad. Sci. U.S.A971, 68, 1678.
(10) Hermans, J.; Wang, LJ. Am. Chem. Sod.997, 119 2707-2714.
(11) (a) Stanton, R. V.; Péwla, M.; Bakowies, D.; Kollman, P. AJ. Am.
Chem. Soc1998 120, 3448-3457. (b) Kollman, P. A.; Kuhn, B.; Donini,
O.; Per&yld, M.; Stanton, R. V.; Bakowies, DAcc. Chem. Re2001, 34,
72-79.
(12) Villa, J.; Strajbl, M.; Glennon, T. M.; Sham, Y. Y.; Chu, Z. T.; Warshel,
A. P. Natl. Acad. Sci. U.S.£2000 97, 11899-11904.
(13) (a) Marty S.; Andfes, J.; Moliner, V.; Silla, E.; Ttén, |.; Bertfa, J.Theor.
Chem.2001, 105, 207-212. (b) Mart) S.; Andfes, J.; Moliner, V.; Silla,
E.; Tuton, |.; Bertran, J.J. Phys. Chem. B200Q 104, 11308-11315. (c)
Marti, S.; Andres, J.; Moliner, V.; Silla, E.; Ttan, |.; Bertran, J.; Field,
M. J.J. Am. Chem. So@001, 123 1709-1712. (d) Mary S.; Andres, J.;
Moliner, V.; Silla, E.; Tdidn, |.; Bertran, J. P.Chem—Eur. J 2003 9,
984-991. (e) Mart) S.; Andfes, J.; Moliner, V.; Silla, E.; Ton, I.; Bertran,
J. P.THEOCHEM in press.

MD calculations relevant to the reaction catalyzed by CORITP.
They studied the reaction of (GHS" with catecholate anion
(catO") in the gas phase and in water treated with continuum
solvent models and pointed out the important role of desolvation
for this reactiort®@From their MD calculations, they concluded
that the methyl of SAM and the Oof catechol were in a “near
attack configuration” (NAC) for a large fraction of the time;
moreover, little structural rearrangement of the enzyme was
needed to occur between an NAC and thel¥®n the basis

of QM supermolecule calculations, they asserted that catalysis
did not arise from preferential interactions of the TS with the
enzyme but rather from orienting the reactants into an N#C.
However, they did not directly study the energetics of the

(14) Roux, B.Comput. Phys. Commut995 91, 275-282.

(15) Takusagawa, F.; Fujioka, M.; Spies, A.; Schowen, R. ICémprehensie
Biological Catalyzis Sinnott, M., Ed.; Academic Press: San Diego, CA,
1998; Vol. 1, pp +30.

(16) Gulberg, H. C.; Marsden, C. Aharmacol. Re. 1975 27, 135-206.

(17) (a) Hegazi, M. F.; Borchardt, R. T.; Schowen, R.JLAm. Chem. Soc.
1979 101, 4359-4365. (b) Rodgers, J.; Femec, D. A.; Schowen, RI.L.
Am. Chem. Sod 982 104, 3263-3268.

(18) (a) Woodard, R. W.; Tsai, M. D.; Floss, H. G.; Crooks, P: A. Coward, J.
K. J. Biol. Chem198Q 255 9124-9127. (b) Knipe, J. O.; Vasquez, P. J.;
Coward, J. K.J. Am. Chem. S0d.982 104, 3202-3209.

(19) (a) Zheng, Y. J.; Bruice, T. @. Am. Chem. S0d.997, 119 8137-8145.
(b) Kahn, K.; Bruice, T. CJ. Am. Chem. So@00Q 122, 46—51. (c) Lau,

E. Y.; Bruice, T. C.J. Am. Chem. So@00Q 122 7165-7171.
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enzyme-catalyzed reaction including the protein environment, complementary space are minimized. Once a saddle point on the PES
nor did they perform comparable studies for the uncatalyzed is located and characterized, GRACE is capable of tracing the intrinsic
reaction in water. Kuhn and Kollman (KRused a combined ~ reaction coordinate (IRC) paths down to the reactant and product
QM and free-energy approach to calculate an activation free valleys, by means of a modified version of the MOPA_C routine based
energy of 24.5 kcal mol for the enzymatic reaction, in on the method of Gordon and co-wo_rl_<é?d.:rom thls_flrst stage of
reasonable agreement with the experimental Valoi18 kcal our strategy, where we locate a transition structure in the presence of
1 L . the protein environment or an aqueous medium, analysis of the IRC
mol™. KK calculated an activation free energy for_the reaction also allows selection of the appropriate reaction coordinate and
betvyeen a complex betwe_en (968" and catO .|n water, determination of the “reactive” reactant structure immediately adjacent
having a structure resembling the MC, and obtained a value 5, the transition structure. It must be mentioned that these structures
kcal mol™* higher than for the enzymatic reaction. Addition of  can be quite different from those obtained in gas phase, from both the
(what they called) a “cratic” free-energy term, estimated-at3 geometrical and electronic points of view. Problems associated with
kcal moflt, improved the agreement between the calculated andthe QM/MM boundary are avoided because the QM region includes
experimental rate enhancements for the enzymatic reaction oveithe entire cofactor, and substrate and does not involve covalent linkages
the uncatalyzed model reaction in water. However, it is to any MM atoms.
important to point out that their treatment, based on gas-phase For the QM/MM enzyme calculations, the initial coordinates were
entropies and assuming arbitrarily the configurational volume taken from the X-ray crystal structifeof a COMT—inhibitor complex
in the enzyme, drastically overestimates the entropy ChangeSWith 3,5-dinitrocatechol and the cofactor SAM; the nitro groups were
in solution, as previously mentioned by Warshel and co- removed, and a catechol OH (the one closer to SAM) was ionized by
workers? There is also an important difference between these P/Oton transfer to Lys144. The QM subsystem contained SAM and
studies concerning the coordination of the magnesium (:ation:Cato anion (63 atoms), while the remainder of the enzyme, the

. . . magnesium cation, waters of crystallization, and solvating water
in KK's model 2° the Mg?" is monocoordinated to the catecho- 9 Y 9

. . 9c i . molecules formed the MM subsystem (3365 enzyme atoms plus 285
late O", but in Bruice’s modet?* it interacts with both oxygen nonrigid CHARMM-modified TIP3P” water molecules). During the
atoms of the catechol.

