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ABSTRACT: SET and MYND domain-containing protein 2 (SMYD?2) is a protein Mt Hes

lysine methyltransferase that catalyzes the transfer of methyl groups from S-adenosyl-
methionine (AdoMet) to acceptor lysine residues on histones and other proteins. To
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understand the kinetic mechanism and the function of individual domains, human Par——

SMYD?2 was overexpressed, purified, and characterized. Substrate specificity and product
analysis studies established SMYD2 as a monomethyltransferase that prefers nonmethy- == |

lated pS3 peptide substrate. Steady-state kinetic and product inhibition studies showed _ozss

that SMYD?2 operates via a rapid equilibrium random Bi Bi mechanism at a rate of [
!, with Kys for AdoMet and the p53 peptide of 0.031 & 0.01 «M and

0.048 = 0.001 s~

R

0.68 &= 0.22 uM, respectively. Metal analyses revealed that SMYD?2 contains three tightly

bound zinc ions that are important for maintaining the structural integrity and catalytic activity of SMYD?2. Catalytic activity was also
shown to be dependent on the GxG motif in the S-sequence of the split SET domain, as a G18A/G20A double mutant and a
sequence deletion within the conserved motif impaired AdoMet binding and significantly decreased enzymatic activity. The
functional importance of other SMYD2 domains including the MYND domain, the cysteine-rich post-SET domain, and the
C-terminal domain (CTD), were also investigated. Taken together, these results demonstrated the functional importance of distinct
domains in the SMYD family of proteins and further advanced our understanding of the catalytic mechanism of this family.

eversible methylation of lysine residues on histones is an

important mechanism in epigenetic gene regulation.F5
More recent studies have shown that the methylation and
demethylation of lysine residues, as demonstrated with nonhis-
tone protelns such as pS3, o7 pRB E2F1,° RelA,'”! VEGFR,"?
and DNMT1" also serve as a molecular switch for other cellular
events such as signal transduction.’ It is therefore not surprising
to see increasing reports that link deregulation of methylation
homeostasis to human diseases, especially cancers.

These reversible post-translational modifications are driven by
protein lysine methyltranferases (PKMTs) and demethylases.
PKMTs catalyze the transfer of methyl groups from the cosubstrate
S-adenosylmethionine (AdoMet or SAM) to the ¢-amine of an
acceptor lysine residue on histone and nonhistone protein sub-
strates. Acceptor lysine residues can be mono-, di-, or trimethylated,
and discrete methylation states are specifically recogmzed by effector
molecules, leading to differential functional consequences."*

There are about S0 PKMT's in the human genome. With the
exception of DotlL, all PKMTs contain a conserved SET
(Suppressor of variegation, Enhancer of zeste, Trithorax) do-
main where several conserved sequence motifs (I—IV) are clus-
tered together in the tertiary structure, critical for substrate binding
and catalysis."® In addition to the SET domain, the catalytic activity
of PKMTs often requires two flanking domains: the N-terminal
pre-SET domain and the C-terminal post-SET domain. However,
these domains vary among PKMTs, and conservation among
the subgroup is used as the basis for subfamily classification."”
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The SMYD protein family is a subfamily of PKMTs that
contain five members, SMYD1—35, which all share a similar
domain arrangement. Primary sequence analysis shows that the
SMYD proteins contain an S-sequence (N-terminal portion of the
split SET domain), a MYND (Myeloid, Nervy and DEAF-1)
domain, a SET-I (inserted domain), a split SET domain (C-
terminal portion of the SET domain), a post-SET domain, and an
extended C-terminal domain (CTD) (Figure 1A)."® The MYND
domain is a zinc finger motif that mediates protein—protein
interactions. Abu-Farha et al. have shown that SMYD2 utilizes
its MYND domain to interact with proline-rich proteins such as
EPB41L3."7 The split SET domain of SMYD proteins contains
three distinct functional regions: the GxG, NHSC, and GEE
motifs. Deletion of either the NHSC or GEE motifs abolished
the methyltransferase activity of SMYD2."” Unexpectedly, remov-
ing the GxG motif of SMYD3, a close analogue of SMYD2,
significantly enhanced SMYD3 enzymatic activity."® The post-
SET domain of SMYD2 contains a cysteine-rich motif that is
similar to several other PKMTs, including Dim-5 and G9a. The
crystal structures of these PKIMT's showed that a single zinc ion is
coordinated by three cysteine residues from the post-SET domain
and a fourth cysteine residue from the SET core domain.'**° Little
is known about the function of the CTD of SMYD proteins.

Received: ~ May 10, 2011
Revised: ~ June 15,2011
Published: June 16,2011

6488 dx.doi.org/10.1021/bi200725p | Biochemistry 2011, 50, 6488-6497



Biochemistry

A H433
post—SEI'H cTD
s14 D256
G18A/G20A C264S
K272
C
KDay 5 34 56 7
188 - | 120
98 - l s 100
62 - Z
0 - £ 80
38 - - & 60
By M - % 40
7 & 20
0
14 -y 2 3 4 5 6 7

Figure 1. Expression, purification, and methyltransferase activity of
SMYD2 proteins. (A) Schematic representation of SMYD2 domain
structure. Labeled residues indicate the locations for truncation and
mutations made shown in (B) and (C). (B) SDS-PAGE gel of wild-type
and mutant proteins. Lane 1, MW markers; lanes 2—7, wild-type,
C264S, GI18A/G20A, SMYD2-dN1(S14—H433), SMYD2-dC2
(M1-K272), and SMYD2-dC3 (M1—D256). (C) Methyltransferase
activity of SMYD?2 protein. Reactions were performed using 275 nM of
protein in TDT buffer with 0.5 «M *H-AdoMet and 2 M recombinant
histone H3.2 at room temperature for 2 h, and products were quantified
using a SPA binding assay. Each data point is the average of at least
three replicates, and the bars represent the standard deviations.

