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Transition-state vibrational analysis and isotope effects for COMT-
catalyzed methyl transfer.

Maite RocaT and Ian H. Williams*- §

T Departament de Quimica Fisica i Analitica; Universitat Jaume I, 12071 Castellén, Spain
§ Department of Chemistry, University of Bath, Bath BA2 7AY, United Kingdom

ABSTRACT: Isotopic partition-function ratios (IPFRs) computed for transition structures (TSs) of the methyl-transfer re-
action catalyzed by catechol O-methyltransferase and modelled by hybrid QM/MM methods are analyzed. The ability of
smaller Hessians to reproduce trends in a-3H; and *Cq IPFRs as obtained using the much larger subset QM/MM Hessians
from which they are extracted is investigated critically. A 6-atom-extracted Hessian reproduces perfectly the o-T3 IPFR
values from the full-subset Hessians of all the TSs, but not the a-“C IPFRs. Average AM1/OPLS-AA harmonic frequencies
and mean-square amplitudes are presented for the 12 normal modes of the a-CH; moiety within the active site of several
enzymic transition structures, together with QM /MM potential energy scans along each of these modes to assess the degree
of anharmonicity. A novel investigation of ponderal effects upon IPFRs suggests that the value for o-4C tends towards a
limiting minimum whereas that for a-T; tends towards a limiting maximum as the mass of the rest of the system increases.
The transition vector is dominated by motions of atoms within the donor and acceptor moieties and is very well described
as a simple combination of Walden-inversion “umbrella” bending and asymmetric stretching of the SCy and C.O bonds.
The contribution of atoms of the protein residues Met4o0, Tyr68 and Aspi41 to the transition vector is extremely small.
Average valence force constants for the COMT TS show significant differences from early BEBOVIB estimates which were
used in support of the compression hypothesis for catalysis. There is no correlation between TS IPFRs and the non-bonded
distances for close contacts between the S atom of SAM and Tyr68 or between any of the H atoms of the transferring methyl
group and either Met40 or Aspi41.

INTRODUCTION R R

, i} \
The transition state (TS) has been a cornerstone of physical /S_CHa O—R —> /S CH30—R
organic chemistry for many years and has provided a useful R" R NH;
foundation for discussions of reaction mechanisms in so-

lution and in enzymes. To quote Gandour and Schowen, HO NH5* </N | N
‘Every dynamical problem of biochemistry finds its most R =D\ R= )\/\ R\ N N)
elegant and economical statement in terms of [TS] theory. %y x ©00C 3 o)

Enzyme catalytic power, for example, derives from the in- X = H (Catechol) A

teraction of enzyme and substrate structures in the transi- X = CHoCH,NH;* (Dopamine) Hin  Of

tion state, so that an understanding of this power must

grow from a knowledge of these structures and interac- Scheme 1. Methyl transfer reactions catalyzed by COMT.

tions." These authors acknowledged that the form of any

complete description might need to go beyond ‘present- ferase (COMT) is a reaction of considerable topical interest
day’ TS theory, and the concept of the TS has recently been in its own right37 but which has also served as a testbed for
re-assessed in the light of developments of computer sim- ideas about the origins of enzymic catalysis®* and the role
ulations of chemical reactions in condensed-phase sys- of kinetic isotope effects (KIEs) as probes for reaction
tems,” but the elegance and economy of Schowen’s ‘funda- mechanism and transition-state (TS) structure.’® The ex-

mentalist’ view remains: the entire and sole source of cata- perimental observation of a much more inverse secondary
lytic power is TS stabilization.> Moreover, from this point a-deuterium kinetic isotope effect (2° a-D KIE)

of view, details of specific structures and pathways encoun- k(CH,)/k(CD;) for methyl transfer (Scheme 1) to cate-
tered between the reactant state (RS) and TS (as described cholate anion from S-adenosyl-L-methionine (SAM), cata-
by so-called ‘canonical’ formulations of enzyme catalysis)3 lyzed by COMT at 37 °C in water,® than for uncatalyzed

are unimportant, just as the difference between two ther- methyl transfer to methoxide anion from S-methyldiben-
modynamic functions of state is independent of the path zothiophenium cation at 25 °C in methanol? was originally

that connects those states. interpreted as evidence of compression by the enzyme

Methyl transfer catalyzed by catechol O-methyltrans-



causing a tighter Sx2 TS than for the non-enzymic reac-
tion.* However, hybrid quantum-mechanics/molecular
mechanics (QM/MM) calculations reproduced the trend in
the 2° a-D; KIEs without evidence of compression,> but
more recent experiments for wild-type (WT) and mutant
human COMTs were interpreted as fresh evidence in favor
of active-site compression (or ‘compaction’)'+'® as opposed
to an electrostatic explanation.1520

Computational studies on model systems have em-
ployed a variety of techniques. Ab initio QM calculations
for (ultra)simple models indicated the validity of compres-
sion as a possible stratagem for catalysis,'”*® but could not
comment upon the specific case of COMT. Seminal bond-
energy/bond-order vibrational analysis (BEBOVIB) calcu-
lations provided early support for the compression hypoth-
esis,® but were always open to concern regarding the fun-
damental lack of data for TS geometries and force con-
stants.”® This empirical modelling method uses estimated
geometries and valence force constants to compute vibra-
tional frequencies and KIEs for isotopically substituted RS
and TS.® The HC.S and HC.O bending force constants, in-
volving a methyl H atom and either the nucleofuge S or the
nucleophile O atom, were significantly larger in the
QM/MM TS than in the reactant structure (RS), both in the
COMT active site and in solution;*3 in contrast, TS bend-
ing force constants used in the BEBOVIB modelling were
obtained by use of a rule that took the product of the RS
force constant (for HC.S) or the product structure (PS)
force constant (for HC.O) and the appropriate TS bond or-
der (Bcs or Bco) which always had a value <i1; the TS bend-
ing force constants were, therefore, always less than the
corresponding RS (or PS) value. In order to calculate an in-
verse 2° o-D KIE to match that of the enzymic reaction, it
was necessary to use larger values for Bcs or Bco than for
the uncatalyzed reaction. The apparently shorter bond
lengths for the Co~S and Co~O partial bonds in the TS were
probably an artefact of the arbitrary rule used to generate
TS bending force constants within BEBOVIB."

The experimental KIEs reported by Klinman and co-
workers*#* for methyl transfer catalyzed by WT and mu-
tant COMT are isotope effects upon kcat/Km measured un-
der non-saturating conditions; this implies that the RS is
the methyl donor SAM in aqueous solution, and that each
KIE is determined by the isotopic difference in Gibbs en-
ergy of activation between the same RS and each particular
TS. In other words, differences between KIEs for different
enzyme structures arise purely from differences in their re-
spective TSs.

