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ABSTRACT: Protein lysine methyltransferases (PKMTs) are
key players in epigenetic regulation and have been associated
with a variety of diseases, including cancers. The catalytic
subunit of Polycomb Repressive Complex 2, EZH2 (EC
2.1.1.43), is a PKMT and a member of a family of SET domain
lysine methyltransferases that catalyze the transfer of a methyl
group from S-adenosyl-L-methionine to lysine 27 of histone 3
(H3K27). Wild-type (WT) EZH2 primarily catalyzes the
mono- and dimethylation of H3K27; however, a clinically
relevant active site mutation (Y641F) has been shown to alter
the reaction specificity, dominantly catalyzing trimethylation of H3K27, and has been linked to tumor genesis and maintenance.
Herein, we explore the chemical mechanism of methyl transfer by EZH2 and its Y641F mutant with pH−rate profiles and solvent
kinetic isotope effects (sKIEs) using a short peptide derived from histone H3 [H3(21−44)]. A key component of the chemical
reaction is the essential deprotonation of the ε-NH3

+ group of lysine to accommodate subsequent methylation. This
deprotonation has been suggested by independent studies (1) to occur prior to binding to the enzyme (by bulk solvent) or (2)
to be facilitated within the active site following binding, either (a) by the enzyme itself or (b) by a water molecule with access to
the binding pocket. Our pH−rate and sKIE data best support a model in which lysine deprotonation is enzyme-dependent and at
least partially rate-limiting. Furthermore, our experimental data are in agreement with prior computational models involving
enzyme-dependent solvent deprotonation through a channel providing bulk solvent access to the active site. The mechanism of
deprotonation and the rate-limiting catalytic steps appear to be unchanged between the WT and Y641F mutant enzymes, despite
their activities being highly dependent on different substrate methylation states, suggesting determinants of substrate and product
specificity in EZH2 are independent of catalytic events limiting the steady-state rate.

Accessibility of genomic DNA to the gene expression
pipeline is under tight epigenetic control, largely through

the structural fine-tuning of heterochromatin. Combinatorial
epigenetic protein−protein interactions, protein−DNA inter-
actions, and site-specific covalent protein and DNA mod-
ifications (such as methylation, acetylation, phosphorylation,
etc.) regulate gene expression patterns and are therefore critical
for normal cell processes.1 Aberrant activity of epigenetic gene
products has been associated with a variety of diseases resulting
from either hyperactivation of disease-promoting gene products
(such as oncoproteins) or silencing of disease-reducing gene
products (such as tumor suppressors).2,3 Therefore, targeting
epigenetic modulators is a promising strategy for the develop-
ment of cancer therapeutics.
A key epigenetic modification involved in gene activation and

silencing is protein methylation.4 Methylation of core histone
subunits, which comprise the nucleosome around which the
DNA is wound for packaging, is facilitated by a variety of
protein methyltransferases that methylate specific side-chain
amines of the histone lysine or arginine residues.4,5 The
catalytic subunit of Polycomb Repressive Complex 2 (PRC2),
EZH2 (EC 2.1.1.43), is a protein lysine methyltransferase
(PKMT) responsible for the mono- and dimethylation of lysine
27 of histone 3 (H3K27) with a marginal activity for H3K27
trimethylation.6 A mutation of a tyrosine residue (Y641) within

the lysine binding site effectively reverses the substrate
specificity of the enzyme, abrogating its ability to produce
mono- and dimethylation products while allowing EZH2 to
predominantly produce trimethylated H3K27 (Scheme 1).6,7

Thus, the overall consequence of the Y641F mutation is both
loss of function (reduced levels of mono- and dimethylation)
and gain of function (increased level of trimethylation).
Importantly, the EZH2 Y641F mutation is heterozygous, with
cancer cells containing one mutant allele while maintaining the
second wild-type (WT) allele. This suggests that mutant EZH2
and WT EZH2 work in concert to hypermethylate H3K27 and
facilitate excessive gene silencing.8 Notably, approximately 20%
of patients with germinal center B cell (GCB)-derived diffuse
large B cell lymphoma (DLBCL), the most frequent lymphoma
(accounting for an estimated 35% of lymphoma worldwide),
carry activating mutations of EZH2.9 Aberrant EZH2 activity is
also observed in other diseases such as follicular lymphomas,
prostate cancers, rhabdoid tumors, parathyroid adenomas, and
melanomas; the disruption of PRC2/EZH2 activity has been
shown to reduce the rate of cancer cell growth in a number of
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cancer models, and ongoing trials are examining the clinical
efficacy of EZH2 inhibitors.9−14

EZH2 catalyzes methyl group transfer from an S-adenosyl-L-
methionine (AdoMet) donor to the ε-amino group of its side-
chain lysine acceptor (Scheme 1), generating methylated
H3K27 and S-adenosyl-L-homocysteine (AdoHcy).15 Although
no high-resolution structural information is available to date for
EZH2, sequence comparisons suggest it belongs to a family of
PKMTs with a structural domain, the SET domain, featuring
independent AdoMet and lysine binding sites bisected by a
pseudoknot that provides a tunnel for methyl transfer.16−18

Among the SET domain PKMTs characterized, a theme has
emerged in that the ability to form mono-, di-, or trimethylated
products correlates with the presence or absence of tyrosine
residues in specific locations in the lysine binding site16−22

(although this effect is not limited to tyrosine23) (Figure 1).

For example, the PKMT SET7/9 contains two key tyrosine
residues, Y245 and Y305, which correlate with the WT
monomethyltransferase activity of SET7/9.24 A sequence
alignment of SET7/9 with EZH2 shows an alanine in the
position analogous to the Y305 residue of SET7/9 (Figure 1B).
Indeed, both WT EZH2 and SET7/9 Y305F have been shown
to give dimethylated products.25 Furthermore, the Y641F
mutation in EZH2 that is associated with cancer phenotypes
and an increased level of trimethylated product is analogous to
Y245 of SET7/9 (Figure 1A,B), suggesting tightly regulated
product specificity by tyrosine residues in the lysine binding site
of SET domain PKMTs.
The mechanistic basis for changes in product specificity

resulting from specific mutations has been explored through
crystallographic and computational approaches for a variety of
SET domain PKMTs; however, no reports have yet addressed

Scheme 1. Methyltransferase Reactions Catalyzed by EZH2

Figure 1. Active site tyrosine residues correlate with methylation activity and specificity. (A) ε-NH2(CH3)
+-lysine and AdoHcy in the active site of