Mechanistically, most of the AdoMet-dependent protein
methyltransferases utilize sequential Bi Bi kinetic mechanisms
in which both AdoMet and the protein substrate are bound
before the methyl transfer reaction occurs. This was shown to
be the case for G9a and PRMT1, where kinetic studies
indicated both enzymes catalyze histone H3 (G9a) and H4
(PRMT1) methylation via a random sequential Bi Bi
mechanism.”"*> In contrast, isoprenylcysteine carboxyl-
methyltransferase (ICMT), an AdoMet-dependent cysteine
protein methyltransferase that catalyzes the last step of the
post-translational modification of Ras proteins, uses an or-
dered sequential Bi Bi mechanism whereby AdoMet binds to
ICMT prior to the protein substrate and AdoHcy is released
after protein substrate methylation.”® The catalytic mechanism
of SMYD2 remains to be established.

SMYD?2 was first identified as a histone H3 Lys36 (H3K36)
specific methyltransferase.'® Subsequent proteomic and geno-
mic studies suggested that SMYD2 could dimethylate histone
H3K4.'” Aside from histone H3, SMYD2 was recently reported
to monomethylate tumor suppressor proteins p53” and pRb® at
K370 and K860, respectively, to impair the tumor suppressor
activities of these proteins. Recent studies indicated that the
genomic region where the SMYD2 gene resides, 1q32, is
frequently amplified in various human solid tumors, and that
overexpression of SMYD2 was able to drive proliferation of
esophageal squamous cell carcinoma (ESCC) cells and predict
a poor outcome in ESCC patients.”**> Another SMYD family
member, SMYD3, has been shown to play a key role in
oncogenesis in multiple solid tumors.”® Here, we present the
overexpression, purification, and enzymatic characterization of
recombinant human SMYD2. We investigated the optimal
catalytic conditions and substrate and product specificity. The

functional roles of the four distinct SMYD2 domains in sub-
strate binding and catalysis were also established. Finally, the
kinetic mechanism of the SMYD2-catalyzed methylation reac-
tion and the inhibition mechanism of the AdoHcy product were
also studied.

B EXPERIMENTAL PROCEDURES

Materials. All reagents were purchased from Sigma-Aldrich
unless specified. A plasmid harboring full-length human SMYD2
gene was purchased from GeneCopoiea (Rockville, MD). Tritium-
labeled S-adenosylmethionine (*H-AdoMet) was purchased
from PerkinElmer (Waltham, MA). The pS3 peptide substrate
(Biotin-aminohexanoyl- GSRAHSSHLKSKKGQSTSRH, termed
as pS3K370Mey) and its methylated counterpart were synthesized
by 21st Century Biochemicals (Marlboro, MA). The pS3 protein
was expressed and purified from Sf9 cells. Histones H2B, H3.2,
and H4 were purchased from New England Biolabs (Ipswich,
MA). The histone H3 peptide (residues 1 —45) was a generous gift
from 21st Century Biochemicals. All other histone peptides were
purchased from AnaSpec (Fremont, CA).

Molecular Biology. A cDNA fragment corresponding to
residues 1—433 of human SMYD2 was PCR amplified from
GeneCopoiea plasmid EX—W0719-BO01 using the following primers:
§-AGGGCGCCATGGATCCGATGAGGGCCGAGGGCCTCG-
GCGGC-3' (sense strand) and 5S'—TACCGCATGCCTCGAG
TCAGTGGCTTTCAATTTCCTGTTT-3' (antisense strand).
A baculovirus expression vector was constructed by subcloning a
BamHI/Xhol digested fragment containing full-length SMYD2
with an N-terminal Hise-tag into the baculovirus transfer vector
pFastBacHTa (Invitrogen). Site-directed mutagenesis was per-
formed on this plasmid to generate mutants using the following
primers: G18A/G20A double mutant, §-CTGCAGCCCGGGCA
AAGCAAGAGCGCTGCGGGCTCTGCAG-3 (sense strand) and
§'-CTGCAGAGCCCGCAGCGCTCTTGCTTTGCCCGGGC
TGCAG-3' (antisense strand); C528, 5-CGGGGCAACCACT-
CAGAGTACTGCTTCAC-3' (sense strand) and 5'-GTGAAG
CAGTACTCTGAGTGGTTGCCCCG-3' (antisense strand);
C90S, S5-GCACAAGCTGGAATCTTCTCCCATGGTTG-3
(sense strand) and $'-CAACCATGGGAGAAGATTCCAGC
TTGTGC-3' (antisense strand); Y217F, §-GTCATTGTGACC
TTCAAAGGGACCCTGG-3' (sense strand) and 5'-CCAGGG
TCCCTTTGAAGGTCACAATGAC-3' (antisense strand); C264S,
S-CTTTACCTGTGAGAGCCAGGAGTGTACC-3' (sense
strand) and §'-GGTACACTCCTGGCTCTCACAGGTAAAG-3'
(antisense strand). Truncation constructs were generated by
PCR amplification using the full-length wild-type template and
subcloning into baculovirus vectors using the following primers:
C13—H433 (SMYD2-dN1), 5 —GGATCCGATGTGCAGCC
CGGGCAAAGGCCGGGGGCT-3' (sense strand) and S’ —CTCG
AGTCAGTGGCTTTCAATTTCCTGTTTGATCTCGGA—3'
(antisense strand). Additionally, DNA for M1-K272 (SMYD2-
dC2) and MI1-D256 (SMYD2-dC3) were synthesized by
GENEART (Regensburg, Germany). All sequences were verified
by automated DNA sequencing.