It is often assumed that trends in KIEs may be related
to structural changes in TSs understood in terms of geom-
etries and bond orders,"** but recent computational stud-
ies have suggested that changes in the electrostatic envi-
ronment of a TS***»2324 or its stabilization by CoH~O hy-
drogen-bonding interactions might also be significant.>*
As part of a program of investigation into factors underly-
ing 2° KIEs and their meaningful interpretation, the possi-
ble contribution of anharmonicity has also been consid-
ered, but this has not been found to be significant for equi-

librium isotope effects (EIEs).2®?7 The matrix of second de-
rivatives of energy with respect to Cartesian coordinates
(the Hessian) plays a key role in the theory of molecular
vibrations and of isotope effects, since its mass-weighting
and diagonalization leads to the normal modes and associ-
ated harmonic frequencies; the same Hessian is used for
each isotopologue with different masses as appropriate.
QM/MM modeling of EIEs or KIEs based upon the isotopic
sensitivity of harmonic frequencies is invariably “supramo-
lecular” in nature, involving a subset Hessian for the RS
and TS, rather than “molecular” and involving a Hessian
for the entire system.' Moreover, modeling of large, flexi-
ble systems requires averaging over thermally accessible
configurations. How many configurations need to be sam-
pled in order to obtain a reliable mean value for a KIE or
EIE depends on how many significant figures are re-
quired.”” How large does the subset Hessian need to be?
This remains a question of interest and practical im-
portance. Remarkably, it has been found that EIEs for
transfer of a carbocation between media of differing polar-
ity may be reproduced by an “atomic” Hessian for a single
isotopically substituted atom. However, the values of the
force constants in this symmetrical 3 x 3 matrix must accu-
rately reflect the influence of the whole supramolecular en-
vironment.

The purpose of this paper is to investigate how large the
subset Hessian needs to be in order to obtain reliable mean
KIE values for COMT-catalyzed methyl transfer, and to
consider the validity of the harmonic approximation. Since
it is not our present purpose to offer a definitive computa-
tional model to reproduce KIEs and trends in their values
for mutant COMTs, our analysis is restricted to considera-
tion of TS isotopic partition function ratios (IPFRs) evalu-
ated using the semiempirical AM1 Hamiltonian within a
QM/MM model. The ratio {frs)/{frs) of average IPFR values
for the reactant state and the transition state yields a KIE,
and each IPFR corresponds to the Gibbs-energy stabiliza-
tion (AG = —RT In f) of a system due to substitution by a
heavier isotope: vibrational frequencies are lowered, f'is al-
ways > 1and so AG < o. However, because the RS is always
free SAM in water, the value of (fgs) remains constant (for
a given temperature and theoretical method); variation be-
tween KIE values depends only on the TS IPFRs for rate-
determining methyl transfer, and not on IPFRs for any
other species (such as the Michaelis complex) traversed
along the reaction path between RS and TS.

A recent computational study of methyl cation within
a model cage of constrained water molecules reported the
vibrational analysis of the 12 degrees of freedom of Me*
within its cage.”® The 3 translations and 3 rotations of the
Me* moiety were treated as harmonic vibrations, whose
frequencies were determined by the dimensions of the cage
through non-bonding interactions between the “substrate”
and the “catalyst”. Here a similar approach is applied to
perform vibrational analysis upon the transferring methyl
moiety in the COMT-catalyzed reaction (1).

COMPUTATIONAL METHODS



Initial coordinates were taken from the X-ray crystal struc-
ture® of a COMT/SAM/inhibitor complex; the 3,5-dinitro-
catechol inhibitor was replaced by the substrate dopamine
(DOP) with the terminal amine protonated and one cate-
chol hydroxyl group deprotonated. The smallest QM re-
gion contained SAM and DOP (72 atoms) and was de-
scribed by AM1, while the remainder of the enzyme and
solvating water molecules formed the MM subsystem de-
scribed by OPLS-AA3° and TIP3P> potentials, respectively
(3347 enzyme atoms, Mg>*, 5Na*, and 15572 water mole-
cules within a cubic box of side 79.5 A). The fDynamo li-
brary3*33 was used to perform QM/MM potential of mean
force (PMF) calculations with respect to the antisymmetric
combination of the breaking C-S and forming C~O bond
lengths, with harmonic umbrella sampling34 using a force
constant of 2500 kj mol™ A~ on the reaction coordinate.
Within each overlapping window, an NVT molecular dy-
namics simulation was performed at 310 K using periodic
boundary conditions: 10 ps of relaxation plus 20 ps of pro-
duction. The PMF is depicted in the Supporting Infor-
mation (Figure S1). From the window corresponding to the
maximum Helmholtz energy, a representative structure
was selected and a 500 ps QM/MM MD simulation was
performed, with the system restrained to remain in the
transition-state region. The value of the force constant
used to restrain the distinguished reaction coordinate was
10 000 kJ mol™ A2 From this simulation, structures were
selected and were each then refined and characterized as a
1st-order saddle-point by means of QM/MM methods us-
ing a microiterative approach implemented in a modified
fDynamo library.
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Figure 1. Close-up of active-site region of a representative opti-
mized transition structure for the COMT-catalyzed reaction.

TS optimizations were performed for QM regions of
varying size, and in each case the subset Hessian was com-
prised of the same atoms. In addition to the 72-atom core,
amino-acid residues with any atom within a distance of 4,
5, 6 or 7 A of the transferring methyl C, atom were included
(along with Mg?*), resulting in QM regions and Hessians

containing 127, 180, 225 and 299 atoms in total, respectively
(Figure 1_and Figure S2). Further sets of transition struc-
tures were obtained for systems that included only the
sidechains of those residues within each of the distance-
selection criteria. Mass-weighting and diagonalization of
these subset Hessians yielded 3N; non-zero harmonic vi-
brational frequencies (for an N;-atomic subset), from
which molecular partition functions q and IPFRs (frs) were
obtained by means of eqs 1 - 5 as implemented in the UJISO
program from the SULISO suite of utilities.!935

frs = B — M X EX X ZP X TV )
qlight
3/
_ Ng T 2
IM = (H,- m9) 8
EX = [N 2mexp(tu) ()

=2 1-exp (-u})

_ T73Ns exp (auy)
2P = Ilis o i (4)
TV = @1 sin (You) (s)

w1 sin (Yu))

