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ABSTRACT: Although an enormous and still growing number of
biologically diverse methyltransferases have been reported and
identified, a comprehensive understanding of the enzymatic
methyl transfer mechanism is still lacking. Glycine N-methyl-
transferase (GNMT), a member of the family that acts on small
metabolites as the substrate, catalyzes methyl transfer from S-
adenosyl-L-methionine (AdoMet) to glycine to form S-adenosyl-L-
homocysteine and sarcosine. We report primary carbon (12C/14C)
and secondary (1H3/

3H3) kinetic isotope effects at the transferred
methyl group, together with 1H3/

3H3 binding isotope effects for
wild-type GNMT and a series of Tyr21 mutants. The data
implicate a compaction effect in the methyl transfer step that is
conferred by the protein structure. Furthermore, a remarkable similarity of properties is observed between GNMT and catechol
O-methyltransferase, despite significant differences between these enzymes with regard to their active site structures and
catalyzed reactions. We attribute these results to a catalytically relevant reduction in the methyl donor−acceptor distance that is
dependent on a tyrosine side chain positioned behind the methyl-bearing sulfur of AdoMet.

■ INTRODUCTION
Enzymes are proteins that catalyze the large majority of
chemical reactions that occur in the cell, at rates accelerated far
beyond what can be achieved by analogous molecular catalysts.1

The precise molecular mechanism of these rate enhancements
is still under debate, with proposals put forth over the past 60
years2−13 that include transition-state stabilization,3 reactant
destabilization,3,4 electrostatic effects,6 protein motions,7,9,11,13

and protein-facilitated quantum mechanical tunneling.8,12 The
contribution of protein motions to create a compact active site
that modulates the donor−acceptor distance is plausible for
various enzymatic systems.8,9 Although evidence for mediation
of the donor−acceptor distance in the methyl transfer catalyzed
by catechol O-methyltransferase (COMT) has been reported
recently,14,15 the generality of this finding to other enzymatic
methyl transfer reactions remains to be demonstrated.
Methyl transfer reactions that utilize S-adenosyl-L-methio-

nine (AdoMet) play a vital role in diverse and essential
physiological processes, including the reversible methylation of
histones during transcription and the processing of small
metabolites.16,17 The enzyme glycine N-methyltransferase
(GNMT), compromising up to 3% of total cytosolic protein,
catalyzes a methylation of glycine to sarcosine (N-methyl-
glycine) and has been linked to toxicology and cancer.18

GNMT is increasingly viewed as a central player in cellular
regulation via its impact on the ratio of cellular AdoMet to S-
adenosyl-L-homocysteine (AdoHcy).19 GNMT could also

provide an excellent model system in which to investigate the
mechanism of AdoMet-based methyl transfer reactions to
nitrogen-based nucleophilic substrates, as occurs among the
widely distributed RNA, DNA, and histone methyltransferases.
The kinetic mechanism of GNMT has been characterized as

an ordered addition of AdoMet followed by glycine, Scheme
1.20−22 This enzyme is distinctive as a dimer of dimers, in
contrast to the more common monomeric form of class I
AdoMet-dependent enzymes that include COMT.21 Within the
apo form of GNMT, the active site of each monomer is capped
by a N-terminal U-loop from an adjacent subunit, representing
a closed conformation. Upon addition of AdoMet, the N-
terminal domain becomes highly disordered, swinging into the
solvent region, and providing an entrance to the active center
for the substrate (Scheme S1).21 The subsequent chemical
reaction is expected to occur via an SN2-type transfer of the
methyl group of AdoMet to the amine of glycine, in strict
analogy with other members of this enzyme class.21,23

The comparative enzyme, COMT, has been previously
characterized in some detail, in particular with regard to the
factors that determine the efficiency of the methyl transfer
step.14,15,24,25 In a recent study from this laboratory, we
proposed a role for ground-state compaction that is linked to
the ionization of the substrate to form an ion pair between the
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oxyanion of the substrate and the charged sulfur of the
cofactor.15 There are a number of notable differences between
COMT and GNMT that extend beyond the targeted atom (O
for COMT and N for GNMT) that include the aforementioned
state of protein oligomerization (monomer for COMT and
homotetramer for GNMT), the extent of exposure of the active
site (the active site of GNMT lies deeper than that of COMT),
the importance of loop movement (significant movement in
GNMT), and a requirement for a metal ion (Mg2+ for COMT,
none for GNMT). Despite these extensive differences, both
enzymes belong to the AdoMet methyltransferase class I family,
sharing a structural core composed of a Rossmann fold with its
characteristic center seven-stranded β-sheet and two side layers
of helices to form an αβα sandwich.26,27

