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Enzymatic methyl transfer, catalyzed by catechol-O-methyltrans-
ferase (COMT), is investigated using binding isotope effects (BIEs),
time-resolved fluorescence lifetimes, Stokes shifts, and extended
graphics processing unit (GPU)-based quantum mechanics/molec-
ular mechanics (QM/MM) approaches. The WT enzyme is com-
pared with mutants at Tyr68, a conserved residue that is located
behind the reactive sulfur of cofactor. Small (>1) BIEs are observed
for an S-adenosylmethionine (AdoMet)-binary and abortive ter-
nary complex containing 8-hydroxyquinoline, and contrast with
previously reported inverse (<1) kinetic isotope effects (KIEs). Ex-
tended GPU-based computational studies of a ternary complex
containing catecholate show a clear trend in ground state struc-
tures, from noncanonical bond lengths for WT toward solution val-
ues with mutants. Structural and dynamical differences that are
sensitive to Tyr68 have also been detected using time-resolved
Stokes shift measurements and molecular dynamics. These experi-
mental and computational results are discussed in the context of
active site compaction that requires an ionization of substrate
within the enzyme ternary complex.

compaction | COMT | donor-acceptor distance | methyltransferase |
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M ethyltransferases are widely distributed in nature, playing
critical roles in metabolic transformations, natural product
biosynthesis (1, 2), and cellular regulation via the reversible
methylation of proteins and nucleic acids (3-5). The ability to
understand the origin of catalysis within this class of reactions is
crucial to any efforts at protein redesign (6, 7) or inhibition (5, §,
9). Catechol-O-methyltransferase (COMT), a drug target for a
number of neurological diseases, emerged early as a prototype
for mechanistic investigations (8, 10, 11). A compelling and
unusual feature of COMT catalysis is the presence of a large
inverse kinetic isotope effect (KIE) during transfer of the
methyl group from the cofactor S-adenosylmethionine (Ado-
Met) to catechol acceptor. Comparison of the enzymatic be-
havior with a model reaction in solution led to the proposal of a
role for transition state compression in enzymatic rate accel-
eration (12-18).

Over the past decade, there has been a major shift in focus
away from a historical interpretation of enzyme catalysis within
the context of static 3D protein structures. Increasingly, protein
motions are seen as integral to protein function at every level,
from ligand binding to allosteric control and enzyme catalysis
(19-22). Models for catalysis that depend on such protein mo-
tions have been particularly important in the area of C-H acti-
vation, where the transfer of hydrogen by tunneling mechanisms
implicates a critical dependence of the reaction rate on barrier
width, and not just barrier height (23, 24). Achievement of the
tunneling-ready state requires a transient sampling of enzymatic
ground states that achieves a reduced distance between the
H-donor and acceptor (25). This feature raises the question of
whether the reported inverse KIE in COMT could result from
ground state interactions that bring about catalytically relevant
changes in the reactants’ geometry and distance (26).
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The human COMT functions to inactivate the neurotrans-
mitters dopamine, norepinephrine, and epinephrine via methyl-
ation of a catechol oxygen (8). This physiologically important
enzyme has been subjected to extensive structural and kinetic
investigation, and operates via an ordered binding mechanism in
which the addition of AdoMet is followed by binding of Mg**
and then substrate (SI Appendix, Fig. S1). The chemical reaction
proceeds via Sn2 attack of an oxygen of the substrate on the
methyl group of AdoMet, resulting in methylated catechol and
S-adenosyl-L-homocysteine as products (SI Appendix, Fig. S2).
Numerous computational studies have attempted to understand
the origin of the experimentally measured inverse KIE (15-18,
27-33). Using the available X-ray structures for the soluble form
of COMT, Lau and Bruice (16) applied classical molecular dy-
namics (MD) to identify a small subset of ground state structures
that bring the donor and acceptor atoms closer than van der
Waals distances. Subsequent ab initio studies of a 22-heavy atom
model of the COMT active site that included three truncated
amino acid side chains (Met40, Tyr68, and Aspl41), AdoMet,
and catechol led to the proposal of greater contributions from
ground state than transition state interactions (29). Semiempir-
ical quantum mechanics/molecular mechanics (QM/MM) studies
of the COMT transition state structure, either alone or in
combination with ensemble averaging (31), have consistently
been unable to detect any reduction in the methyl group of
AdoMet to catechol oxygen distance (C---O) relative to the so-
lution reaction. Although the latter studies were able to ratio-
nalize the inverse KIEs in COMT by invoking an increase in the
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reaction coordinate frequency, they were unable to provide a
physical model for the origins of catalysis (17, 18).