Here u; = hcwi/ksT, @i is an unscaled harmonic frequency
(as awavenumber/cm™), @, is the modulus of the imaginary
frequency, T is the absolute temperature, h is Planck's con-
stant, c is the velocity of light, and kg is Boltzmann's con-
stant; quantities pertaining to the heavy isotopologue are
denoted by a prime. IM is the isotopic mass factor, equal to
0.007207 and 0.793285 for 3H; and “C substitutions, respec-
tively; this factor cancels from a KIE (= frs/fts) since the
same factor appears in the IPFR for the reactant state. EX
is the excitational factor due to the population of vibra-
tional energy levels with quantum number v > o, and ZP is
the zero-point energy factor. TV is the leading term of the
Bell model for tunneling through an inverted parabolic
barrier,3°37 valid for u, < 5 (and barrier height < 20 kgT),3®
conditions that are amply satisfied at 310 K for the TSs con-
sidered here. The overall expression for frs (eq 1) includes a
quantum correction to the partition function not only for
each separable vibrational mode with a real frequency (i.e.
zero-point energy) but also for motion in the transition
vector with its imaginary frequency (@) which is always
first in the ordered list of 3N; frequencies. All three factors
EX, ZP and TV are quantum corrections to ratios of classi-
cal partition functions, not only the one associated with
tunneling.

The subset Hessians had dimensions ranging from 216
x 216 to 897 x 897. “Extracted” Hessians were obtained by
deletion of all rows and columns except for those belong-
ing to the atoms to be retained (SC«H;0, CoH; or Cu), giv-
ing smaller matrices which, when mass-weighted and di-
agonalized in the usual way, yielded either 18, 12 or 3 non-
zero eigenvalues and corresponding eigenvectors for 6, 4
or 1 retained atoms, respectively.

This method, in which a larger Hessian is pared back to
a smaller one, is not the same as a traditional "cutoff" pro-



cedure3?4° in which an isotope-effect calculation is per-
formed for a model system containing only atoms within a
certain number bonds (typically 2) from the site of isotopic
substitution.35 It must be emphasized that the elements of
the extracted Hessian (those that remaining after paring
back) are evaluated with the environment of the full sys-
tem, whereas the included elements of a conventional cut-
off Hessian would be evaluated in the absence of any envi-
ronmental influences. However, it can easily be verified
that a Hessian determined by (say) numerical differentia-
tion of analytical gradients for a small number of atoms
within the environment of a much larger system is identi-
cal to one obtained by paring back the larger Hessian com-
puted with the same system.

Vibrational analysis for the four atoms of the transfer-
ring methyl group alone involved a transformation of the
4-atom extracted 12 x 12 Hessian from Cartesian coordi-
nates to a non-redundant set of 6 internal coordinates (3
CH stretches, 2 in-plane bends, 1 out-of-plane bend) and 6
external coordinates (3 translations, 3 rotations). This
transformation was performed by means of a modified
Wilson s-vector method# (see Supporting Information for
details). A rigid QM/MM potential-energy scan was per-
formed for incremental displacements of 0.02 A along the
vibrational trajectory (+ 0.4 A from the equilibrium posi-
tion) for each of the 12 vibrational modes, and a least-
squares fit to a quadratic function was obtained for each
scan, except for that corresponding to the imaginary fre-
quency.

The mean-square amplitude & of a harmonic vibration
is given by eq 6.4

6; = Snzhmi coth(Yau;) (6)
RESULTS AND DISCUSSION

6-atom extracted Hessians: a-T3 IPFRs. A total of 112 op-
timized transition structures were considered (Table S1),
each possessing a single imaginary frequency correspond-
ing to the transition vector. Elimination of all elements of
the computed Hessians, except those associated with the
four atoms of the transferring CH; group plus the donor S
atom of SAM and the acceptor O atom of DOP, yields ex-
tracted IPFR values for three-fold substitution of tritium
for protium in the methyl group (a-T;) which, when plot-
ted against the IPFRs from the full subset Hessians (Figure
2), give an essentially perfect linear correlation: fo-arom =
1.018ffu1 — 60 (r* = 0.9997). The magnitudes of the IPFRs are
typical for a mass change from 1 to 3 in three positions.
Since AG = —RTIn(f), an IPFR of 23000 corresponds to a sta-
bilization of about 26 k] mol™ at 310 K; substituting a heav-
ier isotope into a molecule always stabilizes it (AG < 0) as
real vibrational frequencies are lowered and fis always > 1.
(See below for a comment on imaginary frequencies.) Note
that a 2° a-T3 KIE corresponds to a much smaller AG be-
cause it is proportional to the difference between In(f) val-
ues for RS and TS (KIE = frs/fts).

The essentially perfect linear correlation in Figure 2
shows that the origin of variation in IPFR values for sys-
tems of any size is entirely due to changes in the isotopic

sensitivity of the vibrational frequencies of the extracted 6-
atom core. There is evidently a gap in the plot between
lower IPFR values (in the range 21000 < f < 25000) and
higher values (f> 27000). The higher values are all associ-
ated with the smallest QM region (N; = 72) and would im-
ply larger inverse 2° a-T; KIEs than would be predicted for
the larger QM regions which all include the Met4o and
Aspi41 residues as well as Mg>* in the active-site. It may be
concluded that it is necessary to include these residues in
the QM region in order to obtain the correct isotopic sen-
sitivities for the vibrational modes of the 6-atom core, but
that the subset Hessian does not need to be any larger.
Typically, subset Hessians and QM regions have been cho-
sen to be identical in published isotope-effect calculations
using QM/MM methods, but the present result implies
that more reliable results could be obtained more effi-
ciently if a larger QM region and a smaller subset Hessian
were to be selected. The adequacy of this 6-atom extract
for o-T; is equivalent to the traditional “2-bond cutoff”
rule394° although, as noted above, the elements of the ex-
tracted Hessian do depend upon the surrounding environ-
ment.
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Figure 2. Correlation of o-T3 IPFRs (310 K) for AM1/OPLS-
AA/TIP3P transition structures of COMT-catalyzed methyl trans-
fer: 6-atom extracted Hessian vs. full subset Hessian values for be-
tween 72 and 299 atoms.