Recombinant SMYD2. Spodoptera frugiperda (Sf21) cells
were infected with recombinant baculoviruses using a multi-
plicity of infection of 1. Infected insect cells were harvested 48 h
postinfection by centrifugation and stored at —80 °C. Cell pellets
were resuspended in 25 mM Tris lysis buffer and lysed hypoto-
nically. The cell lysate was centrifuged at 10000 rpm for 45 min.
The clarified cell lysate was incubated with Ni-NTA agarose
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beads (Qiagen) for 1—2 h at 4 °C. The Ni-NTA beads were
collected by centrifugation at 3000 rpm for S min, washed with
Tris buffer, and eluted with Tris buffer containing 0.2 M
imidazole. SMYD2-containing fractions were pooled and applied
to a Superdex200 column equilibrated with Tris running buffer.
Purified SMYD?2 fractions were pooled, concentrated, snap-
frozen in liquid nitrogen, and stored at —80 °C.

ICP-MS Assay. Metal analysis was performed as described
previously”” using inductively coupled plasma mass spectro-
metry (ICP-MS) on a VG PlasmaQuad 3 ICP instrument
(Elemental Analysis Inc. Lexington, KY). This method provides
information on the identity and quantity of metal contained in
protein samples. For zinc quantification, a buffer only sample
was run prior to each protein sample as background control.
Data for each protein sample was the average of at least three
samples.

PAR/PMB Assay. The zinc content of SMYD2 was analyzed
with a spectrophotometric assay based on the absorbance change of
4-(2-pyridylazo)-resorcinol (PAR)*** following its complexation
with zinc when released from SMYD2 by p-(hydroxymercuri)-
benzoic acid (PMB) treatment.””*° Briefly, protein aliquots were
mixed with increasing concentrations of PMB at room temperature
in S0 mM Tris (pH 9). Following a 90 min incubation, a PAR
solution was added to each SMYD2/PMB mixture, and the samples
were incubated at room temperature for 30 min. Sample absorbance
was recorded at 500 nm using a SpectraMax PLUS spectrophoto-
meter (Molecular Devices Corp., Sunnyvale, CA). The concentra-
tion of zinc in each sample was determined by using a zinc standard
curve obtained with a zinc ICP standard (Sigma).

Methyltransferase Activity Assays. Methyltransferase activ-
ity was evaluated using radiometric assays, including a filter
binding assay for kinetic characterization and a scintillation
proximity assay (SPA) for biochemical characterization. Specifi-
cally, the filter binding assay was performed at room temperature
in TDT buffer (50 mM Tris pH 9,2 mM DTT, and 0.02% Tween
20). Then 60 uL reaction mixtures containing SMYD2, varied
concentrations of *H-AdoMet, and the pS3K370Me, substrate
(unless specifically mentioned) were incubated in a 96-well
reaction plate. Fifty microliter aliquots were then transferred to a
96-well MultiScreen HTS FB plate (Millipore Corp., MA) with
50 uL of 2% TCA, incubated for 10 min, and dried under
vacuum. The dried reactions were washed five times each with
200 uL of 2% TCA and 100% methanol, allowed to dry, and
then resuspended with 100 #L of Microscint solution
(PerkinElmer) and read with a TopCount 384 radioactivity
counter (PerkinElmer). The SPA assay reactions were identical
to those described for the filter binding assay except for the use
of 384-well low volume plates (Thermo Fisher Sci. Inc., NH)
and a reduced reaction volume of 12 yL. The reactions were
quenched by the addition of AdoHcy and Streptavidin-coated
SPA beads (GE Life Sci, MA), incubated overnight, and read
with a TopCount 384 radioactivity counter.

Steady-State Kinetics. Bisubstrate kinetic analyses were per-
formed using the filter binding assay described above. All reactions
contained S nM SMYD?2 and varied concentrations of substrates,
and were quenched for product quantification after a 10 min
incubation at room temperature. Under such conditions, the
SMYD?2 reaction time-courses were linear up to 40 min (data not
shown). Initial velocities were determined for SMYD?2 catalyzed
reactions with varied concentrations of *H-AdoMet and the
pS3K370Me, substrate. Each reaction was repeated a minimum
of three times. Initial velocity data were fitted to the following

equations®" using GraFit 5.0 (Erithacus Software).

For an ordered sequential mechanism:
o Vinax * [A] ) [B}
Vv =
KaKpy, + Kgiyy [A] + Kam [B] + [A} [B]

(1)

For a random sequential mechanism:
_ Vinas* [A] ) [B}
O.KAI<B + o.KB [A] + aI(A [B] + [A] [B]

(2)

14

For a Ping-Pong mechanism:
_ Vinax* [A] ) [B}
Ky [B] + Kga[A] + [A][B]

(3)

The equation(s) that most accurately described the initial
velocity data was identified by nonlinear regression analysis and
was used to calculate steady-state kinetic parameters.