This laboratory introduced the use of site-specific mutagenesis
to examine the extent to which a conserved Tyr at position 68,
residing behind the sulfur of the methyl donor of AdoMet in
COMT and other methyl transfer enzymes, would control active
site properties (342. Kinetic data for WT COMT and five vari-
ants indicated a 10°-fold reduction in rate that correlates with an
increase in the magnitude of the inverse secondary KIE toward
the solution value of unity. The data obtained (for second-order
rate constants) were unable to distinguish ground state from
transition state effects and, further, could not provide a molec-
ular mechanism for the large rate differentials. In a recent
computational study of COMT and its Tyr68 mutant (Y68A), the
empirical valence bond methodology developed by Warshel and
Weiss (35) was also unable to provide a physical basis for the
observed trends in KIEs (33), dismissing these effects as “circular
interpretations of experimental results.”

In this study, we present experimental measurements of the
impact of Tyr68 mutants on binding isotope effects (BIEs) for
formation of the binary complex of COMT with AdoMet that are
accompanied by graphics processing unit (GPU)-accelerated QM
studies on a catalytically relevant ternary complex (36). Additional
probes of protein structural and dynamics include time-resolved
fluorescence lifetimes and Stokes shifts and >80-ns MD simula-
tions for WT, Y68F, and Y68A. The aggregate results implicate a
critical role for Tyr68 in achieving the catalytically optimal align-
ment of the methyl donor (AdoMet) in relation to its ionized
(catecholate) acceptor.

Results

BIEs. The experimental measurement of equilibrium BIEs was ac-
complished in the context of a kinetically competent formation of a
complex between AdoMet, Mg?*, and COMT, which is followed by
the binding of catechol to form the catalytic complex (SI Appendix,
Fig. S1). The previously reported k.,/K., KIEs involved reaction of
a fully tritiated methyl donor, [3H3]-AdoMet, with unlabeled
substrate (dopamine) at a concentration below the K, value for
dopamine (34). In this work, we repeated the KIE measurements
for WT COMT at a range of dopamine concentrations (0.5-3 Ky,
of dopamine), and the results are given in SI Appendix, Table S1.
Although the tritium KIE may begin to rise slightly toward unity
at the highest dopamine concentration as substrate begins to
saturate the enzyme and suppress the competitive KIE (37), the
former conclusion of a secondary KIE <0.8 is validated in the
present study, providing a robust frame of reference for the ex-
perimental BIEs (Table 1). As a control, we also extended the
measurement of the primary '*C KIE, originally determined for
WT, to the mutants, finding values in the range of 6-14% (SI
Appendix, Table S2). These data are consistent with a single rate-
determining methyl transfer step in all cases under the second-
order kinetic condition of k.,/Kp,.

From Table 1, it is clear that the binary tritium BIEs are all
normal (i.e., in the opposite direction from the KIEs). Further,
within experimental error, there is no difference among the bi-
nary BIEs following mutation on Tyr68. Considering that the
binary complex must bind a catechol substrate to accomplish
the reaction, the BIEs were repeated in the presence of the
well-characterized competitive inhibitor 3,5-dinitrocatechol (8).
However, this potent inhibitor of COMT was found to prevent
a full equilibration between the enzyme-bound AdoMet and
free AdoMet, a prerequisite for the detection of reliable BIEs
involving the cofactor. After screening a variety of inhibitors,
8-hydroxyquinoline (38) was found to be suitable for the BIE mea-
surements (Table 1). Surprisingly, the values for the BIEs within this
ground state ternary complex of COMT are all normal, ranging
from 6-14%. These results indicate that the experimentally available
BIEs with 8-hydroxyquinoline are unable to capture the changes in
force constants reported upon in the previously described KIEs (34).