SET7/9. Structural information was obtained from Protein Data Bank entry 1O9S.24 Residue numbers are shown for SET7/9, and the
corresponding residues in EZH2 are given in parentheses. (B) Sequence comparisons of SET domain protein lysine methyltransferases. SET
domains of representative PKMTs from each histone 3 methylation site. The absolutely conserved tyrosine required for enzymatic activity (Y726 in
EZH2) is colored red in the bottom row. The mutated tyrosine in these studies (Y641F) is colored blue in the top row. The essential histidine and
Tyr-305 of SET7/9 (which when mutated changes activity from mono- to dimethylation) is colored green. (C) Active site tyrosine mutations in
SET7/9, corresponding mutations in EZH2, and the resulting dominant methylation product from each mutation.
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the influence of these mutations on the kinetic and chemical
mechanism of EZH2. Furthermore, few experimental data have
been reported on the kinetic and chemical mechanism of SET
domain PKMTs in general. While it is widely assumed that the
methyl transfer reaction proceeds through an SN2 mechanism,
additional features of the chemical mechanism, specifically the
required deprotonation of the Lys-ε-NH3

+ to accommodate the
incoming methyl group, have been largely unexplored
experimentally. A variety of crystallographic studies led to
early speculation that an absolutely essential active site tyrosine
acts as a general base in deprotonating lysine,26−28 a model
given additional support by molecular dynamics (MD) and
hybrid quantum mechanics/molecular mechanics (QM/MM)
simulations of SET7/9.29 However, subsequent crystallographic
studies of the PKMT Rubisco suggested that the essential
tyrosine was incapable of deprotonating lysine, instead
suggesting bulk solvent deprotonation and preferential binding
to the Lys-ε-NH2.

30 Conversely, a series of QM/MM and MD
studies of multiple PKMTs were used to generate a model in
which a water channel induced by formation of the Lys-ε-
NH3

+·AdoMet·Enz ternary complex provides active site access
to bulk solvent, permitting enzyme-dependent solvent depro-
tonation,31−36 and subsequent crystallographic and mutagenesis
studies have provided evidence that water molecules participate
in the active site ensemble.37,38

Herein, we explore the mechanism of lysine deprotonation
by EZH2 and its loss-of-function/gain-of-function mutant
(Y641F) in mono-, di-, and trimethylation with pH−rate
profiles, solvent deuterium kinetic isotope effects, and proton
inventories. Our aims are to understand the role of EZH2 in
deprotonating its lysine substrate, to explore the effects of the
substrate and product specificity-altering Y641F mutation on
the enzymatic mechanism, and to provide an experimental
evaluation of previous models stemming from crystallographic
or computational analyses.

■ EXPERIMENTAL PROCEDURES
Materials. PRC2WT [five-member complex (EZH2, SUZ12,

EED, AEBP2, and RbAp48)] was a gift from the Center for
Proteomic Chemistry of the Novartis Institutes for Biomedical
Research, and PRC2EZH2(Y641F) (five-member complex) was
obtained through Viva Biotech Ltd. (Shanghai, China)
(prepared according to an established protocol39). H3K27
peptide substrates [H2N-ATKAARKSAPATGGVKKPHRYRP-
GG(K-Biotin)-OH] were purchased with unmethylated
(H3[21−44]), monomethylated {H3[21−44(K27-CH3)]},
and dimethylated (H3{21−44[K27-(CH3)2]}) lysine 27 from
New England Peptide (Gardner, MA). [β,β,γ,γ-2H4]AdoHcy
was purchased from Cayman Chemical Co. (Ann Arbor, MI).
[2H2]H2O was purchased from Cambridge Isotope Laborato-
ries, Inc. (Andover, MA). General lab supplies and reagents
were purchased through VWR International, LLC (Radnor,
PA).
AdoHcy Detection (methyltransferase assay). EZH2

methyltransferase activity was measured with a discontinuous
assay monitoring AdoHcy product formation detected by liquid
chromatography and tandem mass spectrometry (LC−MS/
MS). Assays were performed in a 384-well plate format in 10
μL reaction volumes. Reactions were quenched with 5 μL of
0.3% HCOOH and mixtures supplemented with 5 μL of 0.8
μM [β,β,γ,γ-2H4]AdoHcy (final concentration of 0.2 μM) in
20% dimethyl sulfoxide (DMSO) as an internal standard.
Quenched reaction mixtures were then sonicated for 3 min

using a Hendrix SM-100 sonicator (Microsonics Systems) and
centrifuged at 1000 rpm for 60 s. Samples were analyzed using
a 4000 QTRAP Hybrid Triple Quadrupole/Linear Ion trap
LC−MS/MS system (AB Sciex). Ten microliters of each
sample was loaded onto polar end-capped C18 reversed phase
columns (Synergi Hydro-RP, 2.5 μm, 100 Å, 20 mm × 2 mm,
Phenomenex) equilibrated with 0.1% HCOOH in H2O
(mobile phase A). Reaction components were separated from
AdoHcy with the following step gradient using 0.1% HCOOH
in acetonitrile (CH3CN) (mobile phase B) at a flow rate of 0.5
mL/min: (1) 100% mobile phase A for 12 s, (2) 50% mobile
phase A and 50% mobile phase B for 36 s, (3) 5% mobile phase
A and 95% mobile phase B for 12 s, and (4) 100% mobile phase
A for 60 s. MS/MS data were acquired during an 18 s window
starting at 30 s following sample loading utilizing multiple-
reaction monitoring in positive ion mode to detect parent/
daughter ion combinations with mass-to-charge ratios of 385/
136 Da for AdoHcy and 389/136 Da for [β,β,γ,γ-2H4]AdoHcy.

Methylation Reaction Specificity. Relative activities of
each methylation reaction were measured using the AdoHcy
detection LC−MS/MS assay. Reactions were performed at a
fixed saturating concentration of AdoMet (10 μM) with varied
H3[21−44] peptides at room temperature in 20 mM Tris (pH
7.5), 0.5 mM dithiothreitol (DTT), and 0.01% Triton X-100.
For the PRC2WT reactions, concentrations of H3[21−44] and
H3[21−44(K27-CH3)] ranged from 150 nM to 10 μM and
those of H3{21−44[K27-(CH3)2]} from 150 nM to 100 μM.
For the PRC2EZH2(Y641F) reactions, concentrations of H3[21−
44] and H3[21−44(K27-CH3)] ranged from 150 nM to 100
μM and concentrations of H3{21−44[K27-(CH3)2]} from 150
nM to 10 μM. Reactions at each substrate concentration were
conducted with three discontinuous time points (30, 60, and 90
min) in triplicate, and initial rates (vi) were obtained from
linear regression of AdoHcy concentration versus time. Steady-
state parameters were obtained by plotting vi as a function of
H3[21−44] concentration and fitting to eq 1
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where appkcat is the apparent first-order rate constant (turnover
rate constant at a saturating H3[21−44] concentration)
obtained from varying H3[21−44] concentrations at a constant
AdoMet concentration of 10 μM and appKm is the apparent Km
for the H3[21−44] peptide substrate under the same
conditions.