Product Inhibition. The inhibition modes of the SMYD2
catalyzed reaction product AdoHcy were evaluated using a filter
binding assay. Initial reaction velocities were determined using
varied concentrations of one substrate and one product and a fixed
concentration of the other substrate. Data were fitted to the
following equations with GraFit 5.0.

v

1 Vinax* 8]
For competitive inhibition: v = (4)
[S] + K- (1 + [I]/Kss)

For noncompetitive inhibition:
- Vi [S]
' (K * (1+ [I]/Kss)) + [S] - (1 + [I] /K) (5)

Vinax-|S
For uncompetitive inhibition: v = ) (6)
Kn[S]- (1 + [1]/Ki)

Nonlinear least-squares regression analysis was used to deter-
mine which equation accurately described the experimental data.

B RESULTS AND DISCUSSION

Expression, Purification, and Activity of SMYD2. Recombi-
nant SMYD?2 expressed and purified from bacteria showed only
moderate enzymatic activity (data not shown). To improve the
yield and activity of the recombinant protein, the SMYD2 gene
was subcloned into a baculovirus expression vector and expressed
in §f21 cells (Figure 1B). Wild-type SMYD2 with an N-terminal
Hise-tag expressed in insect cells has at least 6-fold higher specific
methyltransferase activity compared to the bacterial protein
when using full-length histone H3 as the receptor substrate
(data not shown). MALDI-TOF mass spectrometry showed that
the molecular mass of the purified protein was 53.0 = 0.1 kDa,
consistent with the calculated molecular mass of 53.1 kDa.
Several mutants were made and purified to interrogate the
functional roles of several distinct domains in the SMYD2
protein as depicted in Figure 1A. We also attempted to prepare
three cysteine mutants (C52S, C90S, and C264S) to study the
functional role of zinc binding, but only succeeded in obtaining
the C264S mutant.
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Figure 2. Substrate specificity of SMYD?2. Specific activity of SMYD2
was determined using the filter binding assay described in Experimental
Procedures. SMYD2 was used at S nM (when proteins were used as
substrate) or 125 nM (when peptides were used as substrate), and
substrates (protein, peptide, and AdoMet) were used at 1 M. Reactions
were allowed to progress at room temperature for 1 h before quenching.
Raw data were normalized against p53 peptide activity. Error bars
represent the standard deviation of triplicate samples for each reaction.

Substrate and Product Specificity of SMYD2. It has been
shown that SMYD2 can methylate K36 and/or K4 of histone H3,
K370 of p53, and K860 of pRb, using immunoprecipitated material.
Here, we extend this work by using recombinant SMYD2 protein
and characterizing its activity against a panel of potential substrates,
including full-length H2B, H3.2, H4, and p53 proteins, and synthetic
peptides derived from these proteins, for identifying a suitable
substrate for high throughput screening assay development.

All full-length proteins were methylated by SMYD2 in a radio-
metric assay. H2B and H4 are more efficient substrates with 3- to
S-fold higher specific activity compared to H3 (Figure 2, insert).
These findings raise interesting questions of whether H2B and H4
are endogenous substrates for SMYD2 in vivo and what are the
biological consequences of SMYD2-mediated methylation on these
histone proteins. Among the peptides tested, the p5S3K370Me,
(G361-H380) peptide had the highest specific activity (Figure 2).

Additional experiments were carried out to assess substrate and
product specificity. While the nonmethylated pS3K370Me, peptide
showed robust activity, the monomethylated pS3K370Me; peptide
only showed marginal activity and the dimethylated pS3K370Me,
was completely inactive, strongly indicating that SMYD?2 is a
monomethyltransferase that prefers nonmethylated p33 as its
substrate. We confirmed the product specificity by analyzing the
degree of methylation using LC-MS. The dominant turnover
product (~80%) was still pS3K370Me, after prolonged incubation
of pS3K370Me, with excess amounts of SMYD2 enzyme and
AdoMet cosubstrate. Previous regorts suggested that SMYD2
dimethylated H3K4'” and H3K36'® when specific antibodies were
used for product characterization. Although the reliability of an
antibody-based readout depends entirely on the quality of antibody
reagents and the degree of validation, it is possible that SMYD2
product specificity is context dependent such that auxiliary
proteins and the local microenvironment may guide the degree of
methylation.

Methylation of histone H3 appears to be sequence dependent.
Full-length H3 was an efficient substrate for SMYD2 (~40%
specific activity compared to pS3K370Me,). While the long