Although considerable experimental and computational effort
was previously invested in the GNMT system, a detailed
mechanism for catalysis of the methyl group transfer remains to
be established.21,23,28−39 In a quantum mechanics/molecular
mechanics (QM/MM) and molecular dynamics (MD)
simulation of GNMT, the possible role of active site
compaction, as postulated for COMT, was examined, leading
to a computed internuclear distance along the reaction
coordinate that was incompatible with such a conclusion.38 In
the present work, both the wild type (WT) and site-specific
mutants at an active site tyrosine of GNMT have been
characterized with regard to catalytic efficiency, primary and
secondary kinetic isotope effects (KIEs), and binary and
abortive ternary binding isotope effects (BIEs), with the goal of
interrogating the geometry of the reaction coordinate. The
resulting data demonstrate an impact of Y21 on catalytic rate
constants and kinetic isotope effects that is highly analogous to
effects seen previously with COMT. The aggregate data
indicate a remarkable convergence of the behavior between
COMT and GNMT that is critically dependent on the size and
charge of a tyrosine side chain positioned behind the reactive
sulfur of the cofactor.

■ RESULTS

The crystal structure of GNMT with AdoMet and an inhibitor
(acetate) indicates that the sulfur atom of AdoMet is in close
proximity to a tyrosine residue at position 21 (Figure 1).21 By
analogy to the earlier studies of COMT, a series of mutants at
Y21 were generated as a probe of their impact on the catalytic
rate acceleration. The catalytic turnover number (kcat) under
saturation of both the cofactor and substrate, as measured
radiometrically using [methyl-3H]AdoMet (Table 1), shows a 7-
fold reduction with Y21F, followed by a 260-fold reduction
with all of the smaller side chains at position 21. Second-order
rate constants were collected for both AdoMet and glycine at
saturating concentrations of the alternate substrate. An ordered
binding of the cofactor, followed by glycine, has been
demonstrated for WT GNMT,20−22,30 and it was possible
that some randomness in binding order would be introduced

via mutations at Y21; however, the measurement of kcat/
Km(glycine) under conditions of saturating AdoMet ensures
that the same physical processes are being studied, which
involve the binding of glycine to a preformed E−AdoMet
complex and its subsequent transformation to sarcosine. The
impact of Phe is similar when measuring kcat/Km of both the
cofactor and substrate (around a 10-fold decrease), whereas the
average impact of the smaller residues is much greater: 1.6 ×
103 for kcat/Km(AdoMet) and 6.6 × 104 for kcat/Km(Gly).
Regardless of the side chain substitution at Tyr21, the primary
12C/14C KIE is identical within experimental error of a value of
1.13 ± 0.007 (Table 2). This large value is near the
experimental maximum KIEs reported for typical SN2 reactions,
indicating a fully rate-determining methyl transfer step under
the condition of kcat/Km(glycine). The secondary CH3/CT3
KIE at the transferred methyl group is 0.787 ± 0.005 for WT
GNMT, highly similar to the measured CH3/CT3 KIE of 0.791
± 0.012 for WT COMT.14 The most straightforward
interpretation of such an inverse secondary KIE is an increase
in out-of-plane bending vibrations that arises from a tight
positioning between the incoming nucleophile and leaving
group.24,25,40,41 Mutation of Tyr21 to Phe and other mutants
leads to a progressive shift of this secondary KIE toward unity,
displaying 0.809 for Y21F and an average value of 0.861 for Gly,
Ala, Val, Ser, and Thr at position 21, approaching the value of
unity observed in the solution reaction.24,25,40 Once again, in a
manner analogous to that of COMT, an approximately linear
relationship is seen between the magnitude of the secondary
KIE and the catalytic efficiency of glycine reacting with the
enzyme AdoMet complex, kcat/Km(glycine), Figure 2. A similar
trend is observed when the secondary KIE is correlated with
kcat/Km(AdoMet) (Figure S1). As a frame of reference for the
magnitude and trends in the secondary CH3/CT3 KIE, the

Scheme 1

Figure 1. Active site of rat GNMT (PDB 1NBH).
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magnitude of the CH3/CT3 BIEs for binary and ternary
complex formation was also determined (Table 2). In contrast
to the inverse values for the KIEs, the BIEs are all normal, with
the exception of the WT ternary complex, where a value within
experimental error of unity is observed. Overall, no compelling
trends could be discerned either between binary and ternary
complexes or among the series of mutants generated at position
21.

■ DISCUSSION
The enzymes COMT and GNMT belong to the class I family
of AdoMet-dependent methyltransferases,26,27 in which the
cofactor binds prior to the substrate within a classical
Rossmann fold. Recent computational studies of COMT
indicate an unusual set of properties that include a short (ca.