pH−Rate Profiles. To obtain pH−rate parameters on kcat
for each methylation reaction, full bisubstrate saturation
kinetics were performed at pH 7.0−9.0 at 0.5 unit increments.
To test for ionic strength sensitivity from the buffer conditions
at varying pH [the ionic strength of 20 mM Tris increases from
2 to 19 mM from pH 9.0 to 7.0 because of an increase in the
number of Cl− ions in the conjugate acid form of Tris (Tris-
HCl)], initial rates were measured at room temperature in 20
mM Tris (pH 8.1), 0.5 mM DTT, 0.01% Triton X-100, and 0−
20 mM NaCl (5 mM increments) at saturating concentrations
of both substrates (for effects on the first-order rate constant,
kcat) and limiting concentrations of each substrate at saturating
concentrations of the other (for effects on the second-order
rate constants, kcat/KAdoMet and kcat/KH3[21−44]). Because of the
significant ionic strength effect on all parameters (Figure S1A−
C of the Supporting Information), 1.0 M NaCl was added to
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the buffer at each pH to give a total ionic strength of 19 mM in
each reaction mixture.
To evaluate the pH stability of the enzyme, 350 nM PRC2WT

was incubated in a mixed 20 mM Tris-Glycine-CAPS buffer
between pH 7.0 and 11.5 at 0.5 unit increments for 5 min,
followed by dilution to 2.5 nM in 20 mM Tris (pH 8.1)
(known active pH), 0.5 mM DTT, and 0.01% Triton X-100,
and reacted with 2 μM AdoMet and 0.5 μM H3[21−44].
Reactions were conducted in triplicate and quenched at 10, 30,
and 60 min to obtain initial rates. The activity of PRC2 begins
to be lost irreversibly at pH >9.0 (Figure S1D of the Supporting
Information).
pH−rate profile measurements were taken over five

concentrations of H3[21−44] peptides (between 20 nM and
10 μM) at five fixed AdoMet concentrations (between 20 nM
and 10 μM) in 20 mM Tris (pH 7.0−9.0, 0.5 unit increments,
ionic strength of 19 mM), 0.5 mM DTT, and 0.01% Triton X-
100. Reactions were initiated with 2.5 nM PRC2WT (for mono-
and dimethylation) and 2.5 nM PRC2EZH2(Y641F) (for
trimethylation) and at each concentration were quenched at
three time points (between 20 and 90 min) in triplicate to
obtain vi. Steady-state parameters were obtained at each pH
unit by plotting vi as a function of substrate 1 concentration at
each substrate 2 concentration and fitting globally to eq 2 for a
random bi-bi sequential mechanism40

α α α
=

+ + +
v

k
K K K K

[E ][A][B]
[A] [B] [A][B]i

cat t

ia b b a (2)

where [A] and [B] are the substrate concentrations, kcat is the
first-order rate constant describing the turnover rate at full
saturation of both substrates, and [Et] is the total enzyme
concentration (Kia, Ka, and Kb represent the apparent inhibition
constant of substrate A, the apparent Km of substrate A, and the
apparent Km of substrate B, respectively).
As data in the low-substrate region are often limited in the

saturation profiles, pH−rate parameters for kcat/KAdoMet and
kcat/KH3[21−44] were obtained in independent experiments with
increasing concentrations of substrate in a range below their
respective Km values (50−300 nM) with the concentration of
the other substrate being 10 μM. Reactions were initiated with
2.5 nM PRC2WT (for mono- and dimethylation) and 2.5 nM
PRC2EZH2(Y641F) (for trimethylation) and quenched at 90, 120,
150, and 180 min in triplicate. kcat/KAdoMet and kcat/KH3[21−44]
values were obtained for each substrate from linear regression
of vi versus [substrate]. Similar reactions were performed with
both substrates at 10 μM, and sufficient saturation was
confirmed by comparing the resulting pH−rate profiles to
those generated from the bisubtrate saturation profiles (Figure
S8 of the Supporting Information).
To analyze pH−rate profiles, the log values of each rate

constant (kcat, kcat/KAdoMet, and kcat/KH3[21−44]) were plotted as
a function of pH. Plots in which the rate increased with pH
with a plateau in the basic region of the curve were fit to eq 3,
and plots in which the pH−rate dependency was bell-shaped
were fit to eq 4
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where y is the measured rate constant, c is the maximal value of
y, H is the hydrogen ion concentration, and K values are acid
dissociation constants, where pKa = −log(K).

Solvent Kinetic Isotope Effects (sKIEs). sKIE measure-
ments were taken over five concentrations of H3[21−44]
peptides, at five fixed AdoMet concentrations (both ranging
from 20 nM to 10 μM). Reactions were performed in H2O [20
mM Tris (pH 9.0, ionic strength of 6 mM), 0.5 mM DTT, and
0.01% Triton X-100] and 90% D2O {20 mM Tris [pH(D) 9.0,
ionic strength of 6 mM], 0.5 mM DTT, and 0.01% Triton X-
100}. Additionally, a viscosity control was performed for each
reaction under the same condition as with H2O with 9%
glycerol to mimic the viscosity effect of D2O. Twenty
millimolar Tris (pD 9.0) in 99.8% D2O was initially prepared
in accordance with an increase in the pKa of Tris to 8.56 in
D2O.

41 Consequently, more conjugate acid (Tris-HCl) was
used to reach the desired pH, slightly increasing the ionic
strength (which was corrected for in the H2O reaction by
supplementing with 1.0 M NaCl). Reactions were initiated with
2.5 nM PRC2WT (for mono- and dimethylation) and 2.5 nM
PRC2EZH2(Y641F) (for trimethylation) and at each concentration
were quenched at 30, 60, and 90 min in triplicate to obtain vi.
kcat values were obtained from fitting the full bisubtrate profile
globally to eq 2. sKIE values were calculated as the ratio of
reaction rates in H2O to those in 90% D2O.
There is a significant reduction in KH3[21−44] at pH 9.0 in the

absence of a high salt concentration (the conditions of the
solvent KIEs) (Table S1 of the Supporting Information).
Coupled with the inherent difficulty of obtaining initial rates at
saturating AdoMet concentrations because of the presence of
trace amounts of AdoHcy in stock solutions of AdoMet
(limiting accurate LC−MS quantitation), kcat/KH3[21−44]
parameters could not be measured as they were in the pH−
rate studies. Therefore, sKIEs for kcat/KH3[21−44] were obtained
from the steady-state parameters obtained from fitting the
bisubstrate saturation profiles to eq 2. kcat/KAdoMet profiles were
determined at pH(D) 8.0 (near pH-independent value
obtained from the pH−rate profiles) with increasing concen-
trations of AdoMet in a range below KAdoMet (50−300 nM) at
10 μM H3[21−44] for each PRC2WT mono- and dimethylation
and PRC2EZH2(Y641F) trimethylation by reacting with 2.5 nM
enzyme and quenching at 90, 120, 150, and 180 min to obtain
vi. kcat/KAdoMet values were determined by linear regression of vi
versus H3[21−44] concentration.

