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SET domain protein lysine methyltransferases (PKMTs) regulate
transcription and other cellular functions through site-specific
methylation of histones and other substrates. PKMTs catalyze the
formation of monomethylated, dimethylated, or trimethylated
products, establishing an additional hierarchy with respect to
methyllysine recognition in signaling. Biochemical studies of PK-
MTs have identified a conserved position within their active sites,
the Phe/Tyr switch, that governs their respective product specific-
ities. To elucidate the mechanism underlying this switch, we have
characterized a Phe/Tyr switch mutant of the histone H4 Lys-20
(H4K20) methyltransferase SET8, which alters its specificity from a
monomethyltransferase to a dimethyltransferase. The crystal
structures of the SET8 Y334F mutant bound to histone H4 peptides
bearing unmodified, monomethyl, and dimethyl Lys-20 reveal that
the phenylalanine substitution attenuates hydrogen bonding to a
structurally conserved water molecule adjacent to the Phe/Tyr
switch, facilitating its dissociation. The additional space generated
by the solvent’s dissociation enables the monomethyllysyl side
chain to adopt a conformation that is catalytically competent for
dimethylation and furnishes sufficient volume to accommodate
the dimethyl e-ammonium product. Collectively, these results in-
dicate that the Phe/Tyr switch regulates product specificity
through altering the affinity of an active-site water molecule
whose dissociation is required for lysine multiple methylation.

enzyme mechanism | histone methylation | transcription | chromatin |
enzyme kinetics

ysine methylation is a widespread covalent modification that

occurs in histones and nonhistone proteins. Site-specific
methylation of lysines in histones H3, H4, and H1b has been
implicated in a myriad of functions, including transcriptional
regulation, heterochromatin formation, and DNA damage re-
sponse (1). Various effector proteins mediate these functions
through sequence-specific recognition of lysine methyl marks. In
addition, the lysine e-amine group can be monomethylated,
dimethylated, or trimethylated, imparting a further level of
specificity in methyllysine signaling. The importance of this
specificity has been emphasized by recent studies illustrating that
specific methylation states are enriched in distinct regions of
genes (2). Correlatively, certain methyllysine binding domains
discriminate among different degrees of lysine methylation (3),
underscoring the synergy between the site and degree of meth-
ylation in signaling.

A key to deciphering the functions of lysine methylation is to
understand the specificities of the enzymes that establish these
marks. Structural studies of PKMTs belonging to the SET
domain family have yielded insights into the mechanisms by
which these enzymes recognize and methylate specific sites
within their cognate substrates (4). Protein substrates generally
bind in a B-strand conformation, depositing the lysyl side chain
in a channel that traverses the core of the catalytic domain and
links to the S-adenosyl-L-methionine (AdoMet) binding site.
Mutational analyses have revealed a specific site within the lysine
binding channel that modulates the product specificities of
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histone methyltransferases (Fig. S1). In lysine monomethyltrans-
ferases, this position is occupied by a tyrosine, whereas in most
dimethyltransferases and trimethyltransferases, a phenylalanine
or another hydrophobic amino acid is located in this site (5-10).
These findings underpin a Phe/Tyr switch model for product
specificity wherein the identity of the residue occupying the
switch position differentiates monomethyltransferases and di/
trimethyltransferases, with the exception of enzymes that are
active within the context of heteromeric complexes whose sub-
units regulate product specificity, such as ScSET1 (11) and
HsMLL (12, 13). Despite its biological importance, the molec-
ular mechanism underlying the Phe/Tyr switch is poorly under-
stood. Indeed, this reflects a fundamental question: how are
methyl groups of monomethyllysine, dimethyllysine, and trimeth-
yllysine physically arranged in the active sites of PKMTs during
successive rounds of methylation? This question has remained
unaddressed because of a lack of structures of SET domain PKMTs
bound to lysine substrates in different methylation states.