Individual plots of EX, ZP and TV factors for the 6-
atom-extracted vs. full-subset Hessians are each linear (Ta-
ble Sz, Figure S3, Supporting Information). The overall
IPFR is dominated by the ZP factor (with values in the
range 1.2 x 10° to 1.4 x 10°) since the most significant effect
of isotopic substitution is upon the high-frequency CoH vi-
brational modes. Although small in magnitude, the EX fac-
tor (with values in the range 2.20 to 2.45) is dominated by
the six lowest-frequency modes of the 6-atom Hessian,
which correspond to librational motions of these atoms
within their environment. The TV factor is always very
small (with values in the range 0.9966 to 0.9980); its recip-
rocal would be the tunneling contribution to a KIE.

4-atom extracted Hessians: o-T3 IPFRs and vibra-
tional analysis. 16 transition structures were selected for
further analysis. These were all obtained using QM regions



containing residues within 6 or 7 A from C,. Furthermore,
these structures all possessed interatomic distance
Ssam...Smetso > 3 A and angle Ssam...Ca...Smetso > 65°% the AM1
method generated some structures with unrealistically
short Ssam...Smetso distances which gave rise to artificially
high IPFR values (Table Si, comments, and Figure S5 in
Supporting Information). Elimination of all elements of
the computed Hessians, except those associated with the
four atoms of the transferring CH; group alone, yields ex-
tracted a-T; IPFR values which, when plotted against the
IPFRs from the full subset Hessians, give a good linear cor-
relation (f;-atom = 1.066ffn — 1121, 1* = 0.997); within the range
21000 < frn < 22500, this line is nearly parallel to that for
the 6-atom extracted IPFRs but is offset to slightly higher
values. The structural variations in the IPFR values are re-
produced well by the Hessian elements for only the four
atoms of the transferring methyl, although exclusion of the
donor S and acceptor O atoms from the extracted Hessian
leads to a small systematic error in the absolute magnitude
of the IPFR.

Figure 3. Designation of axes for translational and rotational
modes of the transferring methyl group.

Vibrational analysis of the 12 normal modes allows for
assignment of harmonic frequencies for six internal modes
(three CH stretches, two in-plane bends and one out-of-
plane bend) and six external modes (three translations and
three rotations). Because of the asymmetry of the enzyme
active-site environment, the extracted Hessian does not
display D5, symmetry and there are no degeneracies among
the vibrational frequencies. The stretching modes are each
localized to one of the otherwise indistinguishable CH
bonds and their frequencies are labeled simply as “high-
est”, “medium” and “lowest”. Similarly, the in-plane (IP)
bends are denoted only as “higher” and “lower”. The direc-
tion normal to the plane of the methyl group is defined as
the z-axis: translation (T) in this direction is strongly cou-
pled with out-of-plane bending (OP). Translations (Ty and
T,) in the xy plane and rotations (R, and R,) out of this
plane are also denoted as “higher” and “lower”, whereas ro-
tation (R,) about the z-axis is clearly distinguishable (see
Figure 3). The average value for each of these frequencies
in the protiated form of the 16 transition structures is
shown in Table 1, together with its average contribution to
the a-T3 IPFR at 310 K and the average mean-square am-
plitude (3);,, of the harmonic vibration.3 The same method
was applied previously to analyze methyl-group vibrations
within a constrained cage of water molecules.?®

It is clear from the results presented in Table 1 that the
three CH stretching modes are responsible for the largest

part of the overall IPFR: they contribute a factor of 953 to-
wards the overall value of 22094 (at 310 K), with the three
IP and OP bending modes and the six external modes con-
tributing factors of only 8 and 3, respectively. However, it
is important to recognize that the external modes should
not be neglected for the purpose of calculating the o-T,
KIE. Although this is not the subject of the present paper,
it is worth noting that the respective IPFR contributions of
both the internal and external modes of the methyl group
in the reactant state must be taken account, since failure
to do so might omit a very significant factor, namely the
influence of the environment on all degrees of freedom of
this group.

Table 1. Average harmonic frequencies (as wavenumbers, v) and
single standard deviations (o), o-T; IPFR factors (fr;) with stand-
ard errors and mean-square amplitudes (8) at 310 K for 4-atom
Hessians extracted from full-subset AM1/OPLS-AA/TIP3P Hessi-
ans for 16 transition structures of COMT-catalyzed methyl trans-
fer.

mode (v)/cm (f13 )30 (8)30)/A
1 | CH highest 3137+ 8 9.03 + 0.02 0.02
> | CH medium 3124 7 9.01 + 0.02 0.02
3 | CH lowest 3097 £12 | 11.71 £ 0.06 0.02
4 | IP higher 1339 £ 6 2.044 = 0.004 0.03
5 | IP lower 1304 + 4 1.976 + 0.002 0.03
6 | OP /T, 1224+ 9 1.982 + 0.004 0.03
7 | R/ Ryhigher | 1065+5 1.722 * 0.002 0.03
8 | R«/Rylower 982 +16 1.606 + 0.006 0.03
9 | Tx/Tyhigher | 273+5 1.0202 * 0.0002 0.09
10 | Tx/ Tylower 238+5 1.0161 + 0.0002 0.10
1 | R; 164 * 30 1.016 + 0.001 0.14
12 | T,/ OP 441i £20 | 0.9942 + 0.0004 0.06

A further comment must be made regarding the IPFR
factor < 1 for mode 12, in which translation in the direction
perpendicular to the plane of the methyl group is coupled
to out-of-plane bending. This mode is associated with an
imaginary frequency and corresponds to the transition vec-
tor for transfer of the methyl group between the donor and
acceptor atoms in the COMT active site. The inverse IPFR
factor implies a destabilizing effect of isotopic substitution
in each of the transition structures and a higher contribu-
tion from this mode to the effective Gibbs energy for the
transition state relative to the reactant state. Of course, the
tunneling “correction” to a KIE is just the reciprocal of the
IPFR for the transition vector with its imaginary frequency:
in this case tunneling contributes an average factor of1.006
at 310 K, favoring the lighter isotopologue in the transition
state.

4-atom extracted Hessians: Normal-mode PE scans.
Figure 4 shows rigid potential-energy scans along each of
the 12 normal modes from the 4-atom extracted Hessian
for the transferring methyl group in the COMT-catalyzed
reaction; these were obtained using the AM1/OPLS poten-
tial for the whole enzymic TS complex for one of the struc-
tures in which the QM region contained residues within 7



A of C,. The red circles represent harmonic fits over the
range of displacements considered, for which full details
are given in the Supporting Information. It is evident that
the harmonic approximation is very good for most of the
modes, especially for smaller displacements closer to the
mean-square amplitudes. Modes g and 10 (the T,/T, com-
binations) are essentially harmonic but their potential-en-
ergy minima are displaced a little from the geometry of the
optimized 1*-order saddle point for the transition structure
selected for this study. The minimum for mode 1 (R,) is
also displaced from the originally optimized structure and
is markedly anharmonic. Note that these three modes have
the largest calculated mean-square amplitudes, although
these are still much smaller than the extent of the displace-
ments considered in the potential-energy scans. Finally, as
expected for a transition vector, the scan for mode 12 (the
T,/OP combination) displays a maximum near to the opti-
mized structure and is highly anharmonic over the range +
0.4 A. There is a minimum at about -0.29 A from the max-
imum: this corresponds to the reactant complex, for which
a transition-state Ca...S bond extension of about 0.29 A was
obtained in a previous AM1/OPLS study for this reaction.’

