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ABSTRACT. Histone H3 lysine 9 (H3K9) methylation is a major component of gene regulation and chromatin
organization. SUV39H1 methylates H3K9 at the pericentric heterochromatin region and participates in
the maintenance of genome stability. In this study, a recombinant purified SUV39HL1 is used for substrate
specificity and steady-state kinetic analysis with peptides representing the un- or dimethylated lysine 9
histone H3 tail or full-length human recombinant H3 (rH3). Recombinant SUV39H1 methylated its substrate
via a nonprocessive mechanism. Binding of either peptide or AdoMet first to the enzyme made a
catalytically competent binary complex. Product inhibition studies with SUV39H1 showe§-#unosyl-
L-homocysteine is a competitive inhibitor 8fadenosyl--methionine and a mixed inhibitor of substrate
peptide. Similarly, the methylated peptide was a competitive inhibitor of the unmethylated peptide and a
mixed inhibitor of AdoMet, suggesting a random mechanism in a bi-bi reaction for recombinant SUV39H1
in which either substrate can bind to the enzyme first and either product can release first. The turnover
numbers Ko for the H3 tail peptide and rH3 were comparable (12 and® tespectively) compared to

the value of 1.5 ht for an identical dimethylated lysine 9 H3 tail peptide. The Michaelis constant for the
methylated peptide<**P) was 13-fold lower compared to that of the unmethylated peptide. The Michaelis
constants for AdoMetKA%Me) were 12 and M for the unmethylated peptide substrate and rH3,
respectively. A reduction in the level of methylation was observed at high concentrations of rH3, implying
substrate inhibition. Deletion of the chromodomain or point mutation of the conserved amino acids, W64A
or W67A, of SUV39H1 impaired enzyme activity despite the presence of an intact catalytic SET domain.
Thus, SUV39H1 utilizes both the chromodomain and the SET domain for catalysis.

Histone modifications play a major role in the control of K79. Transcriptional regulation in eukaryotic genes often
gene expression in the native chromatin context in eukary- involves K4 and K9 methylation. K4 trimethylation is
otes. In eukaryotes, chromatin is formed by association of observed in fully activated promoters3 14), whereas K4
146 bp of DNA and a histone octamer consisting of two of dimethylation correlated with basal gene expressib). (
each of the following histones: H2A, H2B, H3, and H4.( This observation suggests promoter activation as a function
The amino termini of the histone molecules protrude away of the presence on a particular promoter of H3K4 methylated
from the nucleosome core and thus are amenable to severafo various degrees. In contrast to H3K4 methylation, H3K9
forms of posttranslational modifications such as acetylation, methylation is found mainly in silent chromatin. Many neural
methylation, phosphorylation, ubiquitination, and ADP ri- genes are transcriptionally repressed outside the nervous
bosylation R, 3). Acetylation of specific Lys (K) and  system via highly enriched H3K9 dimethylated molecules
methylation of Arg (R) residues are shown to be involved (15). A similar mechanism is also found in postinduction
in transcriptional activation4—6), although methylation of  repression of the interferghigene in osteosarcoma cell line
Lys-9 and -27 residues is implicated in gene repressien ( U20S through accumulation of H3K9 dimethylated mol-
9). Similarly, phosphorylation of Ser residues is involved in ecules 16). Dosage compensation in female mammals
early gene activation and chromatin condensatidh-(2). involves inactivation of one X chromosome (X179, and
In histone H3 (H3), several Lys residues are methylated. this inactivation is shown to be associated with H3K9
Among them, the most notable are K4, K9, K27, K36, and methylation (.8).