2.7 Å) methyl donor−acceptor distance that becomes
elongated following a series of mutations at a single tyrosine
that resides behind the sulfur of bound AdoMet.15 Concom-
itant with elongation of the donor−acceptor bond, the catalytic
efficiency declines by 3 orders of magnitude in an unexpected
linear fashion. With the goal of better understanding this
behavior, we undertook a detailed examination of the related
GNMT that differs from COMT in a number of mechanisti-
cally significant ways that include the transfer of a methyl group
from AdoMet to a nitrogen vs oxyanion acceptor and the
absence of the active site divalent metal ion that anchors and
activates one of the ring oxygens of the substrate for COMT.
These changes at the active site would appear to be of
paramount importance in determining the mechanism and
transition state for methyl transfer. In the case of COMT, both
oxygens on the ring of the catechol substrate undergo chelation
to Mg2+, which is further coordinated to two aspartate side
chain and one asparagine side chain (Asp 141, Asp 169, and
Asn170) and a water molecule.42 On the basis of extensive X-
ray characterizations42−47 and a recent computational study,15

one of the catechol oxygens is concluded to undergo ionization
to form a substrate-derived oxyanion prior to entering into
reaction with the methyl group of AdoMet. According to this
scenario, there will be a net negative charge on the attacking
nucleophile in COMT. By contrast, the substrate for GNMT is
glycine (pKa1 = 2.3 and pKa2 = 9.6), which exists in a
zwitterionic form at pH 7 with the amino group protonated and
the carboxylate ionized. Although the charge status of the
transferred methyl group at different stages of reaction can be
reasonably inferred, the situation for the reactive nitrogen of the
glycine substrate is less clear. Given the lack of reactivity of a
protonated amino group on glycine, it will by necessity undergo
deprotonation to form a suitable nucleophilic center for
reaction with AdoMet; this may occur either prior to or after
binding, to generate a neutral amine within the enzyme−
substrate complex. The remaining ionized carboxylate of
glycine may be expected to be accommodated by hydrogen
bonding with possible interactions to active site residues Tyr33,

Table 1. Summary of Kinetic Parameters for the Methylation of Glycine by the Recombinant Rat GNMT and Its Mutants

AdoMet glycine

GNMT kcat (min
−1) Km (μM) kcat/Km (M−1 s−1) Km (mM) kcat/Km (M−1 s−1)

WT 174.5 ± 23.2 108 ± 18 26935 ± 5738 1.1 ± 0.2 2616 ± 537
Y21F 25.2 ± 1.3 174 ± 43 2409 ± 609 1.7 ± 0.8 248 ± 117
Y21G 0.93 ± 0.30 696 ± 37 22.3 ± 7.2 33.6 ± 5.3 0.46 ± 0.17
Y21A 0.59 ± 0.18 539 ± 96 18.3 ± 6.4 26.6 ± 4.4 0.37 ± 0.13
Y21V 0.58 ± 0.07 582 ± 31 16.7 ± 2.2 38.8 ± 7.5 0.25 ± 0.06
Y21S 0.65 ± 0.18 803 ± 70 13.6 ± 3.9 23.4 ± 2.3 0.46 ± 0.14
Y21T 0.81 ± 0.31 1136 ± 86 11.9 ± 4.7 22.9 ± 3.7 0.59 ± 0.25

Table 2. Summary of Isotope Effects for Recombinant Rat GNMT and Its Mutants

GNMT primary KIE, k12
C/k14

C secondary KIE, kCH3
/kCT3

binary BIEa (GNMT−AdoMet) ternary BIEb (GNMT−AdoMet−acetate)

WT 1.117 ± 0.008 0.787 ± 0.005 1.029 ± 0.013 1.008 ± 0.011
Y21F 1.119 ± 0.013 0.809 ± 0.006 1.041 ± 0.018 1.042 ± 0.003
Y21G 1.146 ± 0.023 0.867 ± 0.013 1.021 ± 0.044 1.027 ± 0.009
Y21A 1.132 ± 0.007 0.832 ± 0.013 1.031 ± 0.012 1.025 ± 0.020
Y21V 1.117 ± 0.010 0.865 ± 0.017 1.034 ± 0.013 1.033 ± 0.017
Y21S 1.132 ± 0.015 0.859 ± 0.020 1.028 ± 0.023 1.041 ± 0.021
Y21T 1.127 ± 0.019 0.881 ± 0.015 1.027 ± 0.016 1.030 ± 0.015

aBinding isotope effect (CH3/CT3) for the GNMT−AdoMet binary complex. bBinding isotope effect (CH3/CT3) for the GNMT−AdoMet−acetate
ternary complex.