12%

-40

Figure 4. QM/MM potential energy scans along normal modes 1
to12 (see Table 1) of the 4-atom extracted Hessian in a representa-
tive transition structure for COMT-catalyzed methyl transfer.
Solid black circles are AM1/OPLS-AA/TIP3P calculated relative
energies (/k] mol) and solid red circles denote harmonic fits over
the range + 0.4 A; open black and red circles have the same mean-
ings but for the higher-frequency mode of a pair.

o-4C IPFRs from extracted Hessians. Figure 5 shows
plots of extracted IPFR values against full-subset Hessian
values for substitution of 4C for 2C in the methyl group of
the same 16 transition structures considered above. The
number of atoms included in the extracted Hessian is de-
noted by N,. Table 2 contains the slopes (m), intercepts (c)
and correlation coefficients (r?) for the linear regressions.

The 72-atom "core" of SAM + DOP correlates almost per-
fectly for all structures, with m ~ 1.0, c = 0.0 and r*> ~ 1.0; the
solid black line has unit slope and zero intercept.

Table 2. Slopes (m), intercepts (c) and correlation coefficients (r2)
for linear regression of IPFRs for N,-atom-extracted Hessians vs.
full-subset AM1/OPLS-AA/TIP3P Hessians for n transition struc-
tures of COMT-catalyzed methyl transfer at 310 K. (Note that cor-
relation coefficients for different sample sizes should not be com-
pared directly.)

Ny | n m c r? atoms
1 |16 | 11875 | -01029 | 0.8542 Ca
3 16 | 11963 -0.1031 0.9826 SC.O
14 | 11014 | -0.0036 | 0.9798 SC.O
6 16 | 0.8571 | 0.1464 0.9861 SC«H;0
14 | 0.9305 | 0.0695 | 0.9927 SCuH;0
9 |16 | 0.8608 | 01438 | 0.9679 (€),SCH,0C
14 | 0.9939 | 0.0043 | 0.9961 (C).SCH;0C
29 | 16 | 0.9206 | 0.0825 | 0.9878 | (C),SCH,+ DOP
14 | 0.9268 | 0.0760 | 0.9787 | (C),SCH; + DOP
72 | 16 | 0.9589 | 0.0428 | 0.9993 SAM + DOP
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Figure 5. Correlation of a-4C IPFRs (310 K) for AM1/OPLS-
AA/TIP3P transition structures of COMT-catalyzed methyl trans-
fer: Ny-atom extracted Hessian vs. full subset Hessian values for 16
transition structures of COMT-catalyzed methyl transfer. Note
the change of scale in the vertical axis. The solid black line has
unit slope and zero intercept; slopes, intercepts and correlation
coefficients for each value of Ny are presented in Table 2.

In view of the success of atomic Hessian analysis in re-
producing the trend of EIEs for transfer of a carbocation
between media of differing polarity where isotopic substi-
tution is upon a single atom, one may enquire whether
trends in KIEs or, more simply as here, in TS IPFRs might
also be reproduced for multiple configurations involving a
single “C substitution: does a 1-atom extract work? Table 2
and Figure 5 reveal the answer to be no: although the TV



factor alone displays a very good linear correlation, both
EX and ZP show considerable scatter, leading to an overall
IPFR correlation with a slope that is too steep and a signif-
icant negative intercept. The same 6-atom extract as above
yields a good overall 4C IPFR correlation, but not the ex-
cellent correlation obtained for the 3H; IPFRs.

The SAM moiety can be truncated to a 7-atom fragment
(involving only the transferring methyl attached to S and
its adjacent C atoms) without much detriment to the qual-
ity of the correlation, as exemplified by the trendline for Ny
= 29, but any attempt to truncate the DOP moiety intro-
duces an apparent anomaly for two of the 16 TSs: the Ni-
extract IPFRs for these two points lie off the line for the
remaining 14. The correlations appear to be improved for
smaller extract Hessians if the two “anomalous” structures
are removed (n = 14). However, inspection of Figure 5 sug-
gests that it is these two points that lie closer to the best
regression line and the other 14 that are anomalous! In-
spection of the geometrical structures for the two “anoma-
lous” TSs (shown in green and purple licorice style in Fig-
ure 6 and which are, of course, identical for both extract
Hessians and full-subset Hessians) reveals that the dis-
tance between the nucleophilic oxygen atom (On,) of DOP
and the Mg>* cation is considerably shorter (2.27 A) than in
the other structures (Figure 6: average values of 3.77 A for
the other 11 also generated within a QM region containing
residues within 6 A of Co and 4.14 A for the 3 generated
within a 7 A QM region). Consequently, the distance from
Mg>* to Asp169 is longer in these two structures (Table Sy,
Supporting Information). Along with the shorter O~Mg
distance, the Co~O distance is also shorter (1.93 A) and the
Co-S distance longer (2.22 A) than in the other TSs (aver-
age values of 2.02 A and 2.14 A, respectively, for the other
13 TSs): the “anomalous” TSs are more product-like and
have smaller 4C IPFRs.

Glu199

Figure 6. Close-up of the octahedral coordination around Mg**in
an overlay of 13 transition structures of COMT-catalyzed methyl
transfer generated within a QM region containing residues within
6 A of Cq. The green and purple licorice structures are the two
apparently anomalous TSs.

The reason for the apparent anomaly is to be found in
the EX factor, which arises from the isotopic sensitivity of
low-frequency modes. The magnitude of EX increases as
the size of the hessian increases, since larger systems have
more and lower frequencies. However, the anomaly exists
even in a 3-atom extract comprising only the SC.O atoms:
although EX is very small, one of the bending frequencies
is markedly higher in each the two apparently anomalous

structures than in the others. Curiously, this feature per-
sists for all extract Hessians that do not contain all the at-
oms of DOP, but not for any that possess the full atomic
complement of SAM. The traditional 2-bond cutoff rule for
Ca would suggest a 6-atom extract (different from that con-
sidered in Table 2 and Figure 5) comprising (C)2SC.OC;
however, in the light of the above discussion, neither this
nor a 3-bond cutoff model would provide an adequate ap-
proximation to the full subset Hessian.