Histone methyltransferases often possess a SET domain
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H3K9 methylation, includinddrosophila SU(VAR)3-9, Clir4 heterochromatin and G9a at euchromatin. However, little is
of Schizosaccharomyces pombmurine Suv39hl, Suv39h2, known about the reaction mechanism and functional associa-
and G9a, and human SUV39H1 and SUV39H233, 25, tion of the chromodomain in the methylation reaction
26). Methylation of H3K9 creates a high-affinity binding site mediated by SUV39H1. To elucidate the methyltransferase
for the chromodomain of heterochromatic protein 1 (HP1) properties of SUV39H1, we have performed preincubation
(27). Genetic deletion of SUV39H1 or SUV39H2 leads to a studies and examined the reaction mechanisms, including
reduction of the level of global K9 trimethylation in the order of substrate binding and product inhibition studies.
pericentric heterochromatic regior28(29), and G9a genetic ~ Steady-state kinetic analysis with a variety of peptide
deletion results in a reduction of the level of global K9 substrates mimicking amino-terminal tails of histone H3 as
dimethylation ). Null mutants of either G9a or SUV39H1  well as recombinant full-length histone H3 is reported here.
displayed impaired viability and a reduction of the level of We have also generated a series of chromodomain mutants,
global H3K9 methylation from either euchromatic or het- purified the enzymes, and studied their catalytic properties.
erochromatic regions, suggesting a unique function of theseWe propose that the chromodomain contributes to the
enzymes during growth and developme24,(30). catalytic mechanism of SUV39H1.

The mechanism of K9 methylation Meurospora crassa
DIM-5 (31, 32), human SET7/933, 34), and Drosophila MATERIALS AND METHODS
SU(VAR)3-9 (35) and, more recently, the kinetic mechanism . :
of murine G9a 86) have been studied. Structural and SUV39H1 Fusion Constructs and Bacuitois Transf_er
mutational studies with DIM-5 revealed no similarity with Y&ctor-The full-length SUV39H1 cDNA clone was obtained

; ; from ATCC (MGC 10376, GenBank accession number
previously characterized AdoMet-dependent methyltrans- . o .
ferases, but DIM-5 did contain a new triangulasZys zinc BC006238). This plasmid contains the full-length human

cluster in the pre-SET region and an AdoMet binding site at CDNA based on the previously published seqqemﬁ). @
the SET domain that is essential for catalyssd)( The PCR with the 3end of the cDNA was used to incorporate

ternary structure of DIM-5 witls-adenosyk-homocysteine an EcoRI restriction endonuclease site in place of the stop

; don of the cDNA and to provide the optimal amino acids
and the substrate H3 peptide demonstrated a surface groov odon | :
that binds the methylated region of the H3 peptide along or intein tag cleavage (sense pnme’r,T&:;ECQALAT.(B-
with the post-SET region, contributing to both cofactor and SCCCAAAATTTAAAAGGCTGC-3; and antisense primer,

; - ; : ; 5-ACGGAATTCGAAGAGGTATTTGCGGCAGGACTC-
peptide binding via conserved cysteine residug?.(The ’ = . .
cofactor binding site in DIM-5 is an open concave pocket 3'). The restriction sites are underlined. The addition of an

in a folded conformation as observed previously for Rubisco ECOR! site resulted in addition of Glu and Phe to the last

methyltransferase3{) and SET7/9%2, 33, 38). This concave gmino acic_l, Thr(,jof SléV39H1.(;I’he PCR pro?ur(]:t Wals ﬁlog?d
pocket is larger than one cofactor binding site and possibly !N PVIC using Ndel and EcoRI downstream of the polyhedrin

associated with release of reaction product AdoHcy with Promoter. In pVICSUV39H1, the cDNA remained in frame

; ; o ith the intein chitin-binding domain of the pVIC1 transfer
AdoMet without release of the peptide, thus contributing to wi ; . ) X .
the processivity of the enzyme without the release of the VECLOr- The ligated junctions in the final pVICSUV39H1
substrate. H3K9 methyltransferase, G9a, can perform trim- CONStruct were verified by DNA sequencing.
ethylation of the target Lys-9 without being released from  For the cloning of SUV39H1 in pMALc2X (NEB), the

the peptide substrat@). The solution structure of Lys-27  following PCR primers were used: sense primef; 5
methyltransferase, vSET, revealed a butterfly-shaped head CGGAATTCCATGGCGGAAAATTTAAAAGGCTG-