QM/MM enzyme optimizations, the QM atoms and the MM atoms
The main aim of this work is to present an analysis of the lying in a sphere of 17 A of radius centered on the QM system were

reorganization of the enzyme and the preorganization of the allowed to move (a total of 2610 atoms). Optimization steps with

substrate for this @ enzyme catalyzed reaction. For this GRACE were guided using a Hessian of order 189. The IRC reaction

purpose, we have run hybrid QM/MM energy optimizations in Paths were traced down to reactant (R) and product (P) valleys from

solution and in the enzyme environment as well as statistical the saddle points (as described previoti§lyfollowed by an optimiza-

MD simulations following the strategy described in the next ton of the full system.

section. KK suggested that the two main approximations in their ~ T0 validate our theoretical approach by comparison of calculated

work were uncertainties in estimating reaction-path geometries results with experimental data reported in the literature for an analogous

and in determining the cratic free energy in solufnve reaction in aqueous solution, and with previous theoretical studies in a

consider that this study represents an improvement in both Yacuu™: We have selected a "small” model (Figure 1) comprising of
Yy rep P (CH3)sSt and catO. Calculations in a vacuum were carried out with

respects. Fu.rthermqre, in presentlng an analysis of the glectro-the GAUSSIANOS package of prografsyith the AM1 semiempirical
static potential prO\{lded by the enVIr(?nment, we also pick up method?® and with ab initio methods based on second-order Mgller
upon a theme the importance of which was also stressed bypjesset (MP2) perturbation thedtysing the standard 6-31G* basis
Kollman’s work2° set. The same small model was employed for the QM/MM calculations
Method in solution: the 26 QM atoms were placed in a cavity deleted from a
ethods 17 A radius sphere of water molecules described by the nonrigid
To gain insight of the key factors in enzyme Cata|ysi3' free_energy CHARMM-modified TIP3P potential. As the full system was allowed
profiles for reaction in both the protein environment and aqueous t0 move, a solvent boundary potentialvas applied to the resulting
solution are required. We start with the location and characterization 683 MM water molecules in order to maintain its structure at the edges
of the relevant stationary structures on the potential energy surface
(PES) not only for these condensed media but also in a vacuum. Once(25) (a) Schmidt, M. W.; Gordon, M. S.; Dupuis, M. Am. Chem. S0d.985
an appropriate reaction coordinate has been selected, the PMF may be 107 2585-2589. (b) Stewart, J. J. P. MOPAC 7, (QCPE 48Z)antum
Chem. Program Exch. Bulll993 13, 42.
computed. (26) Vidgren, J.; Svensson, L. A; Liljas, Aature 1994 368 354—358. )
Location of Energy Minima and Saddle Points. We use a (27) ’eﬂorgegseér;; W. Il-D.:hquaggcalra;%egg%r_,élé;sMﬁdltﬂ%J.t%ﬁﬂpﬁ)ﬁ/}l R.V:/.g Klein,
H H 4 LLoJ em. Y A . Note thal contains
Comblnatlo.n Of_ the GRAC? and CHARMM* programs that enables a modified TIP3P potential that includes intramolecular terms.
the determination of transition structures for molecular systems with a (28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria G. E.; Robb, M.
i A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
Iarge number O.f atoms by means of QM/MM methods. GRACE divides R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
the total coordinate space into two subsets of atoms: a control space K. N.: Strain, M. C.: Farkas, O.: J. Tomasi: Barone, V.: Cossi, M.: Cammi,
in which the Hessian matrix is calculated and a complementary space g.;t Mennuccc;, AB.; APOTe”iﬁ % /édaon, %A CEfford, E '\(A)clhtﬁrsllgi,}g.;

. . etersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
that does not necessarily match with the QM anq MM subsystems. At Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
each Newtor-Raphson step of a QM/MM search in the control space,
guided by the Hessian, all geometrical coordinates belonging to the

J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.6;
Gaussian, Inc.; Pittsburgh, PA, 1998.

(29) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. Am.

(20) Kuhn, B.; Kollman, P. AJ. Am. Chem. So@00Q 122, 2586-2596.
(21) Schultz, E.; Nissinen, BBiochem. Pharmacoll989 38, 3953-2956.
(22) Strajbl, M.; Florian, J.; Warshel, Al. Phys. Chem. B001, 105, 4471~

4484,

(23) (a) Moliner, V.; Turner, A. J.; Williams, I. HJ. Chem. Soc., Chem.
Commun.1997, 1271. (b) Turner, A. J.; Moliner, V.; Williams, I. HJ.
Phys. Chem. Chem. Phyk999 1, 1323-1331.

(24) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,

S.; Karplus, M.J. Comput. Chenl983 4, 187-217.

7728 J. AM. CHEM. SOC. = VOL. 125, NO. 25, 2003

Chem. Soc1985 107, 3902-3909.

(30) (a) Head-Gordon, M.; Pople, J. A.; Frisch, MChem. Phys. Lett1988

153 503-506. (b) Frisch, M. J.; Head-Gordon, M.; Pople, J.@hem.
Phys. Lett199Q 166, 275-280. (c) Frisch, M. J.; Head-Gordon, M.; Pople,
J. A. Chem. Phys. Letfl990Q 166, 281—289.

(31) Brooks, C. L.; Karplus, MJ. Mol. Biol. 1989 208 159-181.
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Figure 1. Schematic representation of the transmethylation reaction for small and large models.

of the system. Optimization steps for this small model in solution were either 1021 water molecules and the small-model solute or 1001 water
guided using a Hessian of order 78. molecules and the large-model solute. The enzymatic system consisted
Similar QM/MM calculations were also performed for a “large”  of a cubic box of side 55.8 A containing 4614 water molecules and
model comprising of SAM and catQ(Figure 1). The results obtained  the enzyme (17162 atoms in total). In each case, the QM subsystem
with this large model in aqueous medium were compared with the comprised catOand either (CH)sS* or SAM. Also in each case, the
enzymatic data in order to get the necessary information to analyze starting geometry was the previously located transition structure, while
the factors responsible for enzyme catalysis. The 63 atoms thatthe reaction coordinate was taken as the antisymmetric combination
constituted the large model were treated quantum mechanically andof the distances describing the breaking and forming bonds, that is,
placed in a cavity deleted from a 17 A radius sphere of nonrigid = dsc — dco (Figure 1). This variable represented very closely the
CHARMM-modified TIP3P water molecules, and a solvent boundary IRCs that were found in the enzyme, in the gas phase and in solution,
potential was applied to the resulting 659 MM water molecules. and so, it was the natural choice when determining the PMFs. The
Optimization steps for this large model in solution were guided using procedure for the PMF calculation was straightforward and required a
a Hessian of order 189. series of MD simulations in which the reaction-coordinate variable was
Potentials of Mean Force Study of the PES is complicated because ~constrained about particular values. The different values of the variable
a myriad of minima and saddle point structures are always present whensampled during the simulations were then pieced together to construct
systems with large numbers of degrees of freedom are being considereda distribution function from which the PMF was obtained.
Statistical simulations are thus required to obtain averaged properties The value of the force constant used for the harmonic umbrella
to be compared with experimental data. The DYNAR@rogram sampling (2500 kJ mol A2 on the reaction coordinate) was
allows us to obtain the PMF along a single geometrical coordinate or determined to allow a full overlapping of the different windows traced
a combination of several. The umbrella-sampling approach is used toin the PMF evaluation, but without losing control over the selected
constrain the system close to a particular value of the reaction coordinatecoordinate. Within each window the length of the MD simulation (20
by means of the addition of a harmonic penalty potential. The ps)was shown to be long enough to sample a wide range of structures
probability distributions, obtained from a MD simulation within each  at a reference temperature of 300 K. The canonical thermodynamical
individual window, are put together by means of the weighted histogram ensemble (NVT) was used for all the calculations, thus yielding
analysis method (WHAMF to obtain the full probability distribution estimates of the Helmholtz free energy. Changes in the Helmholtz free
along the reaction coordinate. It must be pointed out that the simulations energy for the condensed-phase reactions considered here are the same
are carried out for both the QM and MM regions simultaneously, as changes in Gibbs free energy, to a good approximation.
leading to the change in free energy of the whole system. Selection of  gina|ly, being aware that the AM1 method (used here for the QM
a suitable regctlon coordinate is essential |n'order.t0 o_btaln reliable region) does not always reproduce reaction barriers very well, we
free-energy differences. In our approach, this choice is made after ¢onsjdered the following correction. The in-vacuum energy difference
|nspect|0n_ of the IRCs f_rom the QM/MM PES._ It is worth mentioning AE(MP2) — AE(AM1) was calculated with the MP2/6-31G* and
here the different combined quantum mechanical and free energy QM- Av1 methods for the atoms in the QM region, using averaged structures
FE strategy used by KRto analyze this same reaction: in their study,  corresponding to the maximum and minimum of the free-energy profile;

variations of the MM free energy were calculated by using perturbation s was then added to the AM1/TIP3P computed free-energy barrier
theory applied to gas-phase ab initio QM geometrical and charge ¢, the total system.