Time-Resolved Fluorescence Lifetimes and Stokes Shifts. Time-
dependent fluorescence spectroscopy offers an independent
means of examining ground state interactions that may affect the
reactivity of COMT and its Tyr68 variants. Two Trp residues are
present in WT COMT. Trp143 gates the entrance of the binding
pocket of AdoMet and interacts with the Ado ring of cofactor,
whereas Trp38 resides near the catechol site (Fig. 14). The
single-Trp construct, W143in, in which Trp38 has been replaced
by Phe, was chosen for further study using variants involving the
insertion of either Phe or Ala at position 68. The kinetic be-
havior of the W143in series is similar to the WT series with
regard to its sensitivity to mutation at Tyr68 (SI Appendix, Table
S3), making these constructs suitable candidates for fluorescence
lifetime and Stokes shifts studies. The lifetime data for apoen-
zyme indicate little difference among the Tyr68 series (SI Ap-
pendix, Fig. S34). The addition of AdoMet, however, leads to an
impact of Tyr68 (SI Appendix, Fig. S3B). Analysis of the data
indicates multiexponential decay (SI Appendix, Fig. S4), in which
a third transient (t,) appears with a shorter lifetime at the ex-
pense of the longest lived transient (t3). This property generates
a smaller overall lifetime <t> for W143in than either W143in/
Y68F or W143in/Y68A (SI Appendix, Table S4). Time-resolved
dynamic Stokes shifts parameters were further reconstructed
from the time-correlated single-photon counting technique (39)
(SI Appendix, Figs. S5 and S6), and are summarized in Table 2.
It can be seen that upon addition of AdoMet, an increase in the
magnitude of the Stokes shifts (Av) parallels a decrease in re-
laxation lifetime (t) in all cases. The magnitude of the impact
of cofactor is especially significant for WT, which shows a six-
fold increase in Av (from 114-724 cm™') (Table 2). The data
indicate an active site that has become more structured upon
AdoMet binding (increased Av), generating an environment
that enhances the relaxation rate of the excited state dipole at
Trp143 (decreased 7). Significantly, mutations at Tyr68, ca. 7 A

Table 1. Experimental equilibrium BIEs and secondary KIEs for the recombinant human COMT and its mutants

coMT K4(AdoMet),* uM Secondary KIE," kcps/kers Binary BIE,* CH3/CT; Ternary BIE,* CH3/CT;
108V(WT) 19+1 0.791 + 0.012 1.015 + 0.011 1.117 £ 0.010
Y68F 155 + 10 0.822 + 0.021 1.008 + 0.021 1.124 + 0.114
Y68A 186 + 4 0.850 + 0.012 1.008 + 0.024 1.058 + 0.026
V108M 22 +1 0.784 + 0.014 1.017 + 0.009 1.136 + 0.014
V108M/Y68F 163 + 9 0.822 + 0.007 1.039 + 0.027 1.133 + 0.025
V108M/Y68A 189 + 9 0.863 + 0.019 1.010 + 0.008 1.070 + 0.004

*Fitted values from S/ Appendix, Eq. S3 and their SDs.
"Data from ref. 34.

*Binary BIEs were determined by a competitive method using the mixture of [methyl->H] AdoMet and [carboxyl-'#C] AdoMet. The
ternary BIEs were determined by a competitive method using the mixture of [methyl->H] AdoMet and [carboxyl-'*C] AdoMet in the
presence of the 8-hydroxyquinoline. Average values from (at a minimum) triplicate measurements and their SDs are shown.
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Table 2. Experimental parameters for time-resolved fluorescence Stokes shifts

COMT K4(AdoMet),* uM Tapos NS AVapo, €™ Tholos NS AVholo, €M™
W143in 18 £ 1 1.64 + 0.01 114 0.77 + 0.03 724
W143in/Y68F 40 + 2 1.48 + 0.01 76 0.52 + 0.05 154
W143in/Y68A 51+3 1.81 + 0.01 72 0.42 +0.03 148

Tapo and Tholo refer to decay times for apoenzyme and binary AdoMet-enzyme complex Stokes shifts, re-
spectively. The data represent average values from triplicate measurements and their SDs. Av,p, and Avpono refer
to total red shift in Stokes measurements for apoenzyme and holoenzyme (with AdoMet), respectively.

*Fitted values from S/ Appendix, Eq. S3 and their SDs.

away, perturb the environment in a direction that brings Av
closer to the apoenzyme.