Figure 2. Relationship between the kcat/Km for glycine and secondary
KIE for methylation of glycine by the recombinant rat GNMT and
Y21 mutants. r2 = 0.93 except for the Y21A mutants. The observation
that Y21A is an outliner may indicate a change in active site hydration
for this variant (cf. ref 49).
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Asn138, Arg175, and Tyr220 (Figure S2). Although an active
site general base has not been unambiguously identified in
GNMT, a hydrogen-bonding network between the amino
group of glycine and Tyr242, Tyr220, and the substrate
carboxylate can be inferred by inserting glycine into the
position occupied by acetate within the solved ternary complex
structure (Figure S3). This network would be expected to assist
in further deprotonation of a bound, initially neutral amine
form of the substrate, as it undergoes nucleophilic addition to
the methyl group of the AdoMet. The resulting charge on the
attacking nitrogen nucleophile, while unknown currently, is
expected to range from neutral (for a deprotonation that is a
fully concerted reaction with nucleophilic attack at the methyl
carbon of AdoMet) to slightly positive (in the event that
deprotonation lags behind the formation of the new nitrogen−
carbon bond).
While the above list of differences between GNMT and

COMT might have predicted very different experimental
outcomes for GNMT and COMT, the present analysis of
kinetic parameters and their isotope effects for GNMT (Table
1) indicates quite similar properties. As shown, GNMT
undergoes a large decrease in all of its kinetic parameters as
the tyrosine side chain that resides behind the sulfur of the
cofactor is altered, with the parameter that undergoes the
largest impact being kcat/Km for glycine (reduced >104-fold
relative to that of the WT). The magnitude and trends in the
secondary tritium kinetic isotope effect on kcat/Km(glycine),
Table 2, are also very similar to those of COMT, being inverse
in value for the WT enzyme and rising toward unity in the
family of mutants studied. Once again in analogy with COMT,
an approximately straight line can be drawn between kcat/
Km(glycine) and the magnitude of the secondary KIE (Figure
2): with the exception of Y21A, all of the smaller aliphatic side
chains are within experimental error of the line drawn through
the WT and Y21F. The overall decrease in the rate constant is,
in fact, 10-fold greater than for COMT, reflecting the larger
initial rates for WT GNMT (10-fold for kcat and 3-fold for kcat/
Km(glycine)). Importantly, the magnitude of the methyl carbon
isotope effect is elevated to values consistent with a fully rate-
limiting methyl transfer reaction for all variants. Finally, a
comparison of binding isotope effects (BIEs) to KIEs indicates
opposing trends, with the BIEs either within experimental error
or slightly greater than unity. Thus, with regard to every property
interrogated, GNMT parallels the earlier reported ef fects with
COMT.
The fact that the measured BIEs are normal and opposite in

direction to the experimental KIEs with GNMT may be due to
the need to employ a substrate analogue (acetate) with weak
enough binding to allow the labeled AdoMet to undergo rapid
equilibration between its bound and free states (cf. ref 33).
However, there are subtle differences between the WT and
variants at Tyr21 in the case of GNMT, Table 2. All of the
mutants yield the same magnitude of BIE, and furthermore, this
remains unchanged when the properties of binary and ternary
complexes are compared. This feature may be different for the
WT, where measurements indicate a slightly reduced BIE for
the binary complex that undergoes further reduction toward
unity in the ternary complex. Given the small magnitude of the
measurements in relation to the limits of experimental error
(ca. 1%), it is difficult to reach a firm conclusion, yet the ternary
complex data with the WT may suggest a trend in which the
enzyme is capable of achieving an active site that is closer to the

catalytically relevant configuration(s) despite the use of an
analogue lacking the nucleophilic amino group.
In attempting to rationalize the rate and KIE data for GNMT

in the context of COMT, it is important to question whether
factors other than a degree of transition-state compaction that
is dependent on the side chain of position 21 could produce the
experimental trends. We thus turned to density functional
theory (DFT) (Table 3) to compute the magnitude of

equilibrium isotope effects (EIEs) for transfer of a methyl
group from sulfur to nitrogen (eq 1, where R1 is CO2H or
CO2

− and R2 is either absent or represents a proton, leading to
a positive charge on nitrogen; see the structures in Table 3),
finding values that will vary depending on the ionization state of
the substrate’s carboxylate and, most importantly, the charge
assigned to its nitrogen atom. For an ionized carboxylate, the
EIEs are predicted to be 0.762−0.781 in the event of formation
of a fully positive charge on the nuclephilic nitrogen or 1.090−
1.104 when proton transfer is complete at the time of N-methyl
formation. Clearly, the degree of positive charge on the
nucleophile nitrogen atom at the transition state will have an
impact on the expected magnitude of the KIE, especially under
the condition of a late transition state in which the methyl
group is almost fully transferred.