dlstorlbutlo:s. ial files had b btained i Estimation of Free Energy of Association of ReactantsCom-
d T‘Ceht € p(()jtentlad er;]ergy prbo Iﬁs ad been 3 taine na V;CL;L;;I“Fparison of the calculated free-energy barrier to a bimolecular reaction
and in the condensed phases (both aqueous and enzymatic), the M water with an experimental free energy of activation requires

were calculated using DYNAMO with perlodlc bo_undary condltlor!s: evaluation of the free-energy change for bringing the reactants together.
The aqueous-phase system was a cubic box of side 31.4 A containing, , yhe case of a reaction in which charged reactants are transformed
- ) ] ] - ] into neutral products, this process involves the formation of an ion
) e, g 2 o o, Froustde Martin, F.; ThomasJAComput. - pair from an isolated, fully solvated cation and anion. This quantity
(33) Torrie, G. M.; Valleau, J. Rl. Comput. Phys1977, 23, 187—199. involves a balance of opposing contributions: on one hand, there are
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Table 1. Sele(_:te_d Int_eratomic Distances and Angles of Transition plexes in water and in the enzyme from QM/MM MD
Eg\‘jﬁgﬂﬁfeggt'm'zed in Vacuum, Aqueous, and Enzyme trajectories in the windows corresponding to the minimum and
maximum in the PMF. Table 3 contains QM/MM free energies

trimethylsulfonium + catecholate SAM + catecholate of activation from calculated PMFs.
vacuum vater iater enzyme Enzyme Environment. Figure 2 shows the AM1/CHARMM
AML MP2  AMUTIPSP  AMUTIPSP  AMULICHARMM optimized enzymatic transition structure. It is important to note
dsdA 1.90 213 2.04 1.97 2.01 a significant difference in the coordination of the Mgation
g%dg‘/deg 2'12723.4 2f696.7 2'10793.7 2'11773.7 2'1130.4 as between the initial geometry and the pptimized TS apd
DIA ~032 0.04 ~0.05 —~0.20 —013 reactant structures. The former shows coordination of the cation

with both O atoms of the catQwhereas the QM/MM optimized

) . TS shows only one such interaction, between?Mgnd the
unfavorable losses of translational and rotational entropy and of hydroxyl O. Tracing the IRC path down towards the reactant
solvation enthalpy, but on the other hand, there are favorable gains infrom this sa.lddle point, followed by optimizing the full system

entropy of solvation and catieranion interaction enthalpy that leads t tant-like struct that intains this sinal
accompany ion-pair formation. As mentioned above, KK described an eads O, a rea.c ant-i .e struc .ure a _mgln a|n5. IS single
Mg---O interaction. This result is not coincident with the one

approximate procedure for evaluation of the free energy of association ) )
for (CHs);S" and catO in water to form a species with a MC-like ~ Obtained by Kollman et df*? starting from the same X-ray
geometny?° This energy, which these authors called the “cratic” free- Structure, followed by MM-MD equilibration and minimization,
energy contribution, was given as the sum of two terms. The first, which which showed M§" coordinated to Asn170, Asp169, a water
considered changes of solvation energy, solvent entropy, and cavitationmolecule, the O of catecholate, and doubly coordinated to
energy, was evaluated by means of self-consistent reaction field Asp141. In their optimized structure, the hydroxyl H atom of
calculations using Tomasi's polarized continuum m&dgPCM) for catecholate is interacting with Glu199. In contrast, in our
gas-phase structgres of the two sep.arate reactants and of the Comple)bptimized structure, M is coordinated to the hydroxyl O atom
The second considered the change in solute entropy and was evaluate f the catecholate but not to the-@nd to Glu199 (Figure 2).

by means of standard statistical formulas for the partition functions of . - .
each species in the ideal gas phase. (Here we may point out that stlrictlyConS|der|ng that KR® demonstrated that their structure remained

the adjective “cratic” should refer only to the standard-state dependent stable at 3(_)0 K fPr a_t least 500 ps, we have alg_o run a QM/
component involving the change in translational entropy, equivalent MM —MD simulation in order to check the stability of ours.
to an entropy of mixing® we prefer to consider the overall term simply ~ The results confirm that both structures can be considered as
as a free energy of association.) different conformers of the reactant state, so in order to change
A PMF computed for the association of two solute molecules (orin the Mg?™ coordination much longer MD simulations must be
practice the dissociation of their complex) in agueous solution should required. Nevertheless, our Klgcoordination pattern offers a
provide a correct estimate for the free energy of association, provided cgtecholate group that is more nucleophilic toward an electro-
that certain conditions are met. The distance between the separateq)h“ic methyl group, whereas the Mig-O~ interaction would
reactant species must .be sufficiently large that th_elr motions are yiscavor this reaction. This result shows the advantage of our
independent. However, it must not become so large in relation to the - “ . N .
strategy of obtaining a “reactive reactant” structure by following

size of the cube of water employed as the unit cell in the periodic- h f h . di | he adi
boundary calculations that a species would have unwanted interactions "€ IRC from the transition structure directly to the adjacent

with the image of its partner in a neighboring cell. Furthermore, the €NErgy minimum.

simulations must be long enough to allow for adequate sampling of  Starting from the saddle points located on the PESs obtained
configurations of the complex and of the separated species. Finally, ain the enzyme and usinD as the reaction coordinate defined
(genuine) cratic correction to the entropy must be applied to take in the previous section led to the PMF shown as the solid line
account of the difference between the concentration of each species inj, Figure 3a. This AM1/MM free-energy profile for the enzyme-

theﬁcomputer 5|mulat|_ons and t.he standa_rd state concentration ofl mOIcatalyzed methyl transfer describes a reaction exoergonic by
dm=3. The concentration of a single species in a cubic cell of side 31.4 1 . . .

23 ; 5 3 Do ~30 kcal mot?! and involving a barrier of 10.4 kcal mol.
A (volume 3.10x 102 dn®) is 5.36 x 102 mol dn1 3, Raising the he TS f h — 007 A ble 2
concentration to 1 mol dni (equivalent to reducing the size of the The TS from the PMF occurs & = 0.07 (Table 2),

cell to 11.8 A) is accompanied by a decrease in entrop§/In{0.0536): corresponding to a location slightly later along the reaction
that is ASyaid0.0536— 1) = —5.81 cal mof! K-, for each solute coordinate than the transition structure on the PES. The MC
species. from the PMF occurs @ = —1.09 A. Although not presented

in the paper, all distances defining magnesium ion coordination
are almost equal to the values in Figure 2, except the {0

Table 1 contains AML/TIP3P or AM1/CHARMM optimized  of catecholate, for which the averaged value is 2.61 A, compared
values for distancedsc, dco, andD = (dsc — dco) that defines with 2.36 A for the transition structure on the PES. Application
the reaction coordinate, together with the SCO angle, for of the MP2 correction to the AM1/CHARMM reaction barrier,
transition structures corresponding to first-order saddle points using the averaged geometries for MC and TS as described in
on the PESs for reactions of (GHS™ + catO™ in a vacuum the previous section, leads to a corrected free-energy barrier
and in water, and for SAM- catO™ in water and in the active ~ AG¥, = 20.7 kcal mot! (Table 3). There is good agreement
site of COMT, Table 2 contains averaged values for the same between this corrected barrier and the experimérftale energy
geometrical parameters for transition states and reactant com-of activation (18 kcal motb).