Extended GPU-Based ab Initio Computations of the COMT-AdoMet—
Catecholate Complex. The investigation of ground state ternary
complexes of COMT presents a major challenge to the goals of
this study. Although BIEs for a ternary complex have been
measured using 8-hydroxyquinoline to mimic the substrate, this
complex is inherently distinct from the reactive ternary complex.
Computational studies on COMT are not limited in this manner
and allow us to estimate ground state structures that arise from
productive complexes containing both cofactor and activated (i.e.,
deprotonated) substrate. Advances in GPU-accelerated quantum
chemistry make it possible to study enzymes straightforwardly us-
ing a QM/MM scheme (40-43) in which the QM region is on the
order of 1,000 atoms (44). The computational cost of this pro-
cedure is comparable to the computational cost for a calculation of
only tens of atoms in the QM region on traditional central pro-
cessing unit (CPU) processors. Recent GPU-based studies of WT
COMT have focused on identifying convergence of both charge
and internuclear distances with increasing QM region size, show-
ing that the system converges at ca. 26-30 protein residues (36). A
QM region that extends to within a 5-A radius of the AdoMet and
catecholate reactants is thus needed to produce a stable solution.
These studies, which focus on the enthalpically most favored
ground state distribution for WT COMT, indicate a shortened
bond distance of 2.87 A for the AdoMet methyl and catecholate
oxygen (36), as anticipated from the available crystal structures
(cf. SI Appendix, Table S5). For the present work, the GPU
methodology has been extended to Y68F and Y68A, again using
a range-corrected @PBEh density-functional with a 6-31G basis
set for the large QM region that is combined with a force field
description of the remainder of the solvated protein.

The studies were initiated via >80-ns MD simulations (Fig. 2

A-C), and representative structures at median C---O distances

from these MD runs were selected for in-depth QM/MM anal-
ysis. After optimization of the structures of Y68F and Y68A
using the expansive QM/MM approach (36), the methyl carbon-
to-catecholate oxygen distance is found to increase relative to
WT, to 3.01 A (Y68F) and 3.09 A (Y68A) (Table 3). At the same
time, an elongation of the S™~CHj; bond seen in WT undergoes a
small reduction from 1.87 A (WT) to 1.85 A (Y68A). Signifi-
cantly, the computed changes in orientation and distances, il-
lustrated in Fig. 2 D-F, indicate an overall shift in the sulfur-to-
oxygen distance from 4.65 A for WT enzyme to 4.86 A (Y68F)
and 4.93 A (Y68A) (Table 3). This analysis shows that mutation
at Tyr68 not only leads to changes in individual bond lengths
(sulfur to carbon and C:---O) but also to more expanded overall
sulfur-to-oxygen distances (S*---C--O) that approach the esti-
mated van der Waals value of 4.94 A.

Discussion

One initially surprising finding from this work was that the BIEs
for both binary (E-AdoMet) and ternary (E-AdoMet-inhibitor)
complexes of COMT are close to unity or slightly elevated, in
contrast to the inverse (<1) KIEs reported earlier for WT and a
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series of Tyr68 mutants (34). As summarized in Table 1, BIEs for
binary complex are all quite small and are <1% within 1 SD. It
can be reasonably concluded that little of interest is occurring
within the E-AdoMet complex with regard to changes in force
constant at the transferred methyl group. Clearly, the ability of the
AdoMet to bind to COMT is affected to some degree within the
Tyr68 mutants of WT (< 10-fold; Table 1) and of W143in
(threefold or less; Table 2). Similarly, the fluorescence lifetimes
and size of the Stokes shift at Trp143 are sensitive to the presence
of both AdoMet and mutation at Tyr68. We conclude that the
presence of AdoMet has multiple effects on the WT, including an
increase in structure surrounding Trp143 that is also accompanied

catechol
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Fig. 1. (A) Active site of human WT COMT complex with catechol and
AdoMet showing Y68 and two Trps (W38 and W143) (derived from Protein
Data Bank ID code 3BWM). (B) Proposed reaction coordination. The domi-
nant ground state (GS) structure shows catechol in its ring-protonated form.
Although not indicated, Lys144 is proposed to function as a general base in
the formation of the catecholate intermediate (28). As illustrated, the cat-
echol is fully deprotonated before methyl transfer. Mg?* is presented as a
gray sphere. E, COMT; R;(R,)-S™-CH3, AdoMet.