+

⇌ − +

R CH NH AdoMet

R CH NH(R ) CH AdoHcy
1 2 2

1 2 2 3 (1)

In the latter context, we note that GNMT is a better catalyst
than COMT (which uses a metal ion to deprotonate its
substrate), making it likely that GNMT participates in base
catalysis to accelerate its reaction. This makes the EIE of 0.761
(DC (dielectric constant) = 20) an unlikely outcome for
GNMT, with a concerted reaction predicting an EIE of 1.087 a
far more likely boundary condition. A measurement of the
solvent isotope effect on the individual kinetic parameters as a
function of pH may be informative in this regard, and will form
the basis of future detailed investigations. A second indication
of the nature of the transition state in GNMT is the observation
that the magnitudes of the carbon isotope effects (12C/14C
KIE) are all quite large and within experimental error of each
other. This rules out a very late transition state for WT GNMT
and, furthermore, argues that the observed trends in the

Table 3. Density Functional Theory (DFT) Simulated
Equilibrium Isotope Effects in Different Media (DC =
Dielectric Constant) for the Methyl Group Transfer from
AdoMet to Glycine
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secondary tritium isotope effects are not arising from extreme
differences in transition-state structure.
One key similarity between GNMT and COMT is the

presence of a tyrosine side chain that resides behind the sulfur
atom of bound AdoMet (Figure 1 and Figure S4). As shown for
COMT, the β-methylene of Tyr68 lies behind the sulfur of
AdoMet, with its ring hydroxyl pointing toward a remote
carboxylate (Figure S4), whereas in GNMT the ring hydroxyl
of Tyr21 actually points toward the sulfur atom of the cofactor;
these dif ferent binding modes, when coupled to the similar
sensitivity of kinetic parameters to mutation at Tyr, strongly
suggest a dominant role for steric bulk in directing the reactivity of
the methyl functional group of AdoMet. This is supported by the
data for GNMT, Table 1, where replacement of Tyr by Phe
leads to a relatively small impact on all of the kinetic parameters
relative to the impact of substituting Tyr21 with a large series of
smaller aliphatic side chains of varying hydrophobicity and H-
bonding properties. While it is tempting to try to interpret
differences in behavior among these aliphatic side chain
replacements, with the exception of Y21A, the secondary KIE
values are all within experimental error of one another. The
origin of the deviation of Y21A from the remaining small side
chain variants is difficult to assess in the absence of structural
data, though it has previously been proposed that replacement
of Tyr by smaller side chains including Ala may lead to water
binding and the resulting restoration of a portion of native
enzyme behavior (cf. refs 48 and 49). We propose that the
pattern of rates and KIEs vs mutagenesis in both GNMT (at
Tyr21) and COMT (at Tyr68) is a consequence of a role of
this side chain in constraining the position of the sulfur of the
reactive cofactor in relation to the attacking substrate.
As already discussed in the case of COMT, the WT structure

appears able to achieve an internuclear distance between the
carbon of the transferred methyl group and the nucleophile of
the substrate that is ca. 0.3−0.4 Å shorter than predicted from
the carbon to oxygen van der Waals distance. Computational
studies of ground-state structures, using the graphics processing
unit (GPU)-extended methodology, have indicated that a very
large portion of the enzyme is necessary to reproduce this
ground-state compaction, and that active site snugness/
compaction is a likely cooperative event involving a large
number of protein side chains. In a recent computational study
by Williams and co-workers,50 the role of this compaction along
the axis of reaction (referred to as axial interactions) has been
compared to the possible impact of hydrogen-bonding
interaction between the transferred CH3 and hydrogen-bonding
functional groups in an orthogonal plane (referred to as
equatorial interactions). One important result of the
computation of equatorial binding interactions is the
observation of an increase in the size of the secondary KIE
(toward less inverse values) as the strength of the equatorial
interaction increases. While these computations are capable of
showing a decreased barrier height and accompanying increase
in rate for the WT enzyme, the expected trend in the secondary
KIE with the less active, mutated forms of the enzyme is
predicted to be opposite that observed here for GNMT and in
the earlier studies of COMT. More specifically, the simulation
results by Williams and co-workers50 show that a decrease in
catalytic efficiency via a decrease in equatorial compaction will
lead to more inverse KIEs, rather than the experimentally
observed trends of more normal KIEs (Figure 2). This
difference between results from experiment and those from
simulation might be due to the lack of involvement of a

solvation environment in the model, or an inherent gap in
properties between the computed and enzymatic reactions,
with the latter having features such as catalysis-linked protein
motions that are not yet fully understood. Interestingly, a
careful examination of the trends in ref 50 reveals that it is
compaction along the reaction axis, rather than the relatively
small impact of equatorial CH···O interactions, that may be
expected to dominate the comparative behavior of the WT
enzyme in relation to its mutants within the proximal Tyr side
chain.