Aqueous and Gaseous EnvironmentsThe distances pre-

Results and Discussion

(34) Miertu, S.; Scrocco, E.; Tomasi, Ghem. Phys1981, 55, 117-129. (b)

Cammi, R.; Tomasi, J. Chem. Phys1994 100, 7495-7502. dicted by AM1 and MP2 for the small model in a vacuum are
(35) (a) Gurney, R. Wlonic Processes in SolutiopMcGraw-Hill: New York, ; ; ;

1953; pp 88-91. (b) Yu, Y. B. Privalov, P. .- Hodges, R. Biophys. J slightly dlff_erent (Tablg 1). The MP2 values are quite close to

2001, 81, 1632-1642. those obtained by Bruice et 8 at the HF/6-3%G(d,p) level
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Table 2. Averaged Values of Selected Interatomic Distances and Angles of Separated Reactants (R), Reactant Complex (RC), and TS
Structures from AM1/MM—MD Simulations in Aqueous and Enzyme Environments

(CHa);S™ + catecholate SAM + catecholate
water water enzyme
R TS RC TS RC TS
dsdA 1.824+0.04 2.15+ 0.05 1.83+ 0.04 2.12+0.04 1.83+ 0.04 2.13+ 0.04
deod/A 6.04+ 0.69 1.96+ 0.05 2.94+ 0.04 2.04+ 0.04 2.92+0.04 2.06+ 0.04
SCOl/deg 127.414.7 169.6+ 4.9 142.6+ 9.2 169.6£ 5.4 138.6t+ 6.5 165.1+ 5.3
D/A —4.22 0.19 —-1.11 0.08 —1.09 0.07

Table 3. QM/MM Calculated and Experimental Free-Energy T T

Barriers (kcal/mol)2 10 - o
AG AG:corrected AGexp 5T AG:MC=12I4 |
ol
enzyme 10.4 20.7 18 i
water (small model) 25.4 26.9 30.8 el a
water (large model) 12.4 235

aThe barrier is computed as the free-energy difference between MC and
TS, for the enzymatic process, R and TS, for small model in water, and -25

MC-like and TS, for the large model in water. Lg‘ -30
5 t { f f
R, | £
3 HOHS51 ]
[sam] | 3
) h b
% 2.01
4 i .
| & Glu199 |
14130
4
D/A
Figure 3. QM/MM potentials of mean force computed for (a) the large
model in the COMT enzyme (solid line) and in solution (dotted line) and
Catecholate for (b) the small model in aqueous solution. Thinner line corresponds to
! PMF obtained with constrains (see the text for details).
v catechol (9.5§7°thusAAG* = —2.30RTBnuc x ApKa) = 1.37
Figure 2. Detail of a transition structure located in the active site of COMT x 0.3 x (10.0-9.5) = 0.2 kcal mofl. This yields a best
by means of AM1/CHARMM internal energy optimizations. estimate of 30.1 kcal mot for the free energy of activation

for (CH3)3S* reacting with catO in aqueous solution at 300

of theory (2.14 A fordsc and 2.16 A fordco). The aqueous- K For comparison with the results of our PMF calculations, it
phase AML/TIP3P results for this small model indicate a s necessary to take account of the statistical factor of 3, since
transition structure slightly later along the reaction coordinate ,r simulations consider reaction at only one of the methyl
(less negative value @) as compared with the gas-phase AM1 005 of (CH)sS*. The barrier to reaction should therefore
method, but the SCO angle is essentially the same (Table 1).pe raised byRTIn 3 to give a final value effective experimental
Comparison of the small and large models in water shows the gree energy of activation for reaction at a single methyl group
transition structure to be slightly earlier for the latter but with ;¢ 30 g kcal mot™.
the same near-linear SCO angle. The anddco distances for The free-energy profile for (CHS™ with catO™ in water
the enzymatic transition structure are similar to those for the (Figure 3b) shows a reaction exoergonic b4 kcal mot?
aqueous-phase SAM- catO™ transition structure, but the  gnq \with a barrier of 25.4 kcal mol with respect to a solvent-
predicted SCO angle is slightly smaller. separated ion pair (SSIP) with= —4.22 A. The maximum in

Swain and Taylc¥ reported experimental values of 28.5 kcal  the PMF corresponds to the TS and occur®at 0.19 A, a
mol™* and —4.6 cal mof* K™%, respectively, for the enthalpy  position later along the reaction coordinate than the transition
and entropy of activation for (CHS" reacting with the  strycture on the PES with = —0.05 A. AsD was decreased
phenolate anion in aqueous solution at°l If these values  from this initial value, so the average value of the SCO angle
are assumed to be not greatly temperature dependent, the fre@hanged smoothly from 169.60 ~155 atD = —0.7 A, after
energy of activation at 300 K may be estimated\& = 28.5- which it was chaotic. To avoid unhelpful sampling of structures
300 x (—4.6/1000)= 29.9 kcal mot™. The difference i wjth D < —0.7 A but unrepresentative of the desired reaction
nucleophilicity between phenolate and catecholate may be path, a constraint was placed upon this angle, and the distance
estimated by means of the Brgnsted coefficight{~ 0.3) for

nucleophilic attack’2and the K, values for phenol (10.0) and  (37) (a) Coward, J. K.; Sweet, W. D. Org. Chem1971, 36, 2337-2346. (b)
Paetzel, M.; Dalbey, R. ETrends Biochem. Scll997, 22, 28-31. (c)

Kenyon, G. L.; Gerlt, J. A.; Petsko, G. A.; Kozarich, J. Wcc. Chem.
(36) Swain, C. G.; Taylor L. 3. Am. Chem. S0d.962 84, 2456-2457. Res.1995 28, 178-186.
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dco alone was used as the reaction coordinate, leading to thereaction over the uncatalyzed model reaction in water. Their
thin line in Figure 3b. However, once a free-energy minimum estimate was the sum of two components. The first, a free energy
was reached, corresponding to the SSIP, the constraint wasof formation for an ion-pair complex in water, was evaluated
removed, and the full profile (thick line) shown in Figure 3b by means of PCM calculations with the HF/6-8& method

was obtained by combining the two sections of the PMF. The for the ion pair and for the individual cation and anion. Since
average value ofico at the free-energy minimum was6 A, the coordinateglsc anddco in their enzymic MC had values of
and typically there were about three water molecules in the 1.82 and 2.97 A, respectively, presumably the same values were
region between the cation and anion. dyo distances longer  used to construct the MC-like geometry of the ion pair for the

than 6 A, the PMF rises toward a valued® ~ 4.3 kcal mot? model reaction in water, which they did not explicitly describe.
for relative to the SSIP. After correction for the cratic entropy These interatomic distances are very close to the average values
in changing from a concentration of 5.36102 mol dn3 to (Table 3) obtained from our QM/MM MD simulations for the

