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Experimentally, the secondasydeuterium kinetic isotope effect ~ Table 1. Representative AM1/MM-Optimized Transition-State
(2° a-D KIE) k(CH3)/k(CDs) is large and inverse for methyl transfer Pauling Bond Orders and Bond Lengths for Reaction 1, with Mean
Value and Standard Deviation for 9 Enzyme TSs
catalyzed by catechd-methyltransferase (COMT), much more

inverse than for an uncatalyzed reaction in soluidinis observa- bond order  bond length (A) average (A)
tion was interpreted in terms of a tightegStransition state for C-+-O (nucleophile)

the COMT-catalyzed reaction than for the nonenzymic reaction. ~ Water 0.34 2.07

We now report 2 a-D; KIEs of 0.94 for the reaction 1 of S_fgz(ferz“e/ing group) 0.36 2.05 2.06 0.001
S-adenosylmethionine (AdoMet) with catecholate anion in aqueous  \ater 0.60 2.06

solution and 0.85 for the same reaction catalyzed by COMT, both enzyme 0.54 2.10 2.02 0.02

at 25°C, as computed by a hybrid AM1/TIP3P/CHARMM method.

Although these calculated results are in agreement with expenment,Table 2. AMI1/MM Transition Frequencies, 2° o-Ds KIES for

they do not support the compression hypothésis. Reaction 1 at 25 °C, with Contributing Factors Including ZPE
Contributions from Modes with Frequencies above and below
HO HO 2200 cm~1, and Average Values of Relaxed Force Constants for
SN X Bond Stretching (md A~1) and Angle Bending (md A rad2) for
/S -CH O — "‘(S CHy M Coordinates Involving Isotopically Substituted Atoms
water enzyme
CatecholO-methyltransferase (COMT, EC 2.1.1.6) is a ubiqui- v¥em? 479 530
tous enzyme that catalyzes the transfer of the activated methyl group  a-DsKIE 0.943 0.846
of Sadenosyl-l-methionine (AdoMet) to an oxygen atom of a  MMI 1.000 1.000
. o= . EXC 1.057 1.051
catechof COMT plays a key role in the metabolic inactivation of ZPE 0.892 0.805
neurotransmitters and neuroactive xenobiotics, accepting a wide  >2200 0.936 0.879
variety of substrates containing a vicinal dihydroxyphenyl moiety. <2200 0.953 0.916
Its inactivation ofL.-DOPA is particularly significant, since this is RC TS RC TS
cgrrently the mo_st effectlye drug for the tree_ltment of Parkinson’s <CH stretch 5.20 5.40 5.13 5.40
disease. There is much interest presently in the development of <HCH bend- 0.47 0.48 0.47 0.48
effective COMT inhibitors as potential adjuncts teDOPA <SCH bend 0.59 0.78 0.60 0.79
therapy? <HCO bend 0.40 0.74 0.31 0.80