Proton Inventories. Proton inventory analysis was
conducted by reacting 10 μM AdoMet and 10 μM H3[21−
44] with 2.5 nM enzyme in 0−90% D2O (10% increments) in
20 mM Tris [pH(D) 9.0], 0.5 mM DTT, and 0.01% Triton X-
100; 1.0 M NaCl was added to the buffer at each percent D2O
increment to keep the ionic strength constant at 6 mM.
Reactions were performed in triplicate and quenched at 10, 20,
30, 40, and 50 min. Initial rates were obtained from linear
regression of the AdoHcy concentration (nanomolar) versus
time. Ratios of the rates obtained at each increment of D2O
(vn) versus the rates in H2O (vH) were plotted against the D/H
ratio, and transition-state fractionation factors were obtained by
fitting the data to eq 5
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Figure 2. Kinetics of mono-, di-, and trimethylation by PRC2WT and PRC2EZH2(Y641F). (A) Monomethylation by PRC2WT (○) and PRC2EZH2(Y641F)

(●), (B) dimethylation by PRC2WT (□) and PRC2EZH2(Y641F) (■), and (C) trimethylation by PRC2WT (△) and PRC2EZH2(Y641F) (▲) in the
presence of 10 μM AdoMet in 20 mM Tris (pH 7.5), 0.5 mM DTT, and 0.01% Triton X-100. Initial rates are plotted against multiple concentrations
of H3 peptide and the data fit to eq 1. Significant effects on KH3[21−44] resulting from the EZH2 Y641F mutation in mono- and dimethylation and the
complete loss of activity under these assay conditions for trimethylation by the WT enzyme are illustrated (see Table 1 for the catalytic parameters).

Table 1. Catalytic Parameters of Mono-, Di-, and Trimethylation by PRC2WT and PRC2EZH2(Y641F) at a Saturating AdoMet
Concentration

enzyme H3 peptide appkcat (×10
−2 s−1) appKH3[21−44] (×10

−6 M) appkcat/KH3[21−44] (×10
4 M−1 s−1)

PRC2WT 21−44 1.37 ± 0.05 0.6 ± 0.1 2.28 ± 0.39
21−44[K27-CH3] 1.28 ± 0.10 2.4 ± 0.5 0.53 ± 0.14
21−44[K27-(CH3)2] no activity − −

PRC2EZH2(Y641F) 21−44 1.12 ± 0.21 11.0 ± 4.7 0.10 ± 0.05
21−44[K27-CH3] 2.17 ± 0.50 33.0 ± 11.8 0.07 ± 0.03
21−44[K27-(CH3)2] 1.90 ± 0.07 1.0 ± 0.1 1.90 ± 0.20

Figure 3. Bisubstrate saturation kinetic analysis of the EZH2 methyltransferase reaction. Graphical representations of the assays performed to obtain
catalytic parameters from saturation of both AdoMet and H3[21−44] peptide substrates. The examples represent PRC2WT monomethylation
reactions conducted in 20 mM Tris (pH 8.0, ionic strength of 19 mM), 0.5 mM DTT, and 0.01% Triton X-100 at five independent concentrations of
H3[21−44] and AdoMet. The slopes of the dotted lines represent initial rates at independent H3[21−44] concentrations from 0.04 to 10 μM in (A)
0.04 μM AdoMet, (B) 0.16 μM AdoMet, (C) 0.6 μM AdoMet, (D) 2.5 μM AdoMet, and (E) 10 μM AdoMet. Insets in panels A−E represent
saturation profiles at the corresponding AdoMet concentration, each fit to a single-substrate saturation model (eq 1). (F) Saturation profiles from
panels A−E plotted in a single graph, where the solid lines represent the global fits to eq 2.
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where n is the D/H ratio, i is the proton number, and Φ is the
proton transition-state fractionation factor (KIE = 1/Φ).

■ RESULTS

Methylation Reaction Specificity. The enzymatic activity
of EZH2 relies on specific interactions with at least three
members of PRC2; therefore, enzymatic assays must be
conducted with purified PRC2 complexes. Accordingly, the
experiments described herein were performed using a five-
membered complex (including EZH2, SUZ12, RbAp48,
AEBP2, and EED), with EZH2 bearing either the WT
sequence or the Y641F mutation. The relative enzymatic
activity of PRC2WT and PRC2EZH2(Y641F) in mono-, di-, and
trimethylation was assessed using a short histone H3 peptide,
H3[21−44]. Representative results from these assays are shown
in Figure 2, and the catalytic parameters are summarized in
Table 1. While PRC2WT is capable of methylating H3[21−44]
and H3[21−44(K27-CH3)] (Figure 2A,B) with catalytic
specificity (kcat/Km) values of (2.28 ± 0.39) and (0.53 ±
0.14) × 104 M−1 s−1, respectively, no significant activity could
accurately be measured on H3{21−44[K27-(CH3)2]} (Figure
2C). Conversely, PRC2EZH2(Y641F) displayed weak mono- and
dimethylation activity, with measured apparent kcat/Km values
of (0.10 ± 0.05) and (0.07 ± 0.03) × 104 M−1 s−1, respectively,
but relatively higher trimethylation activity [kcat/Km = (1.90 ±
0.20) × 104 M−1 s−1]. Each reaction with measurable activity
gave similar kcat values; however, in the mono- and
dimethylation reactions by PRC2EZH2(Y641F), significant sub-
strate inhibition beginning at 30 μM complicated the fit to
classical Michaelis−Menten kinetics, resulting in a large error
for the reported kcat values in Table 1 (full profiles showing
substrate inhibition can be found in Figure S2 of the
Supporting Information). Nonetheless, these data are con-
sistent with the observed biological functions of the two
complexes and notably the observed increase in the level of
trimethylated H3K27 associated with the Y641F mutation.6,7

pH−Rate Profiles. To experimentally evaluate the role of
general acid−base chemistry in EZH2 catalysis, we measured
the pH dependence of initial rates obtained under a variety of
conditions. As EZH2 is a bisubstrate enzyme (AdoMet and
H3[21−44]), catalytic parameters were obtained by varying the
concentration of one substrate at fixed increasing concen-
trations of the other (Figure 3). Full bisubstrate analysis was
performed at each pH unit, and the data were fit globally to eq
2 for a random bi-bi sequential mechanism (Scheme 2) to
obtain pH effects on kcat.