1 mol dnT3, the free energy of association of the ions was MC between SAM and catOin the COMT active site. KK's
estimated a&Gassoc™ —6 kcal mol. This value corresponds  PCM calculations gave a free-energy chang®* compiex (their
to an equilibrium constant of 2.5 10* for formation of the notation) of+3.9 kcal mof%;2° our own PCM¢ = 78.4)/HF/
SSIP at 300 K, indicating that this is the thermodynamically 6-31+G* evaluation of this component of the free energy of
favored reactant state in aqueous solution. association of (Ck)3S™ and catO in water to form an ion pair
Application of the MP2 correction#1.5 kcal mot?) to the with the same geometry as the MC w&41.0 kcal mof™. In
AM1/TIP3P small-model reaction barrier, using the averaged Passing, we note that our PCM estimateAgs* compiex for the
geometries for the SSIP and the TS, leads to a corrected free-SSIP in waterdco ~ 6 A) is only +2 kcal mof* but also that
energy barrie\G¥eor = 26.9 kcal mot? (Table 3). This value it is not appropriate to use continuum solvation models in
compares reasonably well with the experimental estimate of 30.89eneral to treat solvent-separated ion pairs and, in particular,
kcal mol2 for the reaction of (Ch)sS" with catO™ in water at those methods that use a cavity-based approach to the solution
25 °C and suggests that the AML/TIP3P large-model value Of the Poisson equatioif;we therefore consider these PCM
computed for the free-energy barrier of the corresponding estimates to be of dubious reliability.
reaction of SAM should also be reasonable. The second component, termedASsoute Was the sum of
The TS for the reaction of SAM with catCcorresponds to ideal-gas, rigid-rotor, harmonic-oscillator entropy changes for
the maximum in the PMF for the large model in water (Figure formation of the same MC-like ion pair; KK reported

3a, dashed line) which occurs B = 0.08 A (Table 2), a  — 1ASransiationa= +11.1 keal mof™, ~TASotatona= +6.3 keal
position later along the reaction coordinate than the transition M0 @nd —TASiibrational = —8.0 kcal mof™. Leaving aside
structure on the PES with = —0.20 A (Table 1), the same momentarily the issue of whether ideal-gas-phase expressions

trend as found for the aqueous small-model reaction. This is a @€ @Ppropriate for processes in solution, we obtained (trivially)
Hammond-effect resulting from stabilization of the ionic the same value for the ideal-gas translational entropy change
reactants, relative to the charge-neutralized products, as a(Which depends only on the masses) and essentially the same
consequence of better solvation on average in the MD simulation"otational entropy change-TASotiona = +6.4 keal mot™).

than the single reactants structure optimized on the PES.'t_'S unclear how Ki_( calcu_lated their vibrational entropychfange,
However, the large-model TS has a smaller valub dian the since the MC-like ion pair does not cc_)rre_spond to a stationary
small-model TS, just as those found for the underlying transition POiNt on the PES for the model reaction in the gas phase. We
structures on the PES. The average values of the SCO angld'@ve estimated this component in the following way. The
(Table 2) for both small- and large-model TSs in aqueous vibrational entropy of activation for reaction of (gHS™ and

solution are close to optimized values for the transition structures ¢alO" in the gas phase, calculated from the AM1 frequencies
on the PESs (Table 1), just as that found for the enzymatic for the isolated reactant species and the transition structure, is
reaction. —2.1 cal K'* mol~* at 300 K. The vibrational activation entropy

Finally, it may be noted that the changeDrfrom the SSIP accompanying progress from t_he MC to the transition structure
L . for the COMT-catalyzed reaction was calculated at the AM1/
to the TS for the small-model reaction in solution is much larger .
. . CHARMM level from subset Hessians evaluated for the QM
than the change iB from the MC to the TS for the enzymatic . .

. ? . . atoms only for these stationary structures. A Hessian for the
reaction, consistent with a much larger free-energy barrier. It : . .
L S . 3N — 6 internal degrees of freedom of each species was obtained
is important to note that, due to the limitations of size of the

cubic box of water molecules, no SSIP was obtained for the by a projection as previously describédhis procedure yielded

. - value for the vibrational entropy of activation 6f0.4 cal
large model in water as the two species could not be separated, _; 1 o . .
. . mol~! at 300 K; evidently the MC is a very tight structure
enough. The PMF for the large model in going from TS to that loses very little entropy upon going to the transition state
reactants was stopped when the solute presented a structure that "y Py upon going

resembled the MC for the reaction in the COMT active site (no W'th'r.] the COMT actwg Sf'te' Assum|_ng that the small-model
S . . . reaction would have a similarly small vibrational entropy change
local free-energy minimum was obtained at this point).

. ) . as between the MC-like geometry and the transition structure,
Analysis of “Cratic” Factors. It has been noted above that e gptain our estimate for the vibrational entropy of association

several authors have considered the free-energy change foiy (cp,).st+ with catO™ in the gas phase as the differenee2(1)
bringing together two reactant molecules in the correct orienta- _ (_g 4)= —1.7 cal K mol-%, from whence—TAS,braional

tion for reaction to occur. In particular, KK estimated this
quantity at 9-13 kcal mot? for the reaction of (Ck)sS™ and (38) Cramer, C. Essentials of Computational Chemistry: Theories and Models
catO™ in water at 300 K, to improve the agreement between ., Wiley: Chichester, U.K., 2002; p 378.

i .(39) (a) Williams, I. H.Chem. Phys. Lettl982 88, 462—466. (b) Williams, I.
calculated and experimental rate enhancements for the enzymatic * H. J. Mol. Struct. THEOCHEM 983 11, 275-284.
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= 40.5 kcal mof? at 300 K. This value is in marked contrast
to KK’s estimate of—8.0 kcal mot%;20 it seems that these
authors assumed the ion pair with the MC-like geometry would

of the cation and anion in forming the ion pair, equaHht8.8
kcal mol! at 300 K. By coincidence, this value is similar to
the estimate of KK based upon the unreasonable assumptions

be a much looser species than our calculations suggest it to beof ideal-gas behavior in aqueous solution and of very loose

At this point, it is worth remarking that, whereas some
discussions of entropic contributions to enzyme catalysse
considered vibrational entropy changes to be of negligible
importance, KK rightly recognized that six degrees of transla-
tional and rotational motion are converted into vibrations in an

binding in the MC-like ion pair. The entropy of solvation
corresponds to transfer of motionless solute molecules from the
gas phase to solutiof?® these changes are implicitly contained
in the PCM estimate folAG* compiex (= 11.0 kcal mot?).
Therefore, the overall free energy of association of {5

associative process. According to our estimate, the entropy ofand catO in water at 300 K to form an ion pair with the same

these six vibrations in the MC is almost the same as it is in the
transition state within the COMT active site.

KK called their sum of AG*complex (3.9 kcal mof?) and
—TASsoute (9.4 kcal mot?) the “cratic” free energyAGeratic =
+13.3 kcal mott. As mentioned above, we consider this term
to be a misnomer for the free energy of association, which,
according to our estimate, would be about 29 kcal Thol
(= 11.0 + 11.1 + 6.4 + 0.5), based upon the ideal-gas
approximation. However, in our view, it is unreasonable to

geometry as the MC is given by the sum 1#09.8 = 20.8
kcal mol 1.