To resolve these issues and gain mechanistic insights into SET
domain product specificity, we have structurally and functionally
characterized a Phe/Tyr switch mutant of the H4K20-specific
monomethyltransferase SET8 (also known as PR-SET7 and
KMTS5A). We previously reported that a phenylalanine mutation
of the Phe/Tyr switch residue Tyr-334 alters the product spec-
ificity of SETS8 to a dimethyltransferase, but does not affect
histone H4 binding or the overall methylation rate (6). We chose
this mutant for further analysis to evaluate how a subtle mutation
from tyrosine to phenylalanine can fundamentally alter product
specificity. Crystal structures of SET8 Y334F in complex with a
histone H4 peptide bearing an unmodified (H4K20), monom-
ethylated (H4K20me1l), and dimethylated Lys-20 (H4K20me2)
reveal that the Phe/Tyr switch modulates the affinity of a
structurally conserved water molecule within the active site.
Dissociation of this water molecule permits a monomethyllysine
substrate to adopt an alternative conformation conducive for
dimethylation. Together, these findings demonstrate that the
Phe/Tyr switch governs SET domain product specificity through
the intermediacy of a water molecule.

Results

Kinetic Characterization of SET8 Y334F Mutant. In our initial studies,
we reported the kinetic parameters of the SET8 Y334F mutant
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Table 1. Biochemical analysis of native SET8 and the Y334F mutant

SET8 Peptide substrate Kp, uM Kp, pM Kear, min—? keat/Kpg, wM~1 X min—1 x 103

Native H4K20* 331 400 = 30 0.43 = 0.02 1.1 = 0.1
H4K20me1 24 =1 NA NA NA

Y334F* H4K20 19 + 2* 490 = 40 0.43 = 0.09 0.88 + 0.20
H4K20me1 32 +£1 260 + 30 0.016 £ 0.001 0.062 + 0.008

NA, no activity detected.

*Data previously reported and shown for comparative purposes (6). [Reproduced with permission from ref. 6 (Copyright 2005, Cold

Spring Harbor Lab Press).]

No heat of binding was detected between SET8 Y334F and the H4K20me2 peptide by isothermal titration calorimetry (ITC). Error values

were calculated from the nonlinear fits to the kinetic and ITC data.

(residues 191-352) by using a 10-residue H4K20 peptide sub-
strate (Kyy = 520 uM, ko, = 0.45 min™!'), representing the
aggregate rates of monomethylation and dimethylation (6). To
measure the individual rate constants for these reactions, SETS8
Y334F was assayed with an H4K20mel peptide and a H4K20
peptide by using short assay times that exclude the formation of
the dimethylated product. Under these conditions, SET8 Y334F
displays comparable Kj, values for the 2 peptides and similar
binding affinities, as measured by isothermal titration calorim-
etry, but methylates the H4K20 peptide more efficiently than
H4K20mel (Table 1). The k., value for the H4K20mel peptide
is consistent with the rate constants for dimethylation and
trimethylation of an H3K27 peptide by a viral SET domain
methyltransferase (vVSET) (7) and for the methylation of an
H3K9me?2 peptide by SUV39H1 (14). Because of its comparable
affinities for H4K20 and H4K20mel, these results imply that the
chemistry of the dimethylation reaction may be rate-limiting in
SETS8 Y334F (see the final paragraph in Discussion).

To define whether SETS Y334F uses a processive or distrib-
utive kinetic mechanism, the amounts of monomethyllysine and
dimethyllysine products were quantitatively measured by using
TLC (Fig. 1). In processive methylation, monomethyllysine is a
reaction intermediate that remains bound to the enzyme and
thus cannot exceed the total enzyme concentration, whereas in
a distributive mechanism, the monomethyllysine is released into
solution where it accumulates at concentrations that exceed the
enzyme before its complete conversion to the dimethylated
product. Incubation of a limited amount of SET8 Y334F (0.1
nmol) with the H4K20 peptide and AdoMet yielded 4.4 nmol of
H4K20mel and 0.8 nmol of H4K20me2 in 1 h, consistent with
a distributive mechanism for this mutant.