■ CONCLUSIONS

Previous X-ray crystal structures and NMR data reveal a
possible role for ground-state hydrogen bonds of the methyl
group of AdoMet that could be the source of BIEs greater than
unity in COMT and GNMT.15,51,52 The crystal structure of
GNMT with AdoMet shows that the methyl group in AdoMet
is close enough to interact with the residues Tyr21, Gly137, and
Tyr194, within respective distances of 3.8, 3.7, and 3.7 Å from
the methyl carbon to either the hydroxyl group of the tyrosines
or the backbone oxygen of glycine. These putative CH···O
hydrogen bonds appear to strengthen when the substrate
analogue acetate is present, with the ternary crystal structure
indicating carbon to oxygen distances at 3.3, 3.6, and 3.5 Å,
respectively (Figure 3). To the degree that such CH···O
interactions would decrease the vibrational frequencies of the
methyl group of AdoMet,51,52 BIEs will be elevated from unity
(Table 2). However, with the exception of the ternary complex
of the WT, the remainder of the measured BIEs are all within

Figure 3. CH···O hydrogen bond (dashed lines) in the (a) binary
GNMT−AdoMet complex (PDB 1NBI) and (b) ternary GNMT−
AdoMet−acetate complex (PDB 1NBH).
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experimental error of each other. It may be of interest that the
ternary BIE for the WT has become less inverse, with a possible
implication of increased compaction within this singular
ground-state complex.
The outcome is quite different for the inverse KIEs (Scheme

2), which show robust trends for GNMT that are highly similar

to those for COMT. The most important aspect of these KIE
measurements is their dependence on the presence of a
tyrosine side chain immediately proximal to the sulfur of the
cofactor, with decreases in the second-order rate constant for
reaction of the enzyme−AdoMet complex with free glycine
paralleling increases in the secondary KIEs toward unity. As
discussed above, while the magnitude of the inverse secondary
KIE for the WT is within the range of the computed
equilibrium isotope effect for transfer of a methyl group from
sulfur to nitrogen, this will only be true in the case of a very late
transition state and in the absence of any base catalysis.
Importantly, the consistently large magnitudes of the primary
KIEs together with the trends in the secondary KIEs upon
mutation of the proximal tyrosine indicate a different origin.
We attribute the experimental effects in both GNMT and the
previously studied COMT to differences in protein structure
that are dependent on the proximal tyrosine and lead to an
elongation of the attacking nucleophile to the transferred
methyl along the axis of reaction. For COMT, it was possible to
attribute a large part of the “Tyr effect” to an activated ground
state, via a very close approach of the ionized oxyanion of the
substrate to the cationic sulfur of the cofactor,15 a feature that is
highly unlikely for GNMT. Nonetheless, the final impact of the
proximal tyrosine on the kinetic properties of GNMT
reproduces those seen in COMT. In light of the unique
oligomeric structure for GNMT, which functions as a tetramer
in contrast to the monomeric forms of the other
methyltransfeases within this class, a movement of its N-
terminal loop that includes and is dependent on Tyr 21 may be
the critical element that ensures the compactness/tightness of
the active site in the WT; while loop closure will also need to
occur with the Tyr21 mutants for the reaction to proceed, the
mutated variants have lost their ability to achieve a constrained
donor−acceptor distance that both ensures high turnover rates
and generates magnitudes for the KIE that lie significantly
below those seen in solution reactions.
We propose that the new data for GNMT provide strong

support for the introduced model of COMT reactivity, in which
small decreases in active site compactness/tightness, either in
the ground state or in the transition state, are capable of
producing large increases in catalytic efficiency; furthermore,
this behavior appears dependent on the size and positioning of

a proximal amino acid side chain located directly behind the
sulfur bearing the methyl group of AdoMet.15 It will be exciting
to see the extent to which future experimental efforts, which
include X-ray crystallographic studies of mutant forms of
COMT and GNMT, together with biophysical probes of
changes in functionally relevant protein motions as a function
of mutation, can provide both structural and dynamical insights
into the experimentally observed kinetic behaviors reported
herein and earlier.14,15

■ EXPERIMENTAL SECTION
Materials. S-Adenosyl-L-[methyl-3H]methionine (specific activity

80 Ci/mmol), S-[carboxyl-14C]adenosyl-L-methionine (specific activity
55 mCi/mmol), S-adenosyl-L-[methyl-14C]methionine (specific activity
55 mCi/mmol), and [2-3H]glycine (specific activity 60 Ci/mmol)
were from American Radiolabeled Chemicals Inc. [1-14C]Glycine
(specific activity 50 mCi/mmol) was from ViTrax Inc. The radioactive
AdoMet was purified using a C18 HPLC column in three steps as
described in our previous paper.53 The cocktail for liquid scintillation
counting was ECOLITE(+) LSC from MP Biomedicals LLC.