Zhang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506792112/-/DCSupplemental/pnas.1506792112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506792112/-/DCSupplemental/pnas.1506792112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1506792112

L T

/

1\

=y

Table 3. Structural characteristics of the computed ternary complexes in WT COMT, COMT

mutants and in solution

coMmT d(*s-Q), A d(c--0), A 8 (*s--C--0), ° d(*s-C.-0),* A d(*s--0)," A
WT (108V)* 1.87 2.87 156 4.74 4.65
Y68F 1.86 3.01 167 4.87 4.86
Y68A 1.85 3.09 174 4.94 4.93
Solution 1.82 3.129 180 4.94 4.94

S, C, and O refer to the sulfur in AdoMet, the transferred methyl carbon, and catechol oxygen, respectively.
*This distance is the sum of the d(*S—C) and d(C---O), rather than the actual distance between sulfur and oxygen.

TActual distance between sulfur and oxygen.
*Data from ref. 36.

This value is presented as van der Waals distance of carbon (1.72 A) and oxygen (1.40 A).

by increased local dynamics (Table 2 and SI Appendix, Table S4).
The data reveal communication between Tyr68 and Trp143 in
the binary complex, with mutations at Tyr68, decreasing the
magnitude of the Stokes shift (Table 2) as well as the relative
contribution of the most rapid fluorescence lifetime (SI Appen-
dix, Table S4). In aggregate, these results indicate a remote role
for Tyr68 in altering the region of the protein contacting the Ado
ring of the bound AdoMet, without any direct effect on the
methyl group itself.

The fact that the BIEs for abortive ternary complexes of
COMT are uniformly larger than in the binary complexes (Table
1) indicates that an interaction is taking place that alters (re-
duces) the vibrational frequencies at the reactive methyl group in
the presence of the inhibitor 8-hydroxyquinoline. Although it
would have been useful to measure fluorescence lifetimes and
Stokes shifts for ternary complexes, this measurement was found
to be precluded by the extensive quenching of W143in fluores-
cence by bound inhibitor. One possible explanation for BIEs >1
is a change in local electrostatics that fails to be accompanied by
any overall decrease in the distance between the methyl donor (S*)
and acceptor (represented by the hydroxyl group of 8-hydrox-
yquinoline). We note that in a related methyl transfer system,
SET7/9, X-ray crystallography and NMR of the binary complex
have led to the proposal of ground state hydrogen bonding be-
tween the C-H of the methyl group in AdoMet and electron-
accepting protein side chain(s) (45, 46). A role for such putative
C-H:--O bonding in reducing vibrational frequencies at the trans-
ferred methyl group would be consistent with BIEs larger than
unity, with the caveat that the elevated BIE data presented herein
are for a different enzyme family and only occur in the presence of
the relatively weak binding inhibitor 8-hydroxyquinoline.

The X-ray structures of abortive ternary complexes of COMT
with substrate-like catechol inhibitors provide an alternative window
into the properties of ternary complexes. In a large number of
published structures, a surprisingly short C---O (methyl-to-catechol
oxygen) bond has been detected, less than the expected van der
Waals distance in all cases (SI Appendix, Table S5). On inspection, it
is seen that all of the interrogated structures contain inhibitors with
electron withdrawing that will lower the pK, of one of the catechol-
OH group (SI Appendix, Figs. S7 and S8), likely resulting in the
binding of the anionic form of inhibitor. This type of pK, alteration
is absent in free catechol and cannot occur in the one inhibitor,
8-hydroxyquinoline, found to be suitable for BIE measurements.
We considered that the reduced C--O bond distances in the X-ray
structures are a direct result of pK, reductions in inhibitor, and that
short donor—acceptor distances require prior ionization at one of
the ring hydroxyl groups of inhibitor.

For the above reasons, GPU-based computation of the enzyme
ternary complex has been particularly insightful regarding the
nature of the catalytically competent ground state ternary complex
in which substrate can be assigned to its catecholate form. The
findings (Table 3) indicate a clear-cut ground state perturbation
that includes (i) a slightly elongated S™—C bond, (ii) a decreased
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C-O bond, and (iii) an overall reduced S*--O distance. Each of
these properties is affected to differing degrees by mutation at
Tyr68, with the computed distances in the least catalytic Y68A
approximating the computed distances expected for unperturbed
molecules in solution. Further results, to be published separately,
indicate that binding of catechol, rather than catecholate, eliminates
the perturbed bond lengths and trends with Y68X (Table 3). It is of
considerable interest and importance that the ability to detect active
site compaction in WT enzyme, together with its sensitivity to Tyr68
mutants, is only possible when a very large region of COMT (five-
to 10-fold larger than normally used) is included in the QM region
of the QM/MM calculations.