Structures of SET8 Y334F Bound to H4K20, H4K20me1, and H4K20me2.
To elucidate the mechanism by which the Y334F mutation alters
the product specificity of SETS, we solved the crystal structures
of this mutant in ternary complexes with H4K20, H4K20mel,
and H4K20me2 peptides and the product S-adenosyl-L-
homocysteine (AdoHcy) (Table S1). The high resolution of the
diffraction data (1.25- to 1.6-A resolution) permitted unambig-
uous modeling of the unmodified and methylated K20 side
chains in the omit maps (Fig. 2). The structures of the SETS8
Y334F complexes are highly similar to the native enzyme and
display the same network of interactions between the H4 peptide
and the enzyme (6, 8). These observations indicate that the
Y334F mutation does not induce major conformational changes
in the enzyme, implying that the altered product specificity is
caused by local rearrangements in the active site.

A comparison of the active-site structures of native SET8 and
the Y334F mutant bound to the H4K20 peptide (Fig. 2 A and B)
illustrates that the K20 side chain is bound in an all-trans
extended conformation within a channel composed of 4 aromatic
residues, Tyr-245, the Phe/Tyr switch residue 334, and Tyr-336
in SETS8, and His-18 in histone H4 (residues not shown). This
channel connects to the AdoMet binding pocket via an oxygen-

20660 | www.pnas.org/cgi/doi/10.1073/pnas.0806712105

rimmed methyltransfer pore through which a methyl group
transits during catalysis (15). In both native SET8 and the Y334F
mutant, the conformation of the K20 side chain is oriented via
hydrogen bonding to the Tyr-245 OH group and a tightly bound
water molecule that occupies a cleft in the active site that we
refer to as the solvent pocket. In the native enzyme, the water
molecule is further coordinated within this pocket via hydrogen
bonds to the Tyr-334 OH group and the carbonyl oxygens of
Gly-294 and Ile-297 (Fig. 2A), whereas in SET8 Y334F, the
Tyr-334 hydrogen bond to the water is absent because of the
phenylalanine mutation (Fig. 2B). The structures of other SET
domain PKMTs, including SET7/9, SUV39H2, G9A, and G9A-
like protein (GLP), also possess solvent binding pockets and a
water molecule (Fig. S2 A-FE), suggesting their involvement in
substrate binding or catalysis.

Similar to the H4K20-bound complexes, the K20mel side
chain adopts an extended all-trans configuration in the lysine
binding channel of the Y334F mutant (Fig. 2C). The backbone

SET8 (0.1 nmole)

Bl mono-[Y334F SET8 ] mono-
(0.1 nmole) )

O di

Methylated Lysine (nmoles)
Methylated Lysine (nmoles)

Fig. 1. Analysis of the product specificities of native SET8 and the Y334F
mutant. TLC-based assays of SET8 and the Y334F mutant with the unmodified
H4K20 peptide and 3H-AdoMet as substrates are illustrated. The monometh-
yllysine and dimethyllysine products generated by native SET8 and the Y334F
mutant were separated on a TLC plate (Lower), extracted, quantified, and
displayed as a bar graph (Upper).
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Fig.2. Structures of the active sites of native SET8 and the Y334F mutant bound to AdoHcy and H4K20, H4K20me1, and H4K20me2 peptides. His-18 in histone
H4 forms 1 wall of the channel and was omitted to provide an unobstructed view of the active site. SET8, histone H4, and AdoHcy are delineated by gray, gold,
and green carbon atoms, respectively. The Y334F mutation is highlighted in magenta. (Insets) Shown are the Fo — Fc omit map electron densities for the various
K20 side chains contoured at 2.0 ¢. Conventional and CH-O hydrogen bonds are depicted as orange and cyan dashes, respectively. (A) Native SET8-H4K20—-
AdoHcy complex (Protein Data Bank ID code 1ZKK). (B) SET8 Y334F-H4K20-AdoHcy. (C) SET8 Y334F-H4K20me1-AdoHcy. (D) SET8 Y334F-H4K20me2-AdoHcy.

atoms of H4K20me1 and H4V21 are shifted 0.5 A away from the
center of the active site compared with the SET8 Y334F-H4K20
complex to accommodate the K20me1 side chain. However, this
displacement does not alter the overall histone H4 binding mode,
nor disrupt hydrogen bonding to the H4K20mel e-amine. The
interactions orient the K20mel side chain in a posttransfer
product conformation with its methyl group linearly aligned with
the AdoHcy thioether moiety, mimicking the monomethyllysyl
binding modes observed in native SET8 and SET7/9 product
complexes (Fig. S2 E and F) (8, 9, 16-18).