Expression and Purification of Rat GNMT. The plasmid sample
of rat GNMT in the pET-17b vector was a generous gift from Prof.
Conrad Wagner (Vanderbilt University). All mutagenesis of rat
GNMT were performed using a commercial kit (QuickChange site-
directed mutagenesis kit, Stratagene), and the primers containing an
NNK sequence (N = A, T, G, or C, and K = T or G) used are
(GGGATCCCCGACCAGNNKGCGGATGGGGAGGCC and
GGCCTCCCCATCCGCMNNCTGGTCGGGGATCCC). This is a
saturated mutagenesis procedure selecting more than 60 colonies. The
randomized plasmids were isolated by miniprep and sequenced by T7
forward and reverse primers to verify the presence of the expected
mutation and the absence of unwanted mutations.

Recombinant rat GNMTs were transformed and expressed in
Escherichia coli BL21 (DE3) cells (Stratagene). Transformed BL21
(DE3) cells were grown in LB medium containing ampicillin (100 μg/
mL). When the absorbance at 600 nm was around 0.6, the cells were
induced with 1 mM IPTG (isopropyl β-D-1-thiogalactopyranoside)
and grown at 20 °C overnight with shaking at 200 rpm. The cells were
harvested via centrifugation at 8000g for 15 min at 4 °C. The cell
pellets were stored at −80 °C for future purification.

The purification procedure used here was revised according to
previous reports.31,34 The cell pellets were resuspended in at least 5-
fold Bugbuster buffer (Novagen) in 20 mM Tris−HCl (pH 8.0) with 5
mM β-mercaptoethanol, and the cell suspension was incubated on a
shaking platform for 20−30 min at room temperature. The suspended
solution was centrifuged at 20000g for 20 × 2 min at 4 °C. The clear
supernatant was filtered with a 0.2 μM filter (Millipore) and then
applied to a 5 mL × 2 HiTrap DEAE fast flow column (GE
Healthcare) which was pre-equilibrated with 20 mM Tris−HCl (pH
8.0) and 5 mM β-mercaptoethanol. The GNMT was not retained on
the column, and the pass-through fraction was collected. Then
ammonium sulfate (19.0 g in every 100 mL of buffer) was added to
achieve 35% saturation and the resulting mixture incubated on ice for
30 min. The precipitated proteins were removed by centrifugation at
20000g for 15 min, and a second portion of ammonium sulfate (15 g
in every 100 mL of buffer) was added to the supernatant to achieve
50% saturation. After 30 min on ice, the mixture was centrifuged at
20000g for 15 min. The obtained pellet containing GNMT was
dissolved in a minimum volume of size exclusion column buffer [20
mM Tris−HCl (pH 7.4), 1 mM EDTA, 150 mM NaCl, 5 mM β-
mercaptoethanol] and loaded into the Sephacryl S-200 HiPrep 26/60
(GE Healthcare), which was equilibrated with at least three column
volume size exclusion column buffer in advance. The GNMT was
eluted as the second peak, and the fractions were collected and
concentrated into storage buffer (100 mM phosphate, pH 7.4, 1 mM
EDTA, 0.02% NaN3, 20% glycerol, 5 mM DTT). The protein sample
was aliquoted and stored at −80 °C until further use. Protein

Scheme 2
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concentrations were calculated using the Bradford assay. UV−vis
spectra were recorded on a Cary 50 Bio spectrophotometer.
Steady-State Kinetic Measurements. The activity of GNMT