Ponderal effects on IPFRs. While investigating the 3-
atom extracted Hessians for the SC.O fragment mentioned
above, it was noted that the resulting 4C IPFR values were
much larger (Figure 5) than those obtained from the full
subset Hessians for the same TSs. We were curious to en-
quire whether this might be due purely to the “missing
mass” of the other atoms and therefore whether “correct”
IPFRs could be obtained simply by adjusting the masses of
the S and O atoms. Figures 7a and 7b show “C IPFRs plot-
ted as a function of S and O masses in the range 4 to 8o
amu) for both the 3-atom and 6-atom extracted Hessians
of a representative TS (whose “C IPFR value is close to the
mean of the set 0of 16). Clearly, the elevated “C IPFR for the
3-atom fragment cannot be reduced to full subset-Hessian
value simply by adjusting the masses of the S and O atoms.
However, there is a surprising degree of sensitivity to the
O-mass: both the 3-atom and 6-atom surfaces display a
cliff-edge, dropping precipitously to lower IPFR values, for
O-mass < 16 amu. The 6-atom extract also shows a small
degree of sensitivity to the S-mass, with a gradual decrease
in IPFR for increasing mass. In both cases the IPFR appears
to diminish gradually as both the O- and S-masses in-
crease, to about 1.144.and 1.037 for the 3-atom and 6atom
extracts, respectively for masses of 1000 amu.

Figure 7c shows a similar plot of a-T; IPFRs for the 6-
atom extract of the same representative TS. This displays a
broad plateau, tending to a maximum value of about 21340
for O- and S-masses of 1000, but dropping to much lower
values as either mass falls below its respective normal
atomic mass.

These are ponderal effects, as originally defined by In-
gold and co-workers# to describe the influences of added
masses in reactivity and equilibria4 quite apart from steric
or electronic effects. Although (despite the existence of
lower-mass oxygen radioisotopes) it is physically unrealis-
tic to consider masses for O and S smaller than 16 and 32,
respectively, substitution of greater masses is useful in that
it mimics one feature of the influence of the larger molec-
ular of supramolecular system of which these atoms are a
part, and it does so without the complication of either the
bulk volume or the polar properties of the system. The key
results from this investigation are that the isotopic sensi-
tivity at Co tends to a limiting minimum value as the mass
of the whole system increases, whereas that for the Hq at-
oms tends to a limiting maximum value. To the best of our
knowledge, this is the first instance of the use of plots, like
Fig 7, to explore ponderal effects.

It is important to note that the force constants remain
unchanged for each system as the masses alone are varied.
The 3-atom-extract Hessian transforms to yield internal



Figure 7. Iso-contour-surface plots of AM1/OPLS-AA/TIP3P a-4C
IPFRs for (a) 3-atom- and (b) 6-atom-extracted Hessians, and (c)
o-T3 IPFRs for the 6-atom-extracted Hessian, of a representative
transition structure of COMT-catalyzed methyl transfer (310 K),
as a function of the O and S masses in the SC,O fragment.

valence force constants of 1.56 and 0.81 aJ A~ for SC, and
C.O stretching and 5.08 aJ rad™ for bending. The imagi-
nary frequency for the transition vector arises due to the
large magnitude of the SCo/CoO coupling constant (1.66 aJ
A=) which gives rise to a negative determinant for that 2 x
2 block of the valence force constant matrix. Similar sur-
faces to those shown in Fig 7 may be plotted for each of the
individual EX, ZP and TV factors contributing to the over-
all IPFR: perhaps surprisingly, it turns out that each factor
displays similar topographical features. EX and ZP are
functions of the two real frequencies (symmetric stretching
and bending) whereas TV is a function of the imaginary
frequency (for asymmetric stretching). Of course, the IM
surface is flat and featureless because this factor depends
only on the mass at the position of isotopic substitution
and not on masses at any other positions.

Transition-vector analysis. The unweighted normal co-
ordinate for the transition vector of each of the set of 16
AM1/OPLS-AA/TIP3P TSs, considered in previous sections,

may be analyzed in terms of the normalized magnitude of
the contribution of the atoms of each residue included
within the full subset Hessian, as presented in Table 3. The
striking observation is that, for both the 13 TSs and 3 TSs
with subset Hessians including 222-atoms or 299-atoms re-
spectively, the atoms of the SAM and DOP residues to-
gether contribute over 99.3% of motion in the transition
vector. The next largest contributions are from the Mg
cation and Lysi44 (which deprotonates the nucleophilic O
of DOP). Tyr68 and Met4o together contribute only about
0.1%. These residues have both been implicated in the
mode of catalytic action by COMT: the former purportedly
by exerting a compressive influence along the methyl-
transfer axis,'+'7 and the latter by hydrogen-bonding to the
transferring methyl group.” It was recently suggested+
that the reaction coordinate of COMT involves four pro-
tein residues: Tyr68, Glugo, Leu198 and Gluigg. Unfortu-
nately, the subset Hessians considered in the present study
do not include either Glugo or Leu198, since these residues
lie at > 7 A from C«. However, it should be noted that the
transition vector corresponds to infinitesimal displace-
ments around the stationary point for the transition struc-
ture within the harmonic approximation, whereas the re-
action coordinate determined by Chen and Schwartz4 is
obtained by transition path sampling and committor dis-
tribution calculations involving the whole pathway be-
tween the reactant and product complexes. On the poten-
tial-energy hypersurface for a single transition-path trajec-
tory, the transition vector is tangential to the minimum-
energy reaction path only at the saddle point. Of course,
consideration of only the TS excludes any account of dy-
namic processes leading to it, but this does not invalidate
the analysis.>

Table 3. Residue-based analysis of average contributions to the
transition vector from AM1/OPLS-AA TIP3P Hessians for transi-
tion structures of COMT-catalyzed methyl transfer; n, is the num-
ber of atoms in each residue and ns is the number of transition
structures.