In contrast, the structure of the SET8 Y334F bound to the
H4K20me2 peptide reveals variable dimethyllysyl binding
modes. In 1 molecule in the unit cell, the K20me?2 side chain
adopts an extended all-frans conformation, whereas in the other
complexes, the side chain assumes either non-trans or kinked
configurations. In the kinked orientation, a rotation along the
C8-Ce bond in the K20me2 side chain shifts the dimethyl
e-amine toward residues Cys-270-Met-272 in the lysine binding
channel, generating a void adjacent to the methyltransfer pore
that is occupied by water molecules (Fig. S3). In contrast, the
all-trans K20me?2 side chain extends the length of the lysine
binding channel, excluding water molecules from the active site
(Fig. 2D). We conclude that this conformation represents a bona
fide dimethyllysine product complex because: (i) the H4K20me1
and H4K20me2 side chains are superimposable (Fig. 3), (ii)
hydrogen bonding is maintained between the H4K20me2
e-amine and Tyr-245, and (i) a superimposition of this complex
and the GLP-H3K9me2-AdoHcy product complex illustrates
identical dimethyllysyl side-chain conformations (Fig. S4). An
important consequence of this all-frans binding mode is the
displacement of the active-site water molecule from the solvent
pocket by the dimethyl e-amine (Fig. 2D). Specifically, 1 of the
K20me2 methyl groups projects into the vacant solvent binding
site, forming a 3.3-A carbon-oxygen (CH--O) hydrogen bond
with the carbonyl oxygen of Ile-297 (Fig. 3). Similarly, the K9me?2

Couture et al.

side chain adopts an identical conformation and engages in the
same interactions in the GLP-H3K9me2 product complex (Fig.
S4). The presence of CH--O hydrogens bonds in methyllysine
recognition concurs with prior studies of SET domain PKMTs
(15, 19) and explains the capacity of the SET8 Y334F active site

Y273
C270

K20me1
Y

Fig. 3.
H4K20me1 (green carbons) and H4K20me2 (orange carbons) are superim-
posed within the active site. Hydrogen bonds between the active site and the
K20me1 and K20me2 side chains are illustrated according to the correspond-
ing colors of the carbon atoms in their side chains, and hydrogen bonds
common to both complexes are shown in violet.

Monomethyllysine and dimethyllysine binding by SET8 Y334F.
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Fig.4. Model for H4K20 dimethylation by the SET8 Y334F mutant. (A) First methyltransfer reaction. In the SET8 Y334F-H4K20-AdoMet complex, AdoMet was
modeled in the active site by using the AdoHcy coordinates (Fig. 2 color scheme with hydrogens rendered in cyan). The Sy2 reaction distance and bond angle
corresponding to the H4K20 e-amine group and the AdoMet methyl group and sulfonium cation are noted. Fig. S6 illustrates the hydrogen bonding to the K20
e-amine. (B) Second methyltransfer reaction. In this substrate complex, the H4K20me1 side chain is modeled with its methyl group projecting into the vacated
water binding site, which isinferred from the coordinates of the corresponding methyl group in the H4K20me2 product complex (Fig. 2D). This orientation aligns

the K20me1 e-amine for methyltransfer with AdoMet.

to accommodate a dimethyllysine. Specifically, the affinity for
the water molecule bound within the solvent pocket is dimin-
ished through the loss of a hydrogen bond because of the Y334F
mutation, enabling a methyl group to compete for binding within
the pocket via a compensatory CH-+O hydrogen bond.