The AM1/TIP3P calculated PMF for association of (§}4$"
and catO in water at 300K (Figure 3b) shows a free-energy
change of-4.3 kcal mot for formation of the SSIP, to which
should be added the genuine cratic correctioNAAS; atic
(0.0536 M— 1 M) = —300 x [(—5.81)%sip — (—5.81)ation —
(—5.81hnior] cal mott = —1.7 kcal mot?, giving AGassoéSSIP)
= —6 kcal mol . Since the AM1/TIP3P calculated free-energy

ideal-gas particles; although each individual solute molecule at 17 1 kcal mot?, the overall estimate foAGassoMC) from

a given volume of a solution may (in time) sample exactly the

the MD simulations is only about-1 kcal mol?, a value in

same range of positions and orientations as it could in the samegtark contrast with the estimate of abo#2l kcal mot?
volume of ideal gas, the statistics of the configurations accessiblegptained above by means of a combination of PCM calculations

to an ensemble of particles are likely to be quite different, as
the result of restrictions upon translational and rotational motion
due to intermolecular interactions.

A very simple methotf to scale a gas-phase entropy in order
to estimate approximately the entropy of a solute in water was
proposed by Wert#: based upon the observations that the

together with estimates of losses in translational and rotational
entropy in aqueous solution, and also quite different from the
value obtained by KKO Frankly, it appears strange that ion-
pair formation should be accompanied by a such a large rise in
free energy. In view of the uncertainties discussed above in
regard to both aspects of the latter method (which follows KK),

entropy of liquid water at 298 K is 46% less than that of gaseous e gre inclined to prefer the directness of the MD simulation

water at a concentration of 55.5 M and that the entropies of

approach. We have obtained a reasonable result, although it

solvation of ammonia, methane, and water in water are almostspoyld be borne in mind that a definitive energy value for ion-

identical. With the assumptions (which have been critici?ed

pair formation would require bigger and better calculations than

that (a) changes in the entropy of water do not contribute to the e have yet performed. To evaluai.sso{MC) for the large

entropy of solvation and (b) all molecules lose the same fraction

model (SAM with catO) would require MD simulations with

of their entropy when transferred from the gas phase to water, 5 gramatically larger box of water molecules and, correspond-

the entropy of solvatiol\S; of any solute (including water) in
water at 25°C may be calculated from the ideal-gas entropy
Sy of the solute, at 28C and 1 atm, by the expression in eq
141 Application of this expression to each component of an
ideal-gas system at equilibrium allows the entropy change for
the same equilibrium in aqueous solution to be calculated.

Conversions of ideal-gas-phase solute entropies to aqueous

phase entropieST,qat 25°C and a standard staté b M may

thus be effected by means of eq 2, leading to eq 3 for the entropy

change in a bimolecular association in water.

AS = —0.46@, — 14.3) cal K *mol * 1)
S'4q= 0545+ 0.24 cal K ' mol * )
AS',,= 0.5, — 0.24 cal K* mol * 3)

Application of eq 2, using\S’y = ASyansiationat ASotational +
ASiibrationa= —60 cal K2 mol~1, provides an (admittedly crude)
estimate for-TASsoute Corresponding to the loss of the motions

(40) Williams, 1. H.; Spangler, D.; Femec, D. A.; Maggiora, G. M.; Schowen,
R. L. J. Am. Chem. S0d.983 105, 31-40.

(41) Wertz, D. H.J. Am. Chem. S0d.98Q 102, 5316-5322.

(42) (a) Abraham, M. HJ. Am. Chem. S0d.982 104, 2085-2094. (b) Ben-
Naim, A.; Marcus, Y.J. Chem. Phys1984 81, 2016-2027.

ingly, greater computational requirements. Furthermore, as no
experimental data are available for the large model in water,
even if we were to run these calculations, we could not check
our theoretical predictions.

Entropies of Activation. The focus of the previous section
was upon the changes free energy and entropy that accompany

formation of the MC-like contact ion pair in solution. Now we
briefly consider the entropy change from the MC to the transition
structure for the COMT-catalyzed reaction and the correspond-
ing change for the reference reaction in water. Above, we have
described the procedure followed to estimate the substrate
contribution to the vibrational entropy of activation for the
enzymatic reaction, giving a very small value/8®prational =
—0.4 cal K mol~* at 300 K. This term includes the six degrees
of freedom corresponding to the translational and rotational
motions “lost” upon association of SAM with catOlts small

size is consistent with Warshel’s observatfahat motions that

are free in the MC are also free in the TS. Note, however, that
our estimate does not include the contribution of the protein to
AS1tvibrational-

Warshel and co-workers have recently described a restrain
release approach for evaluation of entropy contributions,
employing a free-energy perturbation method to estimate the
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Figure 4. Analysis of contributions to catalysis.

free-energy change resulting from the relaxation of an imposed
restraint, such as a restriction upon translational and rotational

motion3 They have reported very similar values felTASF
for peptide hydrolysis within an enzymsubstrate complex and
within a solvent cage (the equivalent of our MC-like ion pair);

these estimates include contributions from both the substrate

and its surroundings. This finding provides some support to our
assumption (see above) th&S iprational is likely to be similar
for both MC — TS in COMT and MC-like ion-pair— TS in
water.

TS Binding and Catalysis.According to a popular view of
enzyme catalytic power, the lower activation energy for a

characterization, this analysis is purely a formal device to assist
our understanding. The advantage of considering the MC-like
contact ion pair for the reaction in water is simply that its
average structure closely resembles that of the MC for the
enzyme catalyzed reaction, so that the teAGBMC4 is
dominated not by solute deformation but by reorganization of
the aqueous and enzymic environments.

In passing, we note that the MC-like species, which corre-
sponds to neither a minimum nor a maximum in the PMF,
corresponds broadly to an “NAC” in Bruice’s terminology. In
water, this species is unfavorable with respect to the SSIP by
AGMC,s0c= 7.1 kcal mot? with the consequence that the free-
energy barrieAG#yc is smaller thamAG*,catby this amount.
Conceptually, however, consideration of MC-like species (or
NACSs) does allow a helpful decomposition of the catalytic effect
into preorganization and reorganization phases. In the preor-
ganization phase, the substrates are brought together into the
MC-like species, either in water or in the enzyme active site.
In the reorganization phase, the roles of the enzyme and aqueous
environments may be compared directly because reorganization
of the substrate is about the same in both cases. We are in
complete agreement with Warshel’s point that the real question
concerning enzyme catalysis is how the differential binding is
achieved by the enzyme relative to a proper reference state in
agueous solution and to consider this within the context of a
proper thermodynamic cyché.

catalyzed reaction, relative to the corresponding uncatalyzed Preorganization and Catalysis.The free energy of associa-

reaction in water, is due to preferential stabilization of the
transition state over the substrdtéhis is equivalent to the

tion of (CHs)sS™ with catO™ in water to form a contact ion
pair with a structure similar to that of the MC of COMT with

difference in binding energies of the species, that is the energySAM and catO is estimated by means of AM1/TIP3P MD

of transfer from water to the enzyme active site. The following
relationships are evident from Figure 4.