We recently reported extensive molecular dynamics (MD)
calculations involving quantum-mechanical/molecular-mechanical suggests the particular structure selected here is representative as
(QM/MM) potentials for the COMT-catalyzed reaction* IThe compared with the average bond lengths (Table 1). The Hessian
computed AM¥CHARMMS free energy barrier was shown to be  computed for the QM atoms was subjected to a projection procedure
lower than the AM1/TIP3Pfree energy barrier for reaction 1 in  to ensure that 6 zero frequencies were obtained for the translational
water Now we have refined the geometries of representative and rotational modes and that the 183 frequencies for the vibrational
transition structures (TS) and reactant complexes (RC) for the modes of the 63 atoms satisfied the Tell&edlich product rulé.
enzymic and aqueous reactions, both with AdoMet as the methyl While full ensemble averaging would be desirable, preliminary
donor, by means of GRACEuysing the same QM/MM methodol-  indications from inspection of Hessians for the 9 individual enzyme
ogy as before. The optimization of structures taken from MD TSs suggest that the error in thé & D KIE computed from a
trajectories in the RC and TS regions involved 2040 mobile atoms single representative TS is likely to be abait®.03.
for the systems in water and 2610 for the enzymic systems. The The inverse 2 a-D KIEs (Table 2) are dominated by the zero-
QM region comprised the 63 atoms of AdoMet and catecholate point energy factor ZPE; the mass/moment-of-inertia factors (MMI)
for reactions in both media. The RCs and TSs are well-characterizedare negligible, and the contributions of excited vibrational frequen-
minima and first-order saddle points (transition frequencies in Table cies (EXC) are normal. By coincidence, the ZPE factor arising from
2), but they are not unique; other similar stationary points exist the frequencies 2200 cnt? (including CH, NH, and OH stretches,
with slightly different arrangements of solvent molecules or amino of which only the CH are isotopically sensitive) is about the same
acid residues. Consideration of a small set of 9 TSs for the enzymemagnitude as the overall isotope effect for the reaction in water;
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this contribution from CH stretching modes has been noted reaction is stiffer than that for the uncatalyzed reaction in water
previously'214 However, for the enzymic reaction this fortuitous because the force constants for out-of-plane angle bending (and
cancellation of the other factors does not occur; although the largestCH bond stretching) of the transferring methyl group are signifi-
contribution to the inverse KIE comes from CH stretching, the cantly higher; in this sense, the enzymic TS is “tighter”. This
frequencies<2200 cnt! (including in particular thdendingmodes distinction between geometrical structure and stiffness implies that
involving the isotopically substituted atoms) are significant in there is no simple linear relationship between bond orders and force
determining the overall KIE. Inspection of the relaxed force constants. Consequently, care should be exercised in regard to the
constant®¥ (averaged over the three isotopic positions) shows not interpretation of KIEs as measures of transition-state structure,
only the expected increase for CH stretching but also very particularly if this information would be used for the design of TS
significant increases for SCH and HCO angle bending about the analogues as inhibitors.
transferring methyl group as between RC and TS. We have Finally, we have computed®Z3C KIEs using the same AM1/
previously noted large ZPE factors arising from corresponding MM Hessians and obtain values of 1.061 and 1.059 for reaction 1
bending modes in2a-D KIEs for symmetrical methyl transfer  in water and in the enzyme, respectively. These agree reasonably
reactions in a vacuurf. well with the experimental determinations of 1.0800.010 for
Schowen and co-workers determin€do2D KIEs of VCHs/\/CDs methylation of methoxide ion bgmethyldibenzothiophenium ion
= 0.83+ 0.05 for methylation of 3,4-dihydroxyacetophenone with at 25°C in methandt®and 1.09+ 0.02 (or 0.05) for methylation
AdoMet at 37°C catalyzed by COMT ankFHs/kCPs = 0.97+ 0.02 of 3,4-dihydroxyacetophenone with AdoMet at 37 catalyzed by
for methylation of methoxide ion b§methyldibenzothiophenium COMT.! The present AM1/MM computed value of 1.010 for the
ion at 25°C in methanol Model vibrational analysis (BEBOVIB) 180 KIE differs from the range of about 0.9®.98 consistent with
calculations suggested Pauling bond orders for the making andthe preferred TS in the earlier BEBOVIB study, although the present
breaking bonds to be-0.1 greater in the enzymic TS than in the value of 1.007 for thé’S KIE accords with the previously predicted
nonenzymic TS, corresponding to a shortening-6t06 A for each range of about 1.0071.019%° however, there are no experimental
of these bonds in the enzymic TSIt was suggested that, as a  values with which to compare these values.
consequence of this compression, the enzyme might be able to
distinguish the §2 TS structurally from the preceding reactant state
and the succeeding product state in order to stabilize it specifiéally.
QM calculations have indeed demonstrated that this hypothesis is
reasonable for carefully constructed model syst&rhtowever, the
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