Mechanism of Lysine Monomethylation and Dimethylation. Based on
the structures of the SET8 Y334F complexes, we propose a
mechanism for lysine dimethylation applicable to other SET
domain PKMTs. Modeling of a SET8 Y334F-AdoMet-H4K20
substrate complex illustrates that hydrogen bonds to the Tyr-245
OH group and the active-site water molecule align the depro-
tonated K20 e-amine and the AdoMet methyl group and sulfo-
nium cation with a reaction distance of 1.8 A and an angle of
170°, consistent with a linear SN2 methyltransfer reaction (Fig.
44). The Tyr-245 OH group, which is conserved in most histone
methyltransferases (Fig. S1), is critical for the productive align-
ment of the K20 e-amine group, because mutations of this
residue abolish methylation (6). This result is supported by
structural analysis of the SET8 Y245F-H4K20-AdoHcy com-
plex in which the K20 side chain adopts a kinked conformation
with its e-amine misaligned for methyltransfer (Fig. S5).

After the first methyltransfer reaction, the K20mel side chain
is protonated and adopts an all-frans geometry with its methyl
group oriented toward the methyltransfer pore (Fig. 44 and Fig.
S6A4). In monomethyltransferases, this configuration represents
a terminal product complex stabilized by the water molecule
coordinated by 4 hydrogen bonds within the solvent pocket (Fig.
S2 E and F). For dimethylation to occur, the monomethyllysyl
side chain must adopt a new conformation wherein its methyl
group is rotated out of the transfer path, and its e-amine is
deprotonated to function as a nucleophile. The SET8 Y334F-
H4K20me?2 complex (Fig. 2D) yields insights as to how these
criteria are met. In dimethyltransferases and trimethyltrans-
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ferases, only 3 hydrogen bonds coordinate the water molecule
within the solvent binding pocket, diminishing its affinity for the
active site. Upon the water’s dissociation, the monomethyllysyl
side chain can undergo a conformational change by rotation
along its Ce-N{¢ bond, repositioning the methyl group in the
vacant solvent pocket where it forms a CH-+O hydrogen bonds
with Ile-297 that stabilizes this alternative conformation (Fig. 4B
and Fig. S6B). This realignment maintains hydrogen bonding
between the K20mel e-amine and Tyr-245 while rotating the
methyl group out of the transfer path. The rotation of the
K20mel side chain also breaks 1 of the 2 hydrogen bonds to the
e-ammonium ion, facilitating its deprotonation before the sec-
ond methyltransfer reaction. Modeling of the SETS Y334-
H4K20mel-AdoMet substrate complex illustrates that the dep-
rotonated H4K20mel e-amine and AdoMet methyl group align
with a geometry of 2.5 A and 163°. This distance is longer than
the value calculated for the first reaction, caused in part by the
aforementioned 0.5-A shift of K20mel and K20me?2 away from
the center of the active site. Taking this shift into account, the
distance between the methyl group and g-amine is ~2.0 A,
comparable to the reaction distance for monomethylation (Fig.
4A4). In the final product complex, the dimethyllysyl side chain
adopts an all-trans geometry, as observed in the SET8 Y334F—
H4K20me?2 and GLP-H3K9me2 complexes (Fig. S4)