assoc

AGi _ AGSSleind

uncat

= AG',c + AGM®

AGSSIPbind = AGicat - AGTSbind )
AGT.uncat_ AG:tcatz AGSSIPbind - AGTSbind (6)
AGiMC - AGicat: AGMCbind - AGstind (7)

simulations to be~+1 kcal molL. It seems that formation of
the SSIP from the free ions in solution is dominated by the
favorable terms previously identified: the enthalpy due to
electrostatic attraction between oppositely charged ions and the
entropy of desolvation of the individual ions. On the other hand,
progress from the loose SSIP to the tight MC-like contact ion
pair seems to involve the unfavorable terms noted above,
particularly the enthalpy of desolvation. The free energy of
association of SAM with catOto form an MC-like contact

ion pair in water is likely to be very similar also. The “price”

Equation 6 relates the reduction in free energy of activation for of the unfavorable free-energy change from the SSIP to this
the COMT-catalyzed reaction to the difference in binding MC-like ion pair in water AGMC ssqcin Figure 4) is “paid for”
energies of the TS and the SSIP. The TS for the reaction of by the enzyme in the catalyzed process, by virtue of the

SAM with catO" in water has an average structure very similar favorable intrinsic free energy of binding of the latter with
to that of the TS for the same reaction in the COMT active site. COMT 2> The preorganized nature of the enzyme allows it to

(Table 2), so the binding energyG™S;ing contains very little

bind SAM and catO with a resultant free energy\GSS',ing

contribution from substrate reorganization. However, as we havein Figure 4) that is smaller than the intrinsic free energy of

shown above, the SSIP in water is structurally very different
from the MC in the enzyme active site, so the teNGSS'Fng

contains a significant contribution from substrate reorganization.
Both terms involve substantial contributions from solvent

reorganization. Equation 7 relates the reduction in free energy

of activation to the difference between the binding energies of
the TS and the MC, a formulation that invokes the MC-like

contact ion pair in water that we have discussed above. Since
neither of these are species readily amenable to experimenta

(43) (a) Strajbl, M.; Sham, Y. Y.; VillaJ.; Chu, Z.-T.; Warshel, AJ. Phys.
Chem. B200Q 104, 4578-4584. (b) Sham, Y. Y.; Chu, Z.-T.; Tao, H.;
Warshel, A.Proteins: Struct., Funct., GeneR00Q 39, 393-407. (c)
Warshel, A.; Parson, W. WQ. Rev. Biophys.2001, 34, 563-679.
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binding by an amount equal thGMC,ss0e

Figure 5 illustrates the distribution of values for distadeg
and angle SCO corresponding to reactant and TS structures in
a vacuum, water, and COMT from the dynamical trajectories.
These structures were obtained from MD simulation windows
corresponding to the maximum and the minimum of the free-
energy profile in each medium. It can be readily seen that the
Flistributions for the aqueous and enzymatic TSs are largely
overlapping but are distinct from that for the TS distribution in
a vacuum. The average value dfo in the condensed-media
TSs is (at~2.0 A) shorter than the corresponding value in a
vacuum (2.3 A), thus showing a medium effect as previously
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“ O+ Figure 6. Plot of averaged electrostatic potential against the fractional
160 L / _ degree of methyl transfer, along the vector connecting the donor S and
acceptor O atoms, due to the charge distribution of the MM environments
140 | o | (QM atoms excluded), obtained from all geometries of either the_reactgnt
complex (R water, R enzyme) or the TS (TS water, TS enzyme) trajectories,
. ] for both water and enzyme environments.

for the reactants than for the TS, and therefore aqueous solvation
1ee - 7 raises the reaction energy barrier relative to that in a vacuum.
Solvation involves not only a favorable solutgolvent interac-

sor + i tion, but also an unfavorable reorganization of the solvent itself.
co L i Since the solvent structure is more broken when interacting with
the reactants than with the TS, the solvent reorganization energy
40 ' ! ! ' - ' ! is greater for the reactants than for the TS. However, it is smaller
roe 3 4 5 &5 7 8 3 in magnitude than the solutsolvent interaction energy: in

deo/ A continuum solvation models the reorganization energy is equal
- 5 (2) QMMM trajectories (€-O dist i A and SC-0 to minus one-half of the interaction eneryythus, solvent
gure 5. (@, rajectories (- Istance In an 0 Ceee . . . . .
angle in degrees) corresponding to reactants’ free-energy minima and reorganlzatlon energy_tends to offset the increase in _the reaction
transition structure of the transmethylation reaction obtained in a vacuum barrier due to solvation. As noted above, there is also an
(light gray area), solution (dark gray area), and COMT (contour line area). unfavorable free-energy change in aqueous solution of about 7
(b) Averaged values of _the represented internal coordlnates_for trajectories ;. ~a1 mort in going from the SSIP to the MC-like contact ion
in gas phase-f), solution @), and COMT ¢) corresponding to the .
transition structure and the reactants of the reaction. pair for e_xaCtly the Same reasons. _
Analysis of Electrostatic Factors in CatalysisTo show the

observed for the Menschutkin reacti#This result demon- different electrostatic behavior of the enzyme with respect to
strates the importance of using TS structures located in thethe aqueous SOlUtion, we have studied the electrostatic potential
enzyme or solution rather than those obtained from calculations created by the MM regions in these two environments, as an
in a vacuum. The distribution of structures corresponding to alternative analysis to the one presented by Warshel and co-
the MC in the enzyme is much closer to the TS distribution workers?® The reaction may be considered as the transfer of a
than that for either the vacuum or water reactant complexes. Positive charge, on the transferring methyl group, from the S
This proximity reflects the preorganization of the enzyme that atom of SAM to the O of catecholate. Of course, this is
favors binding of reactants in the MC geometry. The gas-phaseintrinsically a favorable process from the electrostatic point of
reactant-complex distribution hese distances similar to those ~ View. The question is whether the environment within which
for the enzyme but with SCO angles far from linearity. The the reaction occurs helps or hinders the transfer of positive
SSIP in water is more flexible and shows large amplitude charge. To answer this, we have evaluated the averaged
movements. On average, both tti distance and the SCO  €lectrostatic potential experienced by a unit positive charge,
angle in solution are less favorable for the reaction than in the located at positions along the vector connecting the donor S
enzyme. Obviously, the resemblance of the enzymatic reactantsand the acceptor O atoms, due to the charge distribution of the
to the TS is related with the lower free-energy barrier found in MM environment (QM atoms excluded), in all the geometries
this case. of either the trajectories of reactant complex (“R water”, “R
Solvation Energy and Solvent ReorganizationSince the enzyme”) or the trajectories of TS (‘TS Water", TS e.nzyme"),
reaction involves annihilation of charges in going from reactants for both Water'and enzyme enwronments'. Figure 6 is a plot of
to products, a polar medium like water stabilizes reactants betterth€ €lectrostatic potential versus the fractional degree of methyl

than the TS; the solutesolvent interaction energy is greater transfer dsddso); the two values of this coordinate correspond-
ing to the reactant complex and TS are marked on the plot. A