The precise structural features that could give rise to intersub-
strate compaction in WT' COMT could, in principle, be revealed
from comparative X-ray structures of binary and abortive ternary
complexes of COMT. A comparative structure for a ternary complex
formed with dintro-catechol as a substrate analog does show a re-
duced distances between the methyl group of AdoMet and active site
side chain (at Aspl41) and main chain carbonyl (at Aspl41 and
Met40) (SI Appendix, Fig. S9 and Table S6); as noted above, the
lowered pK, value of the dinitro-catechol (pK, = 3.32; SI Appendix,
Fig. S8) makes it likely that this particular structure contains cat-
echolate in its ionized form. There were no further analyses of
structural changes at more remote residues, and, in any case, the
method reported reflects static protein structures. Our initial clas-
sical MD studies of the COMT-AdoMet-catecholate complex (Fig.
2 A-C and SI Appendix, Fig. S10) show distinctive differences in the
shape and distribution of ground state configurations for WT in re-
lation to the Y68 variants, indicating how changes in ground state
dynamics may contribute to the altered properties of the Y68X series.

A key question in the present study has been the interrelationship
of binding to kinetic effects in COMT. To explore the possibility
that factors other than a reduction in donor-acceptor distances
were contributing to the kinetic effects, density functional theory
methods were used to compute the equilibrium isotope effect for
the transfer of a methyl group from a sulfonium ion to an oxygen
nucleophile:

R}S-CH; +R’0O™ = R,S+R’O-CHj.

Focusing on tritium effects, we estimate the equilibrium isotope
effect, T(Keq), to be 0.83 (SI Appendix, Table S7), a value quite
close to the KIE reported for WT COMT. This result raised the
question of whether the magnitude of "(kea/Km) could arise
solely from force constant changes occurring upon transfer of a
methyl group from a sulfonium ion to an oxyanion center. For-
tunately, the trends in the KIEs observed for WT and Y68X
allow us to examine this premise. The key observation is that
the reduction in rate upon mutation at Tyr68 is accompanied by
an increase in the magnitude of the secondary KIE toward unity. A
structure-reactivity correlation would predict a later, not earlier,
transition state for the less reactive variants of COMT and, hence,
accompanying more inverse KIEs. This prediction is in direct
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Fig. 2. Results from computations on the complex of COMT, AdoMet, Mg?*,
and the anion of 2-hydroxyphenol. (A-C) Results from classical MD simula-
tions. The distribution of both the S-C-O angle and the C-O distance in-
crease in the order WT < Y68F < Y68A. (D-F) Results from the expanded ab
initio analysis on WT, Y68F, and Y68A, respectively. The methyl donor-to-
acceptor distance increases from the value in WT (2.87 A) t0 3.01 and 3.09 A
in Y68F and Y68A, respectively. At the same time, the bond length between
the carbon of the methyl group and sulfur in the cofactor AdoMet decreases
from 1.87 A for WT to 1.86 A and 1.85 A for Y68F and Y68A, respectively.

opposition to the experimental observations, leading us to rule out
early vs. late transition states as the origin of the trends in the
measured KIEs for WT and Y68F and Y68A. This analysis corrob-
orates the validity of a focus on active site compaction that is initi-
ated via substrate ionization as the origin of both the magnitude and
trends in the secondary KIEs and rates for COMT (cf. ref. 47).

In the context of the aggregate experimental and computa-
tional data available for COMT, we now present a working
model for its catalysis. As shown from fluorescence data, the
initial formation of the binary complex with AdoMet produces
an increase in both structure and dynamics in the region of the
protein surrounding Trp143, and, furthermore, these features are
influenced by the Tyr68 that is ca. 7 A away. At the same time,
mutants at Tyr68 have no apparent influence on the bending and
stretching force constants at the more proximal methyl group of
AdoMet in the binary complex (Table 1). The addition of the
inhibitor 8-hydroxyquinoline to form an abortive ternary complex
introduces new interactions that lead to a reduction in the force
constants at the methyl group experimental BIEs (>1) that are
affected by the mutation at Tyr68 and may reflect hydrogen