40,42

Notably, the catalytic reaction was shown to be highly
sensitive to ionic strength (Figure S1A−C of the Supporting
Information); therefore, the salt concentration was kept at the
minimal value necessary to maintain consistency at each pH
unit (see Experimental Procedures). Additionally, pH stability
studies showed irreversible loss of activity beyond pH 9.0

(Figure S1D of the Supporting Information); therefore,
saturation kinetic analysis was conducted from pH 7.0 to 9.0
at 0.5 unit increments for PRC2WT mono- and dimethylation
(Figures S3 and S4 of the Supporting Information, respectively)
and PRC2EZH2(Y641F) trimethylation (Figure S5 of the
Supporting Information). pH dependence was assessed by
plotting log(kcat) versus pH (Figure 4A,D,G), and pKa values
were obtained by fitting each plot to eq 3 (Table 2).43 Each
methylation reaction showed a basic pH optimum for kcat, with
pKa values for PRC2

WT mono- and dimethylation of 7.3 ± 0.1
and 7.7 ± 0.1, respectively, and a pKa for PRC2EZH2(Y641F)

trimethylation of 8.0 ± 0.1. pH−rate profiles for kcat/Km were
measured over multiple substrate concentrations below their
Km values to maximize the accuracy of the data (Figures S6 and
S7 of the Supporting Information), and plots of log(kcat/
KH3[21−44]) and log(kcat/KAdoMet) versus pH for each methyl-
ation reaction are shown in panels B, E, and H of Figure 4. kcat/
KH3[21−44] for each methylation reaction showed basic pH
optima, with pKa values for PRC2

WT mono- and dimethylation
of 7.7 ± 0.2 and 7.8 ± 0.2, respectively, and a pKa for
PRC2EZH2(Y641F) trimethylation of 7.8 ± 0.2. kcat/KAdoMet
profiles, however, were bell-shaped for all three methylation
reactions, indicating the independent acidic and basic depend-
ence of interactions between AdoMet and PRC2, and fit to eq 4
to give pKa values for the acidic optima of 8.9 ± 0.1 for both
mono- and dimethylation by PRC2WT and 9.1 ± 0.2 for
trimethylation by PRC2EZH2(Y641F). The basic optima measured
for kcat/KAdoMet correlate with pKa values of 7.0 ± 0.1 and 7.4 ±
0.1 for mono- and dimethylation, respectively, by PRC2WT and
7.6 ± 0.2 for trimethylation by PRC2EZH2(Y641F).

Solvent Kinetic Isotope Effects. To explore the possibility
of rate-limiting chemistry involving H atoms, we measured
catalytic parameters in 90% D2O compared to normal water
solvent [solvent kinetic isotope effects (sKIEs)]. For the EZH2
reaction, deuterium atoms will readily exchange with ζ-
hydrogen atoms of lysine, potentially giving primary isotope
effects (on bond making or breaking) for any transfers of a
proton from lysine at a rate-limiting step. sKIEs on were
measured on kcat for PRC2

WT mono- and dimethylation and
PRC2EZH2(Y641F) trimethylation through full bisubstrate satu-
ration kinetics fit to eq 2. sKIEs on kcat were performed near the
pH-independent plateau at pH(D) 9.0 to avoid artifacts due to
pH effects from independent buffer preparations and effects of
deuterium on buffer pKa [although these factors were taken
into account in preparative steps (see Experimental Proce-
dures)]. Saturation profiles of increasing H3[21−44] peptide
concentrations at saturating AdoMet concentrations are
illustrated in Figure 5A−C (full bisubstrate profiles are shown
in Figure S9 of the Supporting Information). sKIEs are
obtained from the ratios of the rates in deuterium to those in
protium-based solvent. We measured sKIEs on kcat (

Dkcat) for
PRC2WT mono- and dimethylation of 1.5 ± 0.1 and 1.8 ± 0.1,
respectively, and for PRC2EZH2(Y641F) trimethylation of 1.6 ±
0.1. Next, we measured sKIEs on kcat/KH3[21−44] and kcat/
KAdoMet at their respective pH(D)-independent values [pH(D)
9.0 and 8.0, respectively]. For all three methylation reactions,
sKIEs were unity [1.0, within experimental error (see Figure
S10 and Table S2 of the Supporting Information)].

Proton Inventories. To examine the possibility of multiple
protons contributing to the transition state of the methylation
reactions catalyzed by PRC2WT and PRC2EZH2(Y641F), we
performed proton inventories where the observed sKIE on
kcat was measured as a function of the deuterium/protium ratio

Scheme 2. Random Sequential Ternary Bi-Bi Mechanism of
Lysine Methylation by EZH2
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(D/H). Qualitatively, the shape of the resulting curve will be
linear (indicating a one-proton transition state) or bowed

(indicating a multiproton transition state) because of
contributions from each proton.44 Quantitatively, this curve

Figure 4. pH−rate profiles for PRC2WT mono- and dimethylation and PRC2EZH2(Y641F) trimethylation. Shown are PRC2WT monomethylation
profiles for (A) kcat, (B) kcat/KH3[21−44], and (C) kcat/KAdoMet, PRC2

WT dimethylation profiles for (D) kcat, (E) kcat/KH3[21−44(CH3)], and (F) kcat/
KAdoMet, and PRC2EZH2(Y641F) trimethylation profiles for (G) kcat, (H) kcat/KH3[21−44(CH3)2], and (I) kcat/KAdoMet. Profiles on kcat (A, D, and I) were
obtained from full bisubstrate analysis at each pH unit (Figures S3−S5 of the Supporting Information), and profiles on kcat/KH3[21−44] (B, E, and H)
and kcat/KAdoMet (C, F, and I) for each reaction were obtained from linear initial rate dependencies at limiting concentrations of each substrate
(Figures S6−S8 of the Supporting Information). pKa values from each profile were obtained by fitting each plot to either eq 3 (for basic plateaus) or
eq 4 (for bell-shaped curves), the results of which are summarized in Table 2.