to-head symmetric dimer. Each dimer has two domains, andC-3; and antisense primer,:BCGCGTCGACCTAGAAGA-
the flexible C-terminal segment of VSET is believed to be GGTATTTGCGGCAGGA-3 The PCR product was di-
involved in AdoMet binding and/or substrate recognition for gested with Sall and ligated with the pMALc2X vector
catalysis 89). Another example of homodimer formation is ~ digested with Xmnl and Sall.
observed inDrosophila SU(VAR)3-9 histone methyltrans- Generation of Chromodomain Deletions and Point Mutant
ferase. The amino terminus of the enzyme participates in SUV39H1sChromodomain deletion MBP fusiok80SUV-
this interaction, resulting in an increase in histone methyl- 39H1 was generated by PCR amplification with forward
transferase activity36). Recently, two different euchromatic  primer SUVip241A (CGGAATTCATGAAGTGTGTGCG-
histone methyltransferases, Eu-HMTasel and G9a, wereTATCCTCAA) and reverse primer SUV39H1rp (ACGCGTC-
shown to form heterodimers in a variety of cell types. This GACCTAGAAGAGGTATTTGCGGCAGGA). The PCR
heterodimer formation is dependent on the SET domain andproduct was cloned into pMALc2x using EcoRI and Sall
is hypothesized to be involved in enzymatic methylation sites. MBP fusiolMACDSUV39H1 was made using two PCR
cooperation in vivo 40). products. The PCR product for SUV39H1{42) was
Although histone methyltransferases can cooperate func-amplified using forward primer SUV39fpA (GCGAAT-
tionally, they can also direct different degrees of methylation TCATGGCGGAAAATTTAAAAGGC) and reverse primer
to different chromatin domain®28, 29). Using antibodies  SUVrp126 (GTCATAGAGGTTCCTCTTAGAGAT). PCR
specific for mono-, di-, and trimethylated Lys-9 of histone product SUV39H1(8%+end) was amplified using forward
H3, it has been demonstrated that G9a is a mono- andprimer SUV{p241 (AAGTGTGTGCGTATCCTCAAGCA)
dimethylase and SUV39HL1 is a trimethylase. The in vitro and reverse primer SUV39H1rp (ACGCGTCGACCTA-
methylation reaction carried out by G9a demonstrates it is GAAGAGGTATTTGCGGCAGGA). PCR-amplified prod-
capable of mono-, di-, and trimethylation of Lys-36( 41). ucts of SUV39H1(+42) and SUV39H1(8tend) were
Furthermore, immunocytochemical experiments with trans- digested with EcoRI and Sall, respectively, and purified using
fected cells demonstrate the presence of SUV39H1 ata spin column. The digested inserts were treated with T4
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polynucleotide kinase for 30 min at 3T and ligated to
pMALc2X at EcoRI and Sall sites. Correct clones were
confirmed by restriction digestion and sequencing.

Insect Cell Culture, Viral Transfection, and Recombinant
SUV39H1 ExpressionA pupal ovarian cell line (Sf9,
Invitrogen) from the wornSpodoptera frugiperdawas used

Chin et al.

Histone Methyltransferase Assay for Initial Velocities.
Methyltransferase assays were carried out &t%r 3 min
in duplicate with a total volume of 2bL of reaction mix.
A typical reaction mixture contained a mixture ®adenosyl-
L-[methyt*H]methionine (AdoMet) (specific activity of 15
Ci/mmol, Amersham Pharmacia), substrate peptide, and

for cotransfection and expression of SUV39H1 as described SUV39H1 enzyme in assay buffer [50 mM Tris-HCI (pH

previously 86) with the following modifications. Sf9 cells

8.5), 5 mM MgC}, 4 mM DTT, and 7ug/mL PMSF]. For

were maintained as a suspension culture in TNM-FH medium kinetic analysis, the AdoMet stock concentration and the K9