7958 | www.pnas.org/cgi/doi/10.1073/pnas.1506792112

binding between the methyl group of AdoMet and protein side
chains (45, 46) or a small increase in the S*~CHj bond length that
has not been compensated for by a reduction of the C---O bond
distance. Importantly, the elevated pK, of the 8-hydroxyquinoline
yields a ground state ternary structure in which the ring hydroxyl
group is unionized, which we propose maintains the methyl donor
and acceptor at their van der Waals distance. This behavior con-
trasts with the properties of ternary complexes that implicate
shortened donor—acceptor distances, detected either in X-ray
structures of ternary complexes of COMT with low pK, catechol-
type inhibitors (SI Appendix, Table S5) or via our QM/MM
computations that involve the ionized form of substrate (Fig. 2).
Importantly, an impact of position 68 on the vibrational fre-
quencies of the transferred methyl group arises within ternary
complexes, with a change in direction for both BIEs (Table 1) and
KIEs (34) toward unity.

The following sequence of force constant changes at the methyl
group of AdoMet is thus proposed (Fig. 1B): (i) Upon formation of
binary complex, no significant alteration in the methyl group takes
place; (if) formation of a neutral substrate or inhibitor ternary
complex produces a reduction in force constant that may be due to
some elongation of the S*~CH; bond (BIEs >1); and (jii) a sub-
sequent ionization of the bound catechol leads to a activated ground
state structure that lies between the dominant ground state and
transition state. The latter feature produces a significant reduction
in donor-acceptor distance that is a primary source of increased
force constants at the methyl group, contributing to the KIEs <1
(4). The magnitude of the latter is highly dependent on the proximal
Tyr68 as well as residues distributed throughout the core of the
COMT structure, as dictated by the large number of atoms required
to reach convergence in the QM/MM computations. The placement
of the activated complex between ground state and transition state
structures for COMT satisfies the experimental observations of in-
verse KIEs on both kg, and ke, /Ko, (14).

In the context of the mechanism of Fig. 1B, it will be of future
value to obtain X-ray structures of COMT that are mutated at
Tyr68, as well as structures that contain an expanded range of
inhibitors with different pK, values. Because all of the AdoMet-
dependent methyltransferases share an equivalent AdoMet-
binding fold to COMT, it will also be of considerable interest to
determine the degree to which the catalytic strategies presented
herein are conserved among this large family of enzymes that
includes protein, DNA, and RNA methyltransferases.

Regarding the ongoing quest for a set of basic physical principles
that govern enzyme catalysis, this study has offered the opportunity
to examine the degree to which enzymatic methyl transfer re-
actions display properties similar to the extensively characterized
C-H activation reactions. The central role of H-nuclear tunneling
in the latter case indicates that catalysis requires a close approach
between the H-donor and acceptor, estimated to be reduced by
0.3-0.6 A from donor-acceptor van der Waals distances. For na-
tive and optimized enzymes, reduced distances are attributed to a
stochastic search among protein ground states that leads to short,
tunneling-ready donor-acceptor configurations (25). Significantly,
the present work also uncovers a ground state compaction in an
activated, substrate-ionized ground state that correlates with very
high turnover rates for COMT (compare Fig. 2 D-F) (34). Al-
though these computed geometries represent static, energy-mini-
mized states, protein conformational sampling is also predicted to
play a role in the reaction (16, 28, 29). Looking to the future, the
further development of GPU-based computational methods may
be expected to enable conformational sampling while maintaining
the greatly expanded QM regions of protein shown to be critical to
the properties of COMT (36) (Fig. 2). This synergy of experimental
and computational methods provides a powerful platform for ad-
vancing our understanding of biological methyl transfer.
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Materials and Methods

Expression and Purification of COMT. The human soluble form of COMT and
mutants in the Novagen pET22b(+) vector were transformed and expressed
in Escherichia coli BL21 (DE3) cells overnight. Purification was taken on a
nickel-nitrilotriacetic acid metal affinity column and polished by size exclu-
sion chromatography.

BIE Measurement. Competitive binding of [methyl-*H] AdoMet and [car-
boxyl-'#C] AdoMet was performed using the ultrafiltration method as de-
tailed in S/ Appendix.

KIE Measurement. KIE was measured by competitive methods using [methyl-
4C]-AdoMet and [phenyl-2,5,6->H]-dopamine for primary KIE, and [methyl-3H]
AdoMet and [8-'4C] dopamine for secondary KIE as described previously (34).
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