Discussion

The mechanisms underlying the product specificity of SET
domain PKMTs have remained the subject of intense study
because of the important regulatory roles of lysine methylation
in transcription and other cellular functions. Initial structural
studies attributed differences in product specificity to several
factors, including steric hindrance by the tyrosine hydroxyl group
in monomethyltransferases (10) and variations in the diameter of
the lysine binding channel caused by the size of residue occu-
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pying Phe/Tyr switch site (7-9, 19). We evaluated these models
in light of our results indicating that the Phe/Tyr switch regulates
product specificity through the active-site water molecule. Dock-
ing of the H4K20me2 peptide into the substrate binding cleft of
native SET8 reveals that the K20me2 methyl group that binds in
the solvent pocket is positioned 1.5 A from the active-site water
and 2.7 A from the Tyr-334 OH group (Fig. S7). The distance
between the water and the methyl group is indicative of a severe
clash that would inhibit H4K20 dimethylation, in agreement with
the product specificity of native SETS. Although the methyl
group and Tyr-334 OH group are in relatively close proximity,
this distance does not necessarily represent steric hindrance
because CH-+O hydrogen bonds of comparable lengths (2.7-3.2
A) have been observed with methyllysines in the active sites of
SET domain PKMTs and a JmjC lysine demethylase (15, 20).
Additionally, we investigated how changes in the lysine binding
channel’s diameter may influence product specificity. The
Y334F substitution results in a modest widening at the channel’s
midpoint based on a comparison of native SET8 and the Y334F
mutant (Fig. S8 4 and B). However, the diameter at the base of
the channel adjacent to the methyltransfer pore remains narrow
owing to the bound water molecule. Dissociation of the water
expands the channel’s diameter by unmasking the solvent
pocket, yielding sufficient volume to accommodate dimethyla-
tion by SET8 Y334F (Fig. S8C). Collectively, these findings
demonstrate that diffusion of the water molecule from the active
site relieves steric hindrance and enlarges the diameter of the
lysine binding channel’s base, facilitating dimethylation.

Recently, a series of quantum mechanical and molecular
dynamic studies have posited different theoretical models for
SET domain product specificity. Initial simulations of lysine
methylation by SET7/9 ascribed its product specificity to varia-
tions in near attack conformations (21), whereas more recent
modeling studies by Zhang and coworkers (22) favor a model
wherein chains of water molecules hydrogen bond to the dep-
rotonated methyllysine e-amine, inhibiting dimethylation and
trimethylation. Conversely, a series of simulations with multiple
SET domain PKMTs show that solvent chains are responsible for
deprotonating the lysine e-amine to promote methyltransfer
(23-27), whereas the results of another modeling study of
SET7/9 implicate the invariant active site tyrosine (Tyr-335; Figs.
S1 and S2) as the catalytic base in deprotonation (28). Although
there is no experimental data for solvent chains in our SETS8
structures or in other SET domain PKMTs, it is conceivable that
these chains could form transiently in solution to provide a
deprotonation path during catalysis, in agreement with our
model (see below). With respect to the invariant tyrosine,
structural and computational analyses have shown that the
distance and angle between its hydroxyl group and the lysine
e-ammonium cation are unfavorable for proton abstraction (7,
19) and that the theoretical pK, value of its hydroxyl group
(>13.0) is inconsistent with base catalysis (23, 27).

We propose that our model for the product specificity of SETS
is applicable to the SET domain family because of the structural
homology of the lysine binding channel, the solvent pocket, and
the methyllysine conformations observed in the structures of
other PKMTs (Fig. S2). The conserved binding mode of the
active-site water and its hydrogen bonding to the lysine substrate
imply that it functions as a molecular placeholder during catal-
ysis. In monomethylation, the water molecule hydrogen bonds to
the lysine e-amine, aligning it in a linear geometry with the
AdoMet methyl group (Fig. 44). However, the hydrogen bond-
ing between the water and the monomethyllysine restricts further
rounds of methylation by impeding the rotation and deproto-
nation of the monomethyl e-ammonium group. Dissociation of
the water in dimethyltransferases and trimethyltransferases re-
lieves these inhibitory effects, enabling the methyl group to
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rotate into the vacant solvent pocket to orient the deprotonated
e-amine for the second methyltransfer (Fig. 4B).

In addition to its placeholder role, the active-site water may
facilitate deprotonation of the monomethyllysine e-ammonium
cation during dimethylation. Theoretical calculations predict
that the pK, values of the lysine or methyllysine e-ammonium
cations are depressed to 8.0—8.2 because of the hydrophobicity
of the lysine binding channel (23, 25, 27), consistent with the pK,
values for k., derived from pH rate profiles of SET domain
PKMTs (29, 30). These ionization constants concur with water-
mediated deprotonation of the e-ammonium cation, which could
occur via solvent entering the active site during cofactor ex-
change between turnovers or via water molecule chains that form
within the active site of the Michaelis complex (23-27). Alter-
natively, the active-site water molecule serves as a hydrogen-
bond acceptor with H4K20mel (Fig. 44) and could directly
deprotonate the e-ammonium cation before dimethylation, dis-
sociating from the active site as a hydronium ion.