N-terminal peptide (A1-T4S) still showed reasonable activity,
the two shorter H3 peptides (A1-A21, and A21 -G44) were not
active. Methylation of both H2B and H4 appeared to occur at the
N-termini, as SMYD2 methylated the N-terminal peptides of
both proteins but not the C-terminal peptides (Figure 2). More
work is needed to establish the site(s) and degree of methylation.
Optimal Catalytic Conditions for SMYD2. pH Dependence.
PKMT's lack an active site residue that functions as a general base
to deprotonate the acceptor lysine residue for nucleophilic attack
of the C—S bond of AdoMet. The lysine-binding channels of
most PKMTs are negatively charged, and these electrostatic
states may facilitate proton removal. Although the calculated pK,
of the amine group of lysine is ~10, when positioned within the
lysine-binding channel, the pK, of the acceptor lysine amine
could decrease to ~8 to facilitate the deprotonation reaction.>>
To test this hypothesis, we evaluated the specific activity of
SMYD?2 across a broad pH range. SMYD2 showed minimal
activity in HEPES buffer with pH values below 7.5 (Figure 3A)
and moderate activity in Tris buffer from pH 7.5 to pH 8.5.
SMYD?2 activity increased dramatically from pH 8.5 to pH 9.2,
peaking at pH 9.1. We also determined the Ky, values for AdoMet
at several different pH conditions and observed no changes in the
AdoMet Ky (data not shown), suggesting that the pH effect on
SMYD?2 catalytic efficiency is mainly a k., driven effect. Dirk et. al
made a similar observation with SET7/9 PKMT, where the k.,
of SET7/9 was increased by 7-fold with an increase in pH from
7.5 to 9.5, while the Ky;s of both AdoMet and H3 remained the
same.*® The pH profile of SMYD?2 activity is consistent with the
notion that solvent basicity may contribute to the deprotonation
of the e-amine group of K370 on the pS3 peptide substrate.
Other Condition Factors. SMYD2 activity was sensitive to
ionic strength, with optimal activity observed under low ionic
strength (Figure 3B). The methyltransferase activity of SMYD2
was also sensitive to detergent. Including a trace amount of
detergent was sufficient to stimulate maximal activity. For
example, 0.001% (w/v) Tween-20 enhanced SMYD2 methyl-
transferase activity by more than 4-fold (Figure 3C). Small
amounts of Tween-20 presumably could stabilize SMYD2 or
prevent nonspecific binding of proteins to plastic surfaces.
SMYD?2 contains three cysteine-rich motifs that could presum-
ably coordinate zinc ions, implying that thiol-based reductants such
as DTT could negatively affect methyltransferase activity. We
evaluated the effect of DTT and TCEP (a nonthiol reductant) on
SMYD?2 activity. Surprisingly, TCEP suppressed activity in a dose-
dependent manner (Figure 3D), whereas DTT did not. The
temperature-dependence activity profile of SMDY2 (Figure 3E)
resembles those of other PKMTs, especially G9a*' and Dim-5.**
Under these experimental conditions, SMYD?2 had maximal activity at
~32 °C, with activity rapidly dropping at temperatures above 37 °C.
Metal Analysis. When we began this study, there were no
reports regarding the identity and the stoichiometry of metal ions
in SMYD proteins. Protein sequence analysis indicated the
presence of a MYND domain, which contains a putative non-
DNA binding zinc-finger that normally binds two zinc ions, and a
cysteine-rich post-SET domain that likely coordinates an addi-
tional zinc ion. The zinc binding stoichiometry was initially
analyzed using a PMB/PAR spectrophotometric assay. The
organomercurial compound PMB has been shown to trap the
cysteine thiol group of proteins by mercuration, thereby releasing
bound zinc.*® The addition of PMB to SMYD?2 released zinc,
which was chelated by PAR, producing an orange-colored
complex (Figure 4, left panel). The absorbance at 500 nm was
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Figure 3. Biochemical properties of SMYD2. Reactions were conducted by using 5 nM SMYD2, 1 uM *H-AdoMet, and 1 uM p53K370Me, peptide, in
HEPES or Tris buffer, and were detected using the SPA assay described in Experimental Procedures. Each data point is an average of triplicates and the bars
represent the standard deviation of triplicates. (A) pH Dependence of SMYD2 activity; (B) ionic strength dependence of SMYD2 activity; (C) detergent
concentration dependence of SMYD?2 activity; (D) reductant concentration dependence of SMYD2 activity; (E) temperature dependence of SMYD?2 activity.
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Figure 4. Zinc content analyses. (left) PMB titration curve. SMYD2 was incubated with PMB and PAR, and zinc released from the protein was quantitated as
described in Experimental Procedures. Each data point is an average of triplicates and the bars represent the standard deviation of triplicates. Right panel shows
the constructs that were used in the ICP-MS analysis. The MYND and post-SET domain cysteine-rich motifs (top) and the associated zinc content and relative
activities (bottom) are shown. Table footnote g, zinc-to-protein binding stoichiometry as determined by ICP-MS spectrometry; table footnote b, specific activity
was measured using the filter binding assay described in Experimental Procedures. Specific activity is expressed as the fraction of wild-type SMYD?2 activity.

measured, and the zinc concentration was determined by compar- 2.2 zinc ions per SMYD2 molecule were released under saturating
ison to a standard curve prepared under identical conditions. Then PMB concentrations (Figure 4, left panel). Interestingly, the
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Figure 5. Crystal structure of SMYD2.** (A) AdoMet binding site. The protein backbone is shown in ribbon representation with the S-sequence domain
colored cyan, SET-I domain colored blue, core SET domain colored green, the post-SET domain colored orange, and the C-terminal domain colored
yellow. The cosubstrate AdoMet is shown in stick representation with white carbon atoms, blue nitrogen atoms, red oxygen atoms, and orange sulfur atoms.
(B) Post-SET domain zinc binding site. The protein backbone is shown in ribbon representation with the S-sequence domain colored cyan, core SET
domain colored green, the post-SET domain colored orange, and the C-terminal domain colored yellow. Zinc ions are shown as purple spheres. Dashed
lines indicate the coordination of the zinc ion by residues C262, C264, and C267 from the post-SET domain and residue C209 from the core SET domain.