Table 2. pH−Rate Profiles

kcat/KAdoMet pKa

enzyme peptide substrate kcat pKa kcat/KH3[21−44] pKa pK1 pK2

PRC2WT 21−44 7.3 ± 0.1 7.7 ± 0.2 7.0 ± 0.1 8.9 ± 0.1
PRC2WT 21−44[K27-CH3] 7.7 ± 0.1 7.8 ± 0.2 7.4 ± 0.1 8.9 ± 0.1
PRC2EZH2(Y641F) 21−44[K27-(CH3)2] 8.0 ± 0.1 7.8 ± 0.2 7.6 ± 0.2 9.1 ± 0.3

Figure 5. Solvent kinetic isotope effects. Saturation profiles of reactions in H2O or 90% D2O solvent with 20 mM Tris [pH(D) 9.0, ionic strength of
6 mM], 0.5 mM DTT, and 0.05% Triton X-100. The graphs are representative curves from 10 μM fixed AdoMet for (A) the PRC2WT

monomethylation reaction in H2O (●, solid line) and 90% D2O (○, dotted line), (B) PRC2WT dimethylation in H2O (■, solid line) and 90% D2O
(□, dotted line), and (C) PRC2EZH2(Y641F) trimethylation in H2O (▲, solid line) and 90% D2O (△, dotted line). Solvent KIEs on kcat reported were
obtained from global fits to the full bisubstrate profiles; however, the plots are shown at 10 μM AdoMet for the sake of simplicity of illustrating the
observed isotope effect.
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can be fit to eq 5 to obtain transition-state fractionation factors
(Φ) for each proton involved in the transition state (Φ values
are the inverse of the kinetic isotope effect extrapolated to a D/
H ratio of 1.0). Proton inventories for PRC2WT mono- and
dimethylation and PRC2EZH2(Y641F) trimethylation are shown in
Figure 6A−C. Each curve shows a linear dependency of the
isotope effect versus the D/H ratio, with Φ values for single-
proton transfers of 0.56 ± 0.03 and 0.55 ± 0.03 for PRC2WT

mono- and dimethylation, respectively, and 0.59 ± 0.02 for
PRC2EZH2(Y641F) trimethylation.

■ DISCUSSION

Kinetic analysis of PRC2WT and PRC2EZH2(Y641F) shows that
WT EZH2 has significant mono- and dimethylation activity,
whereas the Y641F variant favors trimethylation (Figure 2 and
Table 1). The similar kcat values for each methylation reaction
with measurable activity suggest that the catalytic events that
limit steady-state turnover are independent of those that
determine substrate and product specificity. The 19- and 27-
fold losses of catalytic specificity for mono- and dimethylation,
respectively, by PRC2EZH2(Y641F) likely reflect binding or active
site interactions that occur before or at the first irreversible step.
The observed increase in trimethylation activity upon removal
of a hydroxyl group in the Y641F mutant is consistent with a
model involving steric hindrance by tyrosine in the lysine

binding pocket. However, such a model is incomplete because
it cannot account for the observed reduction in the level of
mono- and dimethylation in PRC2EZH2(Y641F), which instead
suggests an active role of tyrosine in PRC2WT. Prior QM/MM
studies of SET7/9 showed hydrogen bonding interactions
between two hydrogens of Lys-NH3

+ and the hydroxyl groups
of Tyr-245 and Tyr-305, stabilizing the complex for methyl
transfer.32 Independent crystallographic studies of SET7/9
show the same hydrogen bonding behavior for Tyr-245 but
instead revealed a water molecule coordinated with Tyr-305
and an ε-amino hydrogen atom of lysine.38 In the WT enzyme,
the hydrogen bonds are maintained with methylated lysine and
constrain the methyl group in a position that blocks a critical
water channel from accessing the active site, preventing
subsequent deprotonation and dimethylation. The Y245F
mutation (which gives SET7/9 dimethyltransferase activity)
supports the methyl group of Lys-NH2(CH3)

+ in the site
previously occupied by the hydroxyl group of tyrosine,
permitting water channel access for deprotonation and an
additional methyl transfer. As Tyr-245 and Tyr-305 in SET7/9
correspond to Tyr-641 and Ala-697 in EZH2, respectively [by
sequence (Figure 1B)], trimethylation may proceed through a
similar mechanism in PRC2EZH2(Y641F), consistent with our
observation of reduced levels of mono- and dimethylation
resulting from a loss of hydrogen bond acceptors for the ε-
NH3

+ group of lysine.

Figure 6. Proton inventories for PRC2WT mono- and dimethylation and PRC2EZH2(Y641F) trimethylation. Ratios of initial rates of reactions in H2O vs
fraction D2O (Vn/VH) in 10 μM AdoMet and (A) 10 μM H3[21−44] (monomethylation), (B) 10 μM H3[21−44(K27-CH3)] (dimethylation), and
(C) and 10 μM H3{21−44[K27-(CH3)2]} (trimethylation) plotted as a function of D/H ratio (n). Solid lines (A−C) represent fits to single-proton
transition states (eq 5). (D) Repeat of the trimethylation data shown in panel C with fits to hypothetical two-proton models with substantial inverse
and normal contributions from each proton.

Scheme 3. Kinetic Model Consistent with pH−Rate Dependencies
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The hypothesis that the loss of tyrosine from the lysine
binding site reduces the number of hydrogen bonding
interactions and supports methyl group occupancy assumes
lysine deprotonation occurs on the enzyme and not by bulk
solvent when the substrate is free in solution. This was tested
with pH−rate profiles under multiple conditions: profiles
obtained for second-order rate constants [under conditions of
limiting reactant (kcat/Km)] provide information for any events
occurring from reactants free in solution up to and including
the first irreversible step in the catalytic cycle, while those
obtained for first-order rate constants [where reactants are
saturating (kcat)] provide information for catalytic events
occurring from formation of the ternary complex through
release of the products.42 A schematic model that is supported
by the pH−rate data is illustrated in Scheme 3. The observed
pH optima on kcat for these reactions (Figure 4 and Table 2)
suggest that a specific basic residue within the ternary complex
must be deprotonated for the reaction to continue through
product release, consistent with enzyme-dependent lysine
deprotonation. Similar profiles and pKa values for kcat/
KH3[21−44] and kcat support a model in which the same
chemistry is responsible for the observed behavior and together
suggest that the requirement for acid/base chemistry occurs
after formation of the ternary complex (rule for kcat) and either
before or concurrent with the first irreversible step (rule for
kcat/Km). An enzyme-independent deprotonation model in
which neutral lysine is the required substrate can likely be ruled
out as the pKa of lysine free in solution is predicted to be ∼10.5
and any reduction of this pKa to the values measured herein
(∼7−8) would be enzyme-dependent (although higher pH
optima have been observed in independent PKMT studies,45

which in those systems may reflect a bypass of the enzyme-
dependent deprotonation mechanism with the equilibrium
favoring neutral lysine free in solution at the unnaturally high
pH values). These conditions, however, could not be tested
with PRC2 because of the instability of the complex at pH >9.0
(as previously mentioned). The basic optima shown in the
pH−rate profiles for kcat/KAdoMet are also consistent with the
kcat/KH3[21−44] and kcat profiles. In contrast, the observed acidic
optima are not present in either kcat/KH3[21−44] or kcat,
suggesting an effect on AdoMet binding. The pKa values
obtained from the curve fits for kcat/KAdoMet are similar to those
predicted for the terminal amine of the methionine moiety of
AdoMet (∼9.0), which may suggest preferential binding of
protonated methionine in the AdoMet binding pocket.
Three mechanistic models have stemmed from a variety of