% average
residue n 6-atom 222-atom 299-atom
‘ (ns=16) | (6A,ns=13) | (7A, ns=3)

Trp38 24 - - 0.00
Met4o0 17 - 0.06 0.05
Asng1 14 - - 0.01
Gly66 7 - 0.02 0.02
Tyr68 21 - 0.04 0.04
Aspi41 12 - 0.09 0.06
Hisi42 17 - 0.03 0.01
Trpi43 24 - 0.04 0.01
Lysi144 22 - 0.09 0.06
Tyri47 21 - - 0.01
Asp169 12 - - 0.01

Asni70 14 - 0.06 0.07
Gluigg 15 - 0.05 0.04
Mg 1 - 0.18 0.11

SAM 50 85.80 81.51 82.55
DOP 22 14.20 17.83 16.86
HOHn 3 - - 0.04
WAT6872 3 - - 0.02




Table 4 presents the AM1/OPLS-AA/TIP3P transition
vector, averaged over the 16 TSs and determined by means
of the 6-atom-extracted Hessians, and represented by lin-
ear combinations of valence coordinates, as defined quali-
tatively in Table 5 and Figure 8. Although the trigonal bi-
pyramid does not have strict D,y symmetry, these local
“symmetry” coordinates provide a compact description of
the average transition vector, which is clearly shown to be
mostly a combination of Walden-inversion “umbrella”
bending and asymmetric stretching of the bonds between
Cu and the nucleofuge and nucleophile. However, it is of
interest to note that there is a small negative contribution
from symmetric SCa/CuO stretching, consistent with a small
degree of contraction between the S and O atoms in this nor-
mal mode in the forward direction of methyl transfer from S
to O. This should not be regarded as evidence for geometrical
compression in the TS, because not only would it be an expan-
sion in the reverse phase of the vibration but also the motion
oscillates about a TS stationary point, the geometry of which
may or may not be compressed relative to that of the reactant
complex.

Table 4. Symmetry-coordinate representation of the transition
vector from 6-atom-extracted AM1/OPLS-AA/TIP3P Hessians av-
eraged over 16 transition structures of COMT-catalyzed methyl
transfer.

coordinate mean std dev
umbrella 0.701 0.008
asym SCq/CqO stretch 0.454 0.001
sym SCq/CoO stretch —0.058 0.003
in-plane SC,O bending —0.011 0.005
sym CoHj stretch —0.009 0.004
CqH; rocking —0.007 0.008
CoH; twisting 0.006 0.007
CoH,; tilting —0.004 0.002
CqoHj; scissoring 0.001 0.004
asym CqHj stretch (a’) 0.0009 0.0004
out-of-plane SC.O bending —0.0004 0.0060
asym CqHj stretch (a”) —0.0001 0.0008

TS valence force constants. The local symmetry coordi-
nates defined by Table 5 and Figure 8 allow the 6-atom ex-
tracted Hessian to be transformed: firstly, into the non-re-
dundant set of 12 internal symmetry coordinates, and sec-
ondly into the redundant set of 14 valence coordinates
which includes all g of the interbond angles a - i about Ce.
In each individual transition structure, the three H atoms
of the methyl group may interact with specific active-site
residues are therefore not equivalent. However, since they
are readily interchanged by rotation about the SCO axis,
they cannot be identified separately when average values
of CoH force constants are being considered. It is therefore
appropriate to consider average values for C¢H stretching
and for HC.S, HC4O and HC.H angle bending. Table 6 pre-
sents AM1/OPLS-AA/TIP3P valence force constants aver-
aged over 16 transition structures of COMT-catalyzed me-
thyl transfer.

Table 5. Definition of symmetry coordinates for a trigonal bi-
pyramidal 6-atom fragment; atom numbers defining stretching
coordinates, and letters denoting angle-bending coordinates, are
as in Figure 8. Linear combinations are qualitatively correct but
do not show the coefficients for valence-coordinate displace-
ments.

linear combination of
valence coordinates
a-b-c+d-e-f

symmetry coordinate

in-plane SC,O bending

out-of-plane SC«O bending b-c+e—f
umbrella a+b+c-d-e-f
CoHj; rocking h-i

CoHj; twisting b-c-e+f
CoH, tilting -a+b+c+d-e—f
CoHj scissoring g-h-i

sym SCa/CoO stretch (1-2) + (2-6)
asym SCq/CqO stretch (1-2) — (2-6)

(2-3) + (2-4) + (2-5)
(2-3) — (2-4) — (2-5)
(2-4) - (2-5)

sym CqHj stretch

asym CoHj stretch (a")

asym CqHj stretch (a”)

Figure 8. Labelling scheme for valence angle-bending coordi-
nates around the central atom of a trigonal bipyramid. Yellow de-
notes S and red denotes O. Valence bond stretching coordinates
are defined by pairs of atom numbers.

Table 6. AM1/OPLS-AA/TIP3P valence force constants and stand-
ard errors averaged over 16 transition structures of COMT-
catalyzed methyl transfer. The subscript outside the bracket de-
notes the sample size. Units are aJ A2 for bond stretching and aJ
rad for bending.

valence coordinate | average force constant
(CoaH),s 5.61 + 0.01
(CuShe 1.87 + 0.02
(CaOhe 1.88 £ 0.05
(SCoH),s 2.18 + 0.04
(OCuH),8 2.90 + 0.30
(HCuH),s 0.346 + 0.004

It may be noted that the CuS and C.O stretching force
constants determined from the 6-atom extract are signifi-
cantly different from those obtained (for a single structure)
from the 3-atom extracted Hessian. Furthermore, the SC.O
bending force constant for the 3-atom extract has a larger
value than any of the bending force constants in Table 6



because it is, in effect, doing the work of a combination of
HC.S and HC«O bending coordinates.

Finally, it is of interest to compare these TS force con-
stants with the BEBOVIB estimates of Schowen and co-
workers.*° Their method scaled the CoS and CoO stretching
force constants by the respective Pauling bond orders for
these bonds in the TS: assuming bond orders of 0.5 would
have led to values of about 3.2 and 6.2 aJ A2, respectively,
which are much higher than the average AMi/OPLS-
AA/TIP3P values. Conversely, the HC.S and HCoO bending
force constants were scaled directly by the corresponding
bond orders for CoS and C.O: assuming again bond orders
of 0.5 would have led to BEBOVIB estimates of 0.31 and
0.44 aJ rad?, respectively, which are much lower than the
average AM1/OPLS-AA/TIP3P values. As mentioned in the
Introduction, it was necessary to employ significantly
larger bond orders for the TS of the enzyme-catalyzed re-
action than for the TS of uncatalyzed methyl transfer in or-
der to model the more inverse a-D3 KIE observed for the
COMT-catalyzed reaction, leading naturally (but, in our
view with hindsight, mistakenly) to the inference of me-
chanical compression.?

Axial and equatorial interactions. Non-bonded intera-
tomic distances between key active site residues and the
SAM moiety, as obtained by inspection of the optimized TS
geometries for the set of 16 structures discussed above, are
presented in Table 7.