stoichiometry increased to 2.7 for the C-terminal truncation
mutant SMYD2-dC2 (residues 1—272) that contains all four
post-SET domain cysteine residues that potentially coordinate a
zinc ion, implying that SMYD?2 likely contains three zinc ions and
that truncating the C-terminus may facilitate the release of zinc
ions. We then used quadrupole ICP-MS spectrometry to unam-
biguously identify bound zinc ions in the recombinant SMYD2
while further confirming the stoichiometry (Figure 4, right panel).
Removal of the post-SET domain in SMYD2-dC3 resulted in the
reduction of one zinc ion, whereas a stoichiometry of three was
observed in the fulllength SMYD2 and the CTD-truncated
SMYD-dC2. The apparent discrepancy between the zinc stoichi-
ometry determined by the PMB/PAR assay and the ICP-MS assay
could be due to the incomplete mercuration of SMYD?2 cysteine
residues by PMB, while in the ICP-MS assay, the protein was fully
denatured and all zinc ions were released for quantitation.
Functional Analysis of the Conserved GxG Motif in the
Split SET Domain. The GxG motif is well conserved in SET-
domain containing PKMTs. In the SMYD family, this motif is
found within the S-sequence, which is the N-terminal part of the
SET domain that is split by the MYND and SET-I domains
(Figure 1A). The GxG motif is believed to be important for the
binding of cosubstrate AdoMet. Surprisingly, it was reported that
the S-sequence of SMYD3 had an inhibitory effect on SMYD3
activity and that its removal or perturbation enhanced activity.'®
As SMYD2 and SMYD3 share a good degree of sequence
similarity (~50%) and have identical domain organization, we
assessed the functional role of this region by characterizing the
activities of a series of deletions and point mutations of SMYD?2
(Figure 1). A double mutant (G18A/G20A) (Figure 1B, lane 4)
within the GxG motif showed significantly decreased enzymatic
activity (Figure 1C, column 4) by impairing AdoMet binding.
The Ky, for the G18A/G20A mutant was 0.60 = 0.33 uM, about
20-fold higher than wild-type SMYD2 (0.031 £ 0.010 uM).
Consistent with the notion that the GxG motif is mainly involved in
AdoMet binding in PKMTs, the V., value of the mutant protein
remained unchanged (data not shown). An alternative GxG patch
(GS/G7) in the S-sequence exists, but mutating these residues to
alanine did not affect the specific enzymatic activity of SMYD2
(data not shown). Furthermore, removing the first 13 amino acid

residues from the S-sequence (SMYD2—dN1, Figure 1B, lane S)
also affected AdoMet binding, albeit to a lesser degree compared to
the G18A/G20A double mutant (Figure 1C, column 5). The Ky; of
AdoMet for this mutant was increased by approximately 4-fold (0.12
+ 0.05 uM), whereas the V,,,,, value remained unchanged. Con-
sistent with our functional analysis, the X-ray crystal structure of
SMYD?2 showed that the S-sequence constitutes part of the AdoMet
binding pocket, and the GxG motif makes direct electrostatic
interactions with the methionine moiety of the AdoMet cosub-
strate (Figure SA).** Mutating residues G18 and G20 may impair
the structural integrity of the AdoMet binding pocket, and thereby
adversely affect AdoMet binding. Given the functional and
structural importance of this region, it is not surprising that
removing the first 13 residues affected AdoMet binding.
Sirinupong et al. made a similar observation with SMYD1, where
the S-sequence forms part of the AdoMet binding pocket, and a
G18A/G20A mutant lost SMYD1 enzymatic activity.*®

Functional Analysis of MYND, Post-SET, and CTD Domains.
The MYND domain is a highly conserved zinc finger motif that
mediates protein—protein interactions. It is found in a number of
nuclear proteins such as AML1/ETO, Nervy, and DEAF-1, and has
frequently been implicated in transcriptional repression.””*® Pre-
vious studies showed that deletion of the MYND domain had a
negligible impact on the enzymatic activity of SMYD2."” This is
consistent with the fact that the MYND domain packs around the
SET domain on the opposite surface of the active site cleft and
residues from the MYND domain do not contribute to the binding
of either substrate.*****' To further assess the function of the
MYND domain of SMYD?2, we attempted to produce two mutants,
CS52A and C90A, in insect cells. Unfortunately, both mutants were
insoluble, suggesting that these cysteine residues are important for
the folding and stability of the SMYD?2 protein. It remains to be
addressed what is the functional significance of the MYND domain
and what is the evolutionary driving force of incorporating such a
zinc-finger domain in the SMYD protein family.