studies that address enzymatic lysine deprotonation by PKMTs,
one suggesting an essential tyrosine (Y726 in EZH2) acts as a
general base, another suggesting preferential binding to Lys-ε-
NH2, and the other suggesting a ternary complex-induced water
channel gives active site access to bulk solvent. Our pH−-rate
data are sufficient to rule out enzyme-independent solvent
deprotonation of lysine prior to binding. However, qualitatively,
our pH−rate data are insufficient to rule out either on-enzyme
mechanism, as we can support only a model of enzyme-
dependent acid/base chemistry. However, computational
models of the ternary complex of SET7/9 in monomethylation
gave calculated pKa values of 8.2 ± 0.6 for lysine and 16.6 ± 4.2
for the essential tyrosine.32 A comparison of our experimental
pKa values with these theoretical values shows good agreement
with the calculated value for lysine, supporting enzyme-
dependent equilibrium dissociation of the proton into bulk
solvent in EZH2. Furthermore, amine methylation is consistent

with an increase in its pKa, providing additional support for
dissociation of the lysine proton to water from H3[21−44],
H3[21−44(K27-CH3)], and H3{21−44[(K27-CH3)2]} sub-
strates, which in these experiments gave kcat pKa values of 7.3,
7.7, and 8.0, respectively.
Although our data better support enzyme-dependent solvent

deprotonation of lysine, it is important to point out that the
proposed tyrosine that has been suggested to act as a general
base (Y726 in EZH2) is absolutely conserved in SET domain
PKMTs and is essential for catalytic activity. Structural and
kinetic analyses performed on vSET (a viral H3K27
methyltransferase) generated a hypothesis that held that the
essential tyrosine participates in the proper alignment of an
enzymatic lysine access channel.46 Additional studies have
suggested that the essential tyrosine provides structural stability
by participating in critical hydrogen bonding with the enzyme
main chain,24 while another has suggested the hydroxyl of the
corresponding tyrosine in SET7/9, Y335, participates in
hydrogen bonding with the methyl hydrogen atoms of
AdoMet.47 Therefore, there are many possible roles for the
essential tyrosine residue that do not necessarily involve its
participation as a general base.
Enzymatic lysine deprotonation suggests that the proton

transfer may occur as part of a rate-limiting (or partially rate-
limiting) step in the catalytic cycle. We tested this by measuring
solvent kinetic isotope effects. Heavy isotope substitution
changes bond vibrational frequency, and isotope effects report
on differences in the bonding environment between two states.
A sKIE is observed when the bonding environment of the
labeled atom is changed in a rate-determining step relative to
the ground state. In enzymatic reactions, these can be (1)
binding effects, (2) intermediate equilibrium effects, (3)
chemical transformation (transition-state) effects (intrinsic
KIEs), or (4) product equilibrium effects.48 Interpretation of
KIEs follows the same rules on kcat/Km and kcat as pH−rate
profiles. However, instead of reporting on acid/base chemistry,
isotope effects on kcat/Km and kcat report on a changed bonding
environment at the step limiting the observed rate. The
observed sKIEs on kcat are consistent with a change in the
bonding environment for hydrogen at a rate-limiting step,
supporting lysine deprotonation as being partially rate-limiting.
These values were the same within experimental error for the
PRC2WT mono- and dimethylation and PRC2EZH2(Y641F)

trimethylation reactions, suggesting the chemical mechanism
of lysine deprotonation is the same for each reaction.
Furthermore, the PRC2EZH2(Y641F) reaction uses H3{21−
44[K27-(CH3)2]} as a substrate, which unlike the mono- and
dimethylation substrates has only one ζ-hydrogen atom to
exchange with solvent. Therefore, if the observed sKIE reports
on the transition state of lysine deprotonation, the effect must
be primary for at least the trimethylation reaction, as no ζ-
deuterium atoms are present to give a secondary isotope effect.
The absence of a measurable sKIE, within experimental error,

on kcat/KAdoMet or kcat/KH3[21−44] parameters for each
methylation reaction can indicate that (1) the KIE-sensitive
step for kcat occurs after the first irreversible step, (2) an inverse
binding or intermediate equilibrium isotope effect offsets the
kcat KIE, or (3) the KIEs on kcat/KAdoMet and kcat/KH3[21−44] are
suppressed by forward commitment factors (probability of
bound substrate proceeding toward product vs dissociating
from the ternary complex48). In the first possible scenario, the
pH-dependent step must be different for kcat and for kcat/
KAdoMet and kcat/KH3[21−44]; otherwise, the observed KIE might
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be expected to be comparable for each parameter. In the
second possible scenario, pH−rate profiles for kcat and kcat/
KH3[21−44] may reflect the deprotonation of lysine, with the
normal Dkcat reporting on partially rate-limiting deprotonation
chemistry and an inverse D(kcat/KH3[21−44]) and

D(kcat/KAdoMet)
equilibrium isotope effect upon ternary complex formation that
offsets the normal KIE resulting from deprotonation chemistry.
Alternatively, kcat/KAdoMet and kcat/KH3[21−44] profiles could
reflect lysine deprotonation chemistry, and kcat could reflect a
second proton transfer, either at a partially rate-limiting step
offsetting the KIE on kcat/KAdoMet and kcat/KH3[21−44] or after the
first irreversible step (presumably methyl transfer). In this
multiple-proton mechanism, the pH-dependent behavior of kcat
would likely reflect a basic amino acid within the enzyme with a
pKa nearly identical to that of the group(s) responsible for the
observed pH−rate profiles on kcat/KAdoMet and kcat/KH3[21−44].
In the third possible scenario, external forward commitment
factors could suppress the observed KIE on kcat/KAdoMet and
kcat/KH3[21−44]. Accordingly, significant forward commitment
factors might also be expected to influence the pH−rate
dependence of kcat/KAdoMet and kcat/KH3[21−44] through a
reduced apparent pKa value. However, the influence of the
forward commitment on the pH−rate profiles described herein
can be masked by additional factors unrelated to the
commitment42 (see Supplementary Discussion in the Support-
ing Information). Given the relatively small magnitude of the
observed sKIEs on kcat, commitment factors sufficient to
suppress the sKIE values near unity, within error, may not be
reflected in the pKa values, as the shifts in pKa may fall within
the error of the measurement. Therefore, it is possible that a
suppression of the observed KIE on kcat/KAdoMet and kcat/
KH3[21−44] could be due to forward commitment factors that
would not necessarily be reflected in the pH−rate profiles. As
the pH−rate profiles indicate similar basic optima for kcat, kcat/
KH3[21−44], and kcat/KAdoMet, we postulate that they report on the
same chemical step and that suppressed KIEs may be attributed
to commitment factors.
The solvent KIEs measured on kcat suggest lysine

deprotonation occurs at a partially rate-limiting step in the
EZH2 methyltransferase reaction. We used proton inventories
to explore the possibility of multiple protons contributing to
the observed sKIE. Although our data best fit to a single-proton
model, it is important to note that the small magnitude of the
observed KIE reduces the distinction between a single proton
and small contributions from multiple protons. We can,

however, rule out the possibility of substantially large normal
(KIE > 1.0) and inverse (KIE < 1.0) effects combining to give
the observed KIE, the result of which could be a significant and
visible bowing effect (Figure 5D). Furthermore, the proton
inventory data provide additional support for a proton transfer
occurring during a partially rate-limiting step in the catalytic
cycle.
Previous computational studies have suggested the highest

energy barrier for EZH2 catalysis is at a 50% dissociative
transition state for methyl transfer, with no energy barrier at the
QM/MM level for the transfer of a hydrogen from Lys-ε-NH3