negative value of the electrostatic potential indicates an attractive

(44) (a) SolaM.; Lledos, A.; Duran, M.; Bertran, J.; Abboud, J. L. MJ. Am.
Chem. Soc1991, 113 2873-2879. (b) Gao, J.; Xia, XJ. Am. Chem. Soc.
1993 115 9667-9675. (c) Dillet, V.; Rinaldi, D.; Bertra, J.; Rivall, J. L. (45) Florian, J.; Goodman, M. F.; Warshel, A. Phys. Chem. B2002 106
J. Chem. Phys1996 104, 9437-9444. 5739-5753
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interaction between thé 1 probe charge and the MM environ-  reactants in both media. In agqueous solution, the value obtained
ment, whereas a positive value indicates a repulsive interaction.for the change of the interaction energy from reactants to TS is
Inspection of the “R water” curve shows a steep rise from a 45.7 kcal mot! and is dominated by the electrostatic component
small negative electrostatic potential d¢g/dso = 0 to an of 46.5 kcal motl. In the enzyme, the interaction energy
appreciably positive value aso/dso = 1: the charge distribu-  contribution to the potential energy barrier is 32.6 kcal Tol
tion within the MM environment of the solvent water molecules with the electrostatic component being only 30.4 kcal Thol
is well suited for stabilization of the dipolar reactant complex This result confirms the fact that the enzyme environment
but badly matched to the (neutral) product complex. The samerequires less energy deformation to proceed from reactants to
trend is shown by the “TS water” curve, but with a markedly TS than the water solvent.
smaller slope at each point, since the charge distribution of the In a recent review, Warshel and Par&§6mave commented
environment is complementary to a less-dipolar substrate. upon the MD simulations and QM calculations of Bruice and
Clearly the electrostatic potential of the environment is a co-workerd®¢for COMT. In response to the suggestion that
hindrance to the transfer of “G#” from S to O in water. In the enzyme does not preferentially stabilize the TS relative to
this simple model (neglecting interactions between QM atoms), the MC, they proposed that calculations for the same reaction
the work required for methyl transfer is the product of the partial in water would show that the TS is much more stable in the
positive chargedq multiplied by the electrostatic potential enzyme than in solution. Our calculations provide confirmation
differenceAV. of this proposal: aqueous solvation and the COMT active site
both stabilize the reactants more than the TS, but the TS is less
W= 6q x AV (4) destabilized by the enzyme than by water.

The curves for “R enzyme” and “TS enzyme” are very Conclusions

similar, both indicating an attractive electrostatic interaction with A theoretical study of the reaction catalyzed by the catechol
the protein environment for the probe charge located at the O-methylitransferase compared with the same reaction in solution
position of the transferring methyl in both the reactant complex has peen carried out by a combination of hybrid QM/MM
and the TS, and both changing to a repulsive interaction in the gptimizations and statistical simulations. The two factors
product complex. The electrostatic potential difference between previously proposed as important contributions to rate enhance-
the reactant complex and the TS is much smaller in the enzymement in enzymatic processes, reorganization and preorganization,
active site than in water. Moreover, the similarity of the of enzyme, substrates and solvent, have been identified for the
electrostatic potentials at the valuesdgt/dso corresponding  pimolecular reaction here studied. The main characteristic of
to the reactant complex and to the TS shows that the enzymethjs 2 reaction is that oppositely charged reactants combine
does not undergo any significant structural reorganization asiq generate neutral products, so an initial polar moment is
the reaction proceeds to the TS. The electrostatic field createdgnnihilated as the reaction advances. An electric field thus
by the enzyme is mainly due to a permanent charge distribution, stapilizes the reactants preferentially to the TS. Nevertheless,
and thus, it remains essentia”y unaltered and in a favorablethere is a b|g difference between aqueous and enzymatic
orientation as the reaction proceeds. In contrast, the reactionenvironments. In solution, the TS is destabilized with respect
field in water reflects the polarization of the solvent induced tg the reactants for two reasons: (i) the polarity of the solute
by the change in the solute polarity. _ diminishes, and (ii) consequently, the reaction field is also
We have also computed the electrostatic field vecirat decreased. Following a continuum model description, the
the position of the C atom of the transferring methyl group, interaction energy depends on the product of the solute polarity
using the structures of the reactant complex and TS obtained(dipole moment) and the magnitude of the reaction field. This
in solution and in the enzyme active site. We find that the |ast, in turn, is a function of the solute dipole moment. Thus,
averaged magnitude & calculated in the enzymélEfenzymd]  the TS destabilization, relative to the reactants, is a function of

~ 0.08) is larger than that obtained in solutidfE(waef = 0.05).  the square of the change in solute polarity.
Also, while the modulus of and the magnitude of its projection

on the S-O direction are essentially coincident in aqueous AEO A(E& -u) 0 Aﬂz
solution, owing to the homogeneous nature of this medium, in . o )
the enzyme, the magnitude of the-© component oF is much In the enzyme, insofar as the electric field is mainly a permanent

lower (~ 0.01) than the magnitude &itself. This result means field and that_ our ar_1alysis indicates only_ a small reo_rganiza_tion
that the electrostatic field is less unfavorable to the transfer of Of the protein environment, the variation of the interaction
a positive charge from S to O in the enzyme than in aqueous €N€rgy would be only a function of the variation of the substrate
solution. We conclude that the enzyme is already preorganizedPolarity:
to favor the reaction of SAM with catQ relative to the same AEDE- A
process in water, and the much smaller amount of reorganization
of the protein environment, relative to the aqueous environment, Therefore, destabilization of the TS is expected to be lower than
in proceeding from the reactant complex to the TS, leads to ain solution and the activation barrier will be smaller. On the
diminution of energy barrier to reaction. other hand, the substrate preorganization can be also understood
Analysis of Interaction Energies. These results are also using the same arguments. In agueous solution, the reaction field
confirmed by the analysis of the contribution of the solute  stabilizes those reactants with larger charge separation (large
solvent or substrateenzyme interaction energy to the potential carborn-oxygen distance, large dipole moment) and conse-
energy barrier. We have estimated these energy contributionsquently is less similar to the TS. In the enzyme, the permanent
by means of 500 ps MD simulations for the TS and reactive field, already prepared to stabilize the TS, will obviously
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stabilize those reactant structures oriented in TS-like manner,factor of enzyme catalysis is found in the enzyme structure,
reactive to reactants. which is the product of a long evolution whose target is the
In our opinion, the connection we have found between the complementarity with the TS structure of the reaction to be
environment reorganization and substrate preorganization is acatalyzed. As a consequence, the enzyme would select those
general feature of enzymatic processes. The structure of thereactant conformers resembling the TS, what we call substrate
enzyme is designed to favor the TS relative to the reactant preorganization.
comparedto the in solution process. This enzyme structure is
flexible enough to accommodate different conformers of the
reagents and TSs, but deformation of the enzyme involves an

energetic penalty. When going from reactants to TS, the enzymeresearch, and the Servei d’'Informatica of the Universitat Jaume

deformation will be as small as possible (small enzyme . .
reorganization), selecting, consequently, those reactant com‘orm-I for providing us with computer capabilities. M.R. thanks the

ers resembling the TS (substrate preorganization). Thus, reor-gggglrs;: fg/llllg\';;iri'o geM E&:ﬁiﬁ%ﬁﬁg‘:ﬁ Cﬁl?(ipggﬁn{jc;tign
ganization and substrate preorganization are two related effectsf p. .M. Th:
. S or a Postdoctoral fellowship.
having a common origin in the enzyme structure (or enzyme
preorganization) that stabilizes the TS. In conclusion, the main JA0299497
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