The functional importance of the post-SET domain in the
SMYD family of proteins is poorly understood. In Dim-S, a cluster
of four cysteine residues, three from the post-SET domain and one
from the core SET domain, form a network that coordinates a zinc
ion."> Sequence alignment suggested that a similar cysteine cluster
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Figure 6. Kinetic analysis of SMYD2-catalyzed methylation of pS3K370Me, peptide. See Experimental Procedures for details. (A) Double reciprocal
plot of the methylation reaction initial velocities against AdoMet concentrations with several fixed concentrations of the pS3K370Me, peptide: 0.25 uM
(A),0.5uM (2), 1 uM (M), and 4 uM (®). (B) Global fitting of untransformed data from (A) to a rapid equilibrium random Bi Bi model with eq 2.
Solid lines represent the best fit. (C) Double reciprocal plot of the methylation reaction initial velocities against varying AdoMet concentrations and
1 uM pS3K370Me, peptide substrate, and several fixed concentrations of AdoHcy: 0.78 uM (A), 1.56 uM (A), 3.13 uM (M), 6.25 uM (O), and 12.5 uM
(®@). Solid lines represent the best fit of the data using eq 4. (D) Double reciprocal plot of the methylation reaction initial velocities against various
pS3K370Me, peptide concentrations with 0.5 uM AdoMet, and several fixed concentrations of AdoHcy: 0.78 uM (A), 1.56 uM (&), 3.13 uM
(m), 6.25 uM (O), and 12.5 uM (@®). Solid lines represent the best fit of the data using eq 6.

could be formed from three cysteine residues (C262, C264, and
C267) from the post-SET domain and one (C209) from the SET
domain of SMYD2. Mutagenesis on the post-SET domain of
SMYD?2 indicated that this cluster of cysteine residues could
participate in chelating a zinc ion, as its removal together with
the CTD domain (SMYD2-dC3, M1-D256) reduced the zinc
stoichiometry to two, whereas a truncation of the CTD domain
alone (SMYD2-dC2, M1-K272) retained the zinc stoichiometry of
three (Figure 4, right). Indeed, the X-ray crystal structure of
SMYD? revealed that these four cysteine residues coordinate a zinc
ion (Figure 5B).* Similar zinc-binding post-SET cysteine clusters
are also present in SMYD1 and SMYD3.***' More importantly,
the SMYD2 X-ray crystal structure clearly indicates that the
zinc—cysteine complex in the post-SET domain helps maintain
the structural integrity of SMYD2. Disrupting this region in SMYD2
reduced enzymatic activity. When C264 was mutated to alanine, the
resulting mutant was found to have less than 10% activity compared
to wild-type SMYD2. Complete removal of the post-SET domain
(SMYD2-dC3) abolished SMYD?2 activity (Figure 1C).

A highly conserved CTD domain is unique to the SMYD
protein family. Recent structural work revealed that the SMYD
family has an overall two-lobe structure. The first five domains
(S-sequence, MYND, SET-], core SET, and post-SET) form the
N-terminal lobe and the CTD domain forms the C-terminal lobe.
Interestingly, removing the CTD domain did not affect enzy-
matic activity as SMYD2-dC2 was fully active (Figure 1C). This
is consistent with our structural work where we did not observe
any significant motion of N- and C-lobes in the ternary complex
with p53 peptide and AdoMet, and in the binary complex with

AdoMet.*® However, it was proposed that the CTD domain was
involved in an autoinhibitory regulation mechanism and deletion
or perturbation of the CTD domain enhanced SMYD1 activity.*®
More work needs to be done to establish the precise function of
the CTD domain in the SMYD protein family.

Steady-State Analysis of SMYD2 Catalyzed Methylation of
p53 Peptide. SMYD2-mediated methylation of pS3 is predomi-
nantly a monomethylation event, thereby making it possible to
evaluate the kinetic mechanism using classical bisubstrate kinetic
models. To define the kinetic mechanism of SMYD2 catalysis, the
AdoMet and pS3K370Me, substrate concentrations were simulta-
neously varied at a range covering their respective Ky values.
Figure 6B shows the untransformed data in which the initial
velocity of the pS3K370Me; product formation was determined
by varying the AdoMet concentration with fixed concentrations of
pS3K370Me,. The data was plotted in double-reciprocal format to
visually inspect the kinetic mechanism. A series of apparently
parallel lines were obtained from the reciprocal of either AdoMet
or pS3K370Me, concentration plotted against the reciprocal of
velocity (Figure 6A). Parallel lines are usually indicative of either a
Ping-Pong mechanism or a random sequential ternary complex
mechanism under conditions of rapid equilibrium and large
negative cooperativity between substrates.*” To confirm the initial
observations from the double-reciprocal plots, we globally fit the raw
data to three typical kinetic models using GraFit with eqs 1—3.
Close inspection of the results revealed that fitting to either random
sequential Bi Bi (eq 2, Figure 6A, solid line) or Ping-Pong (eq 3, data
not shown) model returned smaller 1 values than fitting to an
ordered sequential Bi Bi model (data not shown). The kinetic
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Table 1. Steady-State Kinetic Parameters of SMYD?2 as
Determined by Global Fitting of the Initial Velocities of
pS3K370Me, Methylation Using eqs 1 and 3

values

kinetic constant random ordered Bi Bi Ping-Pong mechanism

kea 0.048 & 0.001s* 0.048 & 0.001s "
Ky, AdoMet 0.031 # 0.010 uM* 0.033 4 0.003 uM
Kyp, pS3 peptide 0.68 + 0.22 uM* 0.71 + 0.06 uM
a 117 +32 N/A

? Kys are calculated by multiplying the value of K, (binding constant of
AdoMet to EB complex) or Ky (binding constant of pS3to EA complex)
with the value of o

constants obtained from these fittings are presented in Table 1.
Globeal fitting of the data to random sequential Bi Bi and Ping-Pong
models generated essentially identical kinetic parameters. Not
surprisingly, the random sequential Bi Bi model also returned an
O-value greater than one, indicating a negative cooperativity be-
tween these two substrates.