+

to −OH when treated as an independent step.36 In contrast, our
data suggest lysine deprotonation is at least partially rate-
limiting; therefore, a mechanism involving concerted lysine
deprotonation and methyl transfer seems logical energetically.
However, observations of the reversibility of deprotonation
(defined by its pKa) and the irreversibility of methyl transfer are
inconsistent with this model. As the solvent deprotonation is
suggested to be enzyme-dependent, a possible interpretation is
that enzymatic events (such as protein motions involved in
opening of the water channel) associated with the deprotona-
tion equilibrium contribute to the rate limitation of the reaction
in such a way that an equilibrium between solvent and lysine
can only occur at an energy state of the enzyme that is
sufficiently high to limit the rate of the reaction. In this model,
the solvent KIE would report on the transfer of the proton to
solvent to form this higher-energy intermediate, which
subsequently proceeds to methyl transfer.
A chemical mechanism that is consistent with our pH−rate

profiles and solvent kinetic isotope effects is illustrated in
Scheme 4. Within the pH range permitted by EZH2 stability,
our data suggest that both AdoMet and H3K27 bind to the
enzyme with the terminal NH3

+ of the methionine moiety of
AdoMet and the ε-NH3

+ of the methyl-accepting lysine in their
acidic forms. Formation of the ternary complex then permits
access of the enzyme active site to bulk solvent, which then
deprotonates lysine because of its reduced pKa resulting from
the charge−charge interaction with the S+-CH3 of AdoMet.
Following deprotonation, the methyl group is transferred from
AdoMet to ε-NH2-Lys in an assumed SN2 substitution reaction.
The existence of a water channel in EZH2 to allow for lysine

deprotonation is speculative, as there remains no supporting
crystallographic evidence to date. However, the water channel
hypothesis has been suggested for alternative SET domain
PKMTs,31−36 and sequence similarities and functional con-

Scheme 4. Chemical Mechanism from pH−Rate Profiles and Solvent KIEs
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sequences of key mutations in analogous residues in EZH2
suggest that the active form of the enzyme has a similar
structure. Additionally, there have been reports of SET domain
PKMTs proceeding processively45 (the substrate lysine is not
released by the enzyme prior to the next round of
deprotonation and methyl transfer). This suggests that at
some point in the reaction cycle, water must access the active
site, whether to deprotonate lysine itself or to deprotonate a
general base to allow for an additional round of chemistry.
Although EZH2 does not follow a processive mechanism in our
biochemical assays, we cannot rule out the possibility under
native conditions. Furthermore, the similarity in sequence and
essential residues across SET domain PKMTs suggests that the
mechanism is conserved and that although some PKMTs may
not require processivity for regulatory purposes, the ability to
accommodate such a mechanism may be retained.
Tyrosine residues in the lysine binding site in a variety of

SET domain PKMTs have been shown to correlate with
mono-, di-, or trimethylation specificity. Indeed, the EZH2
Y641F mutant studied here showed significantly higher activity
in trimethylation and reduced activity if mono- and
dimethylation compared to that of WT EZH2. This is
consistent with a model in which tyrosine residues provide
stabilizing hydrogen bonds to ε-NH3

+-Lys but can also prevent
subsequent methylation rounds by holding the methyl group in
a position that blocks solvent access for another round of
methylation. The resulting loss of these hydrogen bonds in the
Y641F mutant of EZH2 correlates with the observed loss-of-
function behavior of PRC2EZH2(Y641F) in mono- and dimethy-
lation. This is also consistent with the observed gain-of-function
behavior in trimethylation resulting from the loss of a hydrogen
bond with ε-NH(CH3)2

+-Lys, which permits its deprotonation.

■ CONCLUSIONS
EZH2, the catalytic subunit of PRC2, methylates lysine 27 of
histone 3. While EZH2 has mono- and dimethylation activity,
the Y641F variant favors trimethylation. Our pH−rate analyses
revealed basic pH profiles for kcat and kcat/KH3[21−44] and bell-
shaped profiles for kcat/KAdoMet for each methylation reaction,
the values of which support an enzyme-dependent lysine
deprotonation model. The pKa values obtained from the pH−
rate studies correlate with calculated pKa values from a
previously proposed computational model in which the ternary
Lys-ε-NH3

+·AdoMet·Enz complex induces formation of a water
channel that permits solvent access to deprotonate lysine.32

Solvent kinetic isotope effect analyses suggest a change in the ζ-
hydrogen bonding environment of lysine in a rate-limiting step
of the EZH2 catalytic cycle, consistent with lysine deprotona-
tion being at least partially rate-limiting.
The role of EZH2 in multiple cancers suggests a high

potential therapeutic value for EZH2 inhibitors. Experimental
studies of the chemical details of enzymatic mechanisms, such
as those described here for EZH2, can provide valuable tools
for the strategic design of specific inhibitors with potential
clinical use. Although it is widely assumed that PKMTs proceed
through an SN2 mechanism, critical details of active site
chemistry (such as charge distribution throughout the reaction)
can substantially influence the binding properties of potential
inhibitors. In the PKMT reaction, the electrostatic environment
of the active site upon binding of both positively charged
AdoMet and ε-NH3

+-lysine differs significantly from that of the
AdoMet·ε-NH2-lysine intermediate. During methyl transfer, the
charge moves from the AdoMet binding site, through the SET

domain “tunnel”, to the ε-NH2 moiety of the lysine substrate to
give ε-NH2(CH3)

+. The positive electrostatic distribution at the
transition state of methyl transfer has not yet been explored;
however, such information could provide a powerful basis for
future transition-state analogue drug design. As our observa-
tions described here suggest that the enzymatic deprotonation
of lysine occurs in a manner independent of methyl transfer
and also occurs at a rate-limiting step, there are independent
transition-state barriers that could serve as a potential basis for
transition-state analogue inhibitor design for EZH2.
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