These findings also provide a rationale for the decrease in rate
constants associated with dimethylation and trimethylation re-
ported for various SET domain PKMTs. SETS Y334F methylates
the H4K20mel peptide >20-fold more slowly than that for the
H4K20 peptide while exhibiting comparable affinity for both
substrates (Table 1). These results imply that a chemical step or
a conformational change in the dimethylation reaction is rate-
limiting and, in conjunction with the structural data, suggest that
the dissociation of the active-site water molecule and concom-
itant realignment and deprotonation of the K20mel side chain
represent the rate-limiting steps in lysine dimethylation by SETS
Y334F. Correlatively, the reported rate constants for dimethy-
lation and trimethylation of other SET domain PKMTs, such as
vSET, G9A, SUV39H1, and Rubisco large-subunit methyltrans-
ferase are reduced 3- to 10-fold compared with their respective
rates of monomethylation (7, 14, 29, 31), implying that methyl-
lysine reorientation and deprotonation between turnovers con-
stitute a common rate-limiting step in catalysis. This kinetic
model is applicable to PKMTs that catalyze processive methyl-
ation in which the protein substrate remains bound during
multiple turnovers and to enzymes that obey a distributive
mechanism wherein the methylated substrate dissociates and
rebinds to the enzyme with the methyllysine in a productive
alignment for subsequent methylation. Future studies are
needed to illuminate the conformational changes that facilitate
lysine trimethylation by PKMTs.

Experimental Procedures

Synthetic Peptides. H4K20, H4K20me1, and H4K20me2 peptides (sequence:
A15KRHRK>0VLRD,4) were purchased from New England Peptide and were
suspended in either calorimetry or gel filtration buffer before use (6). The
H4K20 peptide used in the TLC assays was synthesized with a C-terminal
biotinylated lysine for avidin-based purification (sequence:
A15sKRHRK20VLRDN35K-biotin).

Protein Expression and Crystallization. The Y334F and Y245F mutants of human
SET8 (residues 191-352) were overexpressed and purified as reported (6).
Concentrated enzyme (40 mg/mL) was mixed with a 2-fold-molar excess of
AdoHcy and the H4 peptides for crystallization. Crystals were obtained in
23-40% pentaerythritol ethoxylate (15/4), 50 mM (NHg4);5S04, and 50 mM
Bis-Tris, pH 6.5-7.0 at 4 °C and were harvested as published (6).

Data Collection and Structure Determination. Diffraction data were collected
at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL)
and the European Synchrotron Radiation Facility (Grenoble, France) and were
processed with HKL2000 (32) or XDS (33). Structures of the SET8 mutants were
solved by molecular replacement using MOLREP (34) and the coordinates of
the SET8-H4K20-AdoHcy complex (Protein Data Bank ID code 1ZKK). The
structures were refined with REFMAC (35), and the models were manually
adjusted by using O (36). Crystallographic data and refinement statistics are
reported in Table S1. Structural figures were rendered with PyMOL (http://
pymol.sourceforge.net).
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Calorimetry and Methyltransferase Assays. Equilibrium dissociation (Kp) con-
stants (Table 1) were measured with a VP-ITC calorimeter (MicroCal) as re-
ported (6). The binding isotherms were plotted by using ORIGIN software
package (OriginLab) and displayed binding stoichiometries between 0.9 and
1.0. Kinetic characterization of the SET8 Y334F was performed in duplicate by
using a fluorescent assay as described (6, 37) with the exception that 1.0-3.0
»M SET8 Y334F and 200 uM AdoMet were used in the assays. TLC was
performed as outlined in S/ Text.
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