A Ping-Pong mechanism for PKMTs requires the formation of
a methyl-PKMT intermediate. It is well established that PKMT's
catalyze the lysine methylation via bimolecular nucleophilic
substitution (Sy2) reactions, where the lysine side-chain amine
acts as the nucleophile to directly attack the methyl leaving group
on AdoMet.*” Therefore a Ping-Pong mechanism could be ruled
out as an option for SMYD2.

Kinetic Analysis of Product Inhibition. To confirm the me-
chanism of SMYD2-mediated methylation of the pS3K370Me,
substrate, the effect of the reaction product (AdoHcy) on catalysis
was evaluated. Parts C and D of Figure 6 showed the effect of
varying the AdoHcy concentration on the velocity of catalysis. In
panel C, the concentration of p53K370Me, was used at its apparent
Ky and the initial velocity was determined at varying concentrations
of AdoMet and several fixed concentrations of AdoHcy. The
untransformed data was fit to the Michaelis—Menten equation
(eq4) at each inhibitor (AdoHcy) concentration, and the calculated
kinetic parameters were used to generate a double-reciprocal plot.
These results showed a series of lines that converge at the y-axis of
the double-reciprocal plot, as expected for a competitive inhibitor
(Figure 6C). Global fitting of the untransformed data from this
experiment to eq 4 for competitive inhibition yielded a Kj of 0.35 &=
0.001 uM for AdoHcy. In Figure 6D, the reaction was studied at
varying pS3K370Me, substrate concentrations and several fixed
concentrations of AdoHcy, with the AdoMet concentration held
constant at its apparent Ky;. These data were analyzed as described
above, and produced a series of parallel lines in the double-reciprocal
plot, consistent with AdoHcy being an uncompetitive inhibitor with
respect to the pS3K370Me, substrate.

Although parallel double-reciprocal lines suggest a Ping-Pong
mechanism, a classical Ping-Pong mechanism requires that the
reaction product be noncompetitive with its cognate substrate
(AdoMet) and competitive with the second substrate of the enzyme
(p53K370Me,).*” We observed a different AdoHcy inhibition
pattern (competitive with AdoMet and uncompetitive with the
pS3K370Me,), further suggesting that SMYD2 catalysis does not
follow a Ping-Pong mechanism. The product of bisubstrate reac-
tions following a random sequential Bi Bi mechanism is normally a
competitive inhibitor to its cognate substrate and a noncompetitive
inhibitor to the other substrate. However, according to Segal,42 the

product could appear to be uncompetitive to the other substrate
when the product does not inhibit the binding of its cognate
substrate strongly. The K; of AdoHcy was determined to be around
350 nM, almost ten times higher than the Ky; of AdoMet, making
it a weak inhibitor of AdoMet. Therefore, it is not surprising to
observe AdoHcy being uncompetitive to p53K370Me, even though
SMYD2 catalysis adopts a random sequential Bi Bi mechanism
under rapid equilibrium conditions.

B CONCLUSIONS

Here we present the expression, purification, and characteriza-
tion of human SMYD?2, and show that it methylates histones H2B,
H3.2, H4, and the nonhistone protein p53. We also confirmed by
LC-MS that SMYD2 monomethylates the pS3K370Me, peptide.
SMYD?2 methyltransferase activity is pH-dependent and is max-
imal at pH values greater than nine. Furthermore, SMYD2 was
shown to contain three tightly bound zinc ions based on our PAR/
PMB biochemical assay and ICP-MS analysis.

The SMYD protein family has a unique split SET domain
(Figure 1). We have now firmly established that the S-sequence
that contains the GxG motif in the split SET domain is important for
optimal enzymatic activity. We established that the cysteine-rich
post-SET domain was essential for enzymatic activity, as removing
this domain abolished enzymatic activity completely. However, the
CTD domain that lies after the post-SET domain seems to be
dispensable for the enzymatic activity of SMYD2 in our biochemical
assay system when pS3K370Me, was used as substrate, as we did
not observe any noticeable difference in specific SMYD2 enzymatic
activity when the CTD domain was deleted.

Similar to other SET domain-containing PKMTs, SMYD2
catalyzes the methylation of the pS3K370Me, substrate via a
random sequential Bi Bi mechanism under rapid equilibrium
conditions as evidenced by both steady-state kinetic analysis and
product inhibition studies. This kinetic mechanism impacts the
design and characterization of inhibitors for enzymes with multi-
ple substrates. The random sequential Bi Bi mechanism that
SMYD?2 adopts suggests that we should have a nonbiased
screening assay irrespective of the sequence of reagent addition.

To our knowledge, this study represents the first kinetic study of
a PKMT using a nonhistone peptide substrate and the first detailed
biochemical characterization of a member of the SMYD protein
family, which has a unique domain arrangement. Methylation of
lysines on nonhistone proteins has emerged as an important post-
translational modification for the functional regulation of proteins
involved in cell signaling transduction, cell apoptosis, and cell cycle
control. The results presented in this study further the mechanistic
understanding of the SMYD2 catalyzed methyl group transfer
reaction and the functional importance of distinct SMYD2
domains. This work should lay the foundation for designing
robust biochemical assays for identifying SMYD2 small molecule
inhibitors that may serve as a useful pharmacological tool for
mechanistic and functional studies in cells.
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