was measured radiometrically using [methyl-3H]AdoMet. The reaction
mixture contained recombinant GNMT protein, S-adenosyl-L-
[methyl-3H]methionine, and glycine in phosphate buffer (40 mM,
pH 7.4) and 5 mM DTT at 37 °C. The concentration of
[methyl-3H]AdoMet was varied in the range of 25−2600 μM while
the glycine concentration was kept fixed at 20 mM for the WT and
Y21F mutant and 200 mM for all other mutants. Similarly, the
concentration of glycine was varied in the range of 0.2−200 mM while
the [methyl-3H]AdoMet concentration was kept fixed at 2600 μM.
After termination of the reaction with 4 M HCl (final concentration
10%), the reaction mixture was spun prior to HPLC analysis. The
samples were manually loaded into the HPLC system based on an
amino column (Phenomenex Luna 5 μm NH2, 100 Å) and then eluted
by phosphate/acetonitrile solvent (28% 5 mM phosphate, pH 7.2, 72%
MeCN) with a flow rate of 1 mL/min. The retention time was 11.7
min for sarcosine, 16.4 min for glycine, and 29.1 min for AdoMet. The
portion of the unreacted AdoMet and product sarcosine were collected
directly into 20 mL scintillation vials followed by addition of eluted
buffer to achieve a final volume of 5 mL of eluted buffer. A 15 g
portion of the scintillation cocktail was added, and the samples were
determined by scintillation counting (Packard Tri-Carb 2700TR) for 5
min. The reaction without addition of any enzyme was performed as a
blank. The concentrations of product were obtained on the basis of the
product sarcosine standard curve. Data obtained were plotted by
regression analysis using Origin 8.0 to give the corresponding Vmax and
Km.
Competitive Primary and Secondary Kinetic Isotope Effect

(KIE) Measurements. The KIEs for GNMT were determined as
previously described using the competitive isotopes method.14 Briefly,
KIEs were measured by mixing 50 μM AdoMet which was
radioactively labeled at the methyl group (methyl-14C for the primary
KIE; methyl-3H for the secondary KIE) and 100 μM glycine
([2-3H]glycine for the primary KIE; [1-14C]glycine for the secondary
KIE, which will act as a tracer). The counts per minute (CPM) ratio of
3H to 14C was around 10:1 (320000 CPM:32000 CPM) for the
primary KIE and 5:1 (600000 CPM:120000 CPM) for the secondary
KIE. The recombinant GNMT protein was added to the initial
reaction at 37 °C in 5 mM DTT and 50 mM phosphate buffer (pH
6.8). At different time points, 50 μL aliquots were removed and
quenched with 5 μL of 4 M HCl. Concentrated WT GNMT was
added to the reaction mixture to achieve 100% conversion (t∞) of
AdoMet, and more than three t0 and t∞ values were obtained.
Independent experiments were carried out at least three times for each
mutant to obtain the KIE. The quenched aliquots were stored at −20
°C prior to separation by HPLC. The separation of the samples was
the same as stated in the section “Steady-State Kinetic Measurements”
above. The KIE was calculated according to the following
equation:54−56
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−

−
∞( )

f

f
KIE

ln(1 )

ln 1 R
R

t

(2)

Competitive Equilibrium Binding Isotope Effect (BIE)
Measurements. The binding isotope effects (BIEs) were measured
using the ultrafiltration method described by the Schramm group.57−60

Generally, the solution (320 μL) for the measurement consisted of 50
μM recombinant GNMT protein and a 30 μM concentration of the
mixture of prepurified S-adenosyl-L-[methyl-3H]methionine and S-
[carboxyl-14C]adenosyl-L-methionine in 50 mM phosphate buffer with
5 mM 1,4-dithiothreitol (pH 6.8), and the solution was incubated for
20 min at room temperature [for the BIE with acetate, sodium acetate
was added at this step]. Three 100 μL aliquots were removed and
added to the upper wells of the ultrafiltration apparatus, and around 22
psi of nitrogen gas (N2) was applied for 45 min, at which point around
half of the solution had passed through the dialysis membrane into the
lower well. Samples (25 μL) from the top and bottom wells were taken
by using a Hamilton syringe into a 20 mL scintillation vial with 500 μL

of distilled water. A 5 g portion of the scintillation cocktail was added
to each sample, and the samples were analyzed by a liquid scintillation
counter (Packard Tri-Carb 2700TR) for at least 10 cycles (10 min per
cycle). The counting channels for 3H and 14C were 0−12 and 35−156
eV, respectively. The BIEs were calculated from the following
equation,57,58 where 14Ctop and

3Htop are the counts for the 14C and
3H in the top wells, respectively, and 14Cbottom and 3Hbottom are the
counts for the 14C and 3H in the bottom wells, respectively:
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Calculation of the Equilibrium Isotope Effect. Equilibrium
isotope effect calculations were carried out on the reactant AdoMet
and the resulting product sarcosine by obtaining the zero-point energy
of the standard and tritium-substituted species using vibrational
analysis implemented in Gaussian 09.61 These calculations were
carried out at B3LYP/6-31+g** with a polarizable continuum model
(IEFPCM) for the solvent. Subsequent force constant calculations
were performed, frequencies were computed for isotopologues of
interest, and the resulting frequencies were used to calculate the EIE.
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