Table 7. Selected AM1/OPLS-AA/TIP3P non-bonded distances
(/A) in 16 transition structures of COMT-catalyzed methyl trans-
fer.

TS SSAM...HF?;r SMet...Hme | Oasp...Hme OK;{DZ ..HMe
1 2.727 2.593 2.436 2.987
2 2.798 3.262 2.238 2.704
3 2.728 2.715 2.354 3.167
4 2.927 3.170 2.232 2.658
5 2.783 2.819 2.333 3.152
6 2.650 2.750 2.364 3.241
7 2.777 2.503 2.468 2.970
8 2.739 2.577 2.492 3.016
9 2.766 2.916 2.319 3.172
10 2.793 2.561 2.460 3.100
1 2.719 2.596 2.468 3.111
12 2.744 2.569 2.455 3.034
13 2.762 2.639 2.397 2.974
14 2.762 2.541 2.506 3.251
15 2.773 2.488 2.434 3.638
16 2.759 2.733 2.362 3533
mean 2.76 2.71 2.39 3.1
SE 0.01 0.06 0.02 0.06

In view of the proposed role for Tyr68 within the com-
pression hypothesis," it is of interest to consider whether
there exists any correlation between the SAM...Tyr68 sep-
aration and the a-T; IPFR. The closest non-bonded contact
is between the S atom of SAM and one of the H atoms (HB2)

attached to Cp in the sidechain of Tyr68 and has a mean
value of 2.76 + 0.01 A (Table 7, column 2). As shown in the
Supporting Information (Figure S7), there is no sensible
correlation between this distance and the IPFR: variation
in the latter is not explained by this parameter. The inter-
action between SAM and Tyr68 may be described as “axial”
in the sense that may exert force in a direction more-or-
less parallel to the methyl transfer axis.

Non-bonded interactions between any of the H atoms
of the transferring methyl group and either Met4o or
Asp141 may be described as “equatorial”: their forces are di-
rected more-or-less perpendicularly to the methyl-transfer
axis around its circumference.>* All TS geometries in-
spected contain a short contact (mean value 2.39 + 0.02 A,
Table 7, column 4) between a methyl H atom and the back-
bone carbonyl O atom of Aspi41. The next closest contact
is usually with the S atom of Met40 (column 3), but where
this is long, a short contact with either OP* or OP? of the
carboxylate sidechain of Aspi41 is found (column 5). De-
spite the generality of these interactions in SAM-
dependent methyltransferases,*® again no correlation is
found between these distances and the TS IPFRs (Figure
S7, Supporting Information).

SUMMARY AND CONCLUDING REMARKS

(1) The ability of 6-atom-extracted Hessian to reproduce
perfectly the o-T; IPFR values from the full-subset Hessi-
ans of all the TSs demonstrates that the origin of variation
in these IPFRs for systems of any size is entirely due to
changes in the isotopic sensitivity of the vibrational fre-
quencies of the extracted 6-atom core. This result is con-
sistent with the traditional rule that isotope effects are well
approximated by truncated models including only atoms
two bonds removed from the site of isotopic substitution;
this is expected to be a general result for isotopes of hydro-
gen. Furthermore, it suggests that a-D; or T; KIEs could be
reliably estimated by Hessian evaluations for only these 6
atoms, provided that the calculations involve an adequate
treatment of the surrounding protein environment. A large
QM region may be necessary, even though only a small
Hessian is required. Of course, there is no reduction in
computational effort if a larger (approximate) Hessian has
already been used in relaxing a structure to a local station-
ary point, but there would be if a higher-level QM method
were to be employed for Hessian evaluation at a stationary
point obtained with a lower-level method, or if better re-
sults were obtained by averaging over a greater number of
Hessians evaluated at instantaneous non-stationary struc-
tures from an MD trajectory.

(2) Vibrational analysis based upon the 4-atom-extracted
Hessian shows that the three CH stretching modes are re-
sponsible for the largest part of the overall a-T; IPFR, but
that the external modes should not be neglected. For dis-
placements with similar magnitudes to the mean-square
amplitudes of vibration at 310 K, the harmonic approxima-
tion is found to be very good for most of the 12 vibrational
modes of the transferring methyl group within the frame-
work of its environment.



(3) In order to reproduce o-4C IPFR values from full-subset
Hessians by means of Nx-atom extracted Hessians requires
all atoms of the DOP moiety to be included. The 6-atoms
of the SC.H30 fragment are not enough, and nor is the tra-
ditional 2-bond cutoff rule satisfied simply by addition of
an extra atom to either S or O. This feature arises due to
the EX factor, which depends heavily on low-frequency
modes that are sensitive to isotopic substitution at C. and
which involve a more-extensive chain of atoms.

(4) A novel investigation of ponderal effects upon IPFRs
suggests that the value for o-“C tends towards a limiting
minimum whereas that for o-T; tends towards a limiting
maximum as the mass of the rest of the system increases.
This analysis is of relevance to the question of how trun-
cated (or cluster) models may relate to full-size systems.
(5) The transition vector is dominated by motions of atoms
within the SAM and DOP moieties, and is very well de-
scribed as a simple combination of Walden-inversion “um-
brella” bending and asymmetric stretching of the SCo and
CoO bonds. The contribution of atoms of the protein resi-
dues Met4o, Tyr68 and Aspi41 to the transition vector is
extremely small.

(6) Average AM1/OPLS-AA/TIP3P valence force constants
for the COMT TS show significant differences from early
BEBOVIB estimates which were used in support of the
compression hypothesis for catalysis. The ability to charac-
terize TSs without the need for dubious guesswork is a
strong advantage of QM /MM methodology.

(7) There appears to be no correlation between TS IPFRs
and the non-bonded distances for close contacts between
the S atom of SAM and Tyr68 or between any of the H at-
oms of the transferring methyl group and either Met4o or
Aspi4q1.

(8) In regard to Hessian size, it is found that the require-
ments for faithful modelling of transition structures are
more demanding than for equilibrium structures. The in-
sights gained from this study provide a firm foundation for
DFT-based QM/MM computational studies of KIEs for
COMT-catalyzed reactions in progress in our laboratories.
Whilst DFT and DFT/MM methods have been employed
for structural studies on COMT,>4748 there do not appear
to have been published reports of DFT-based KIE calcula-
tions for COMT-catalyzed methyl transfer. QM/MM KIEs
with AMzi, B3LYP and Mo6 for WT and mutant COMT will
be presented in a forthcoming paper.
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