(JRH Biosciences) supplemented with 10% (v/v) fetal calf
serum and an antibiotic/antimycotic solution at a final
concentration of 5 units of penicillin, 50y of streptomycin,
and 0.12%:g of amphotericin B per milliliter at 27C on a
Bellco stirring platform at 70 rpm. Cotransfection of a
monolayer of Sf9 insect cells was carried out using Bacul-
oGold DNA, a modified linearizedutographa californica
nuclear polyhedrosis virus (AcNPV) DNA (BD Pharmingen),
and transfer vector pVICSUV39H1. Five days after trans-

peptide concentration were calculated from the molecular
weight. For higher concentrations of AdoMet, both tritiated
and cold AdoMet (NEB) were added. In the Michaelis
Menten plots, the concentrations of the peptide and AdoMet
were varied. Recombinant wild-type (WT) histone H3 was
used as a substrate in place of WT-H3 peptide for the
determination of kinetic constants. The methyltransferase
reactions were stopped by transferring the reaction tubes to
an ethanol/dry ice bath or spotted directly onto P81 paper

fection, the supernatant was harvested (P1 viral stock) andcircles (Whatman). These circles were washed sequentially

amplified two more times (P2 and P3 amplification) to reach
a viral titer above 2x 10° mL™! as estimated by the agarose
overlay technique42). Recombinant viruses from the P3
viral stock were used for test expression by infecting 2
10° Sf9 cells at different multiplicities of infection (MOI)
in a 60 mm Petri dish. Forty-eight hours postinfection, the

three times (5 mL/circle) with 0.2 M cold ammonium
bicarbonate and dried at 68C for 10 min. SafeScint
scintillation cocktail (2.5 mL, American Bioanalytical) was
added to each, and the level of tritium incorporation was
measured. All methylation values were corrected for non-
specific binding ofS-adenosyl--[methyt*H]methionine to

cell extracts were checked for histone H3 methyltransferasethe processed filter. Background calculations were measured
activity and for fusion protein expression by Western blot in the absence of enzyme or substrate at time zero. To
analysis using an anti-CBD monoclonal antibody (New calculate the counting efficiency, internal tritium standards
England Biolabs). For routine protein expression, Sf9 cells were used. The efficiency ofHi]DNA measurement was
were grown in spinner culture flasks. Sf9 cells at a density ~55%, and all calculations were corrected accordingly. Data

of 1.1 x 10° cells/mL were infected at a multiplicity of
infection between 6 and 10. The cells were kept atQat

60 rpm and harvested 48 h postinfection after a final wash

with 1x PBS.

Recombinant SUV39H1 PurificatioRor protein purifica-
tion, infected cells (5.6« 10°) were resuspended in 15 mL
of buffer H [50 mM Tris-HCI (pH 8.0), 5 mM MgGl
protease inhibitor cocktail containing 4-(2-aminoethyl)-
benzenesulfonyl fluoride, pepstatin A, E64, bestatin, leu-
peptin, and aprotinin (Sigma), 0.2% (v/v)/mL cell extract, 7
ug/mL PMSF, and 500 mM NacCl]. Sample processing and
protein purification steps were similar to those for G9a
described previously3g). The target protein was allowed
to be cleaved from the intein tag by overnight incubation at
4 °C. Recombinant SUV39H1 was eluted with buffer H
containing 50 mM DTT and dialyzed against buffer H
supplemented with 0.2% (v/v) protease inhibitor cocktail
(Sigma), 7ug/mL PMSF, 150 mM NaCl, 50% (v/v) glycerol,
and 4 mM DTT. The purified protein was stored-a20 °C.
The purity of the protein was checked by SBPBAGE (4 to
20% Tris—glycine—SDS gradient gel) and quantitated using
a Bradford assay with bovine serum albumin (BSA) as a
standard.

MBP—SUV39H1 fusions were purified by following the
manufacturer’'s recommendation (NEB). The cells were
resuspended in 50 mL of MBP column buffer [50 mM Tris-
HCI (pH 8.0), 200 mM NacCl, 5 mM MgG] 2 mM DTT
with 0.2% protease inhibitor cocktail, and/g/mL PMSF].

were plotted by regression analysis using GraphPad PRISM
4c (GraphPad Software Inc.).

Processiity and Preincubation Studie&. master mix (600
uL) containing 2.2uM biotin-conjugated histone H3 tail
peptide (WT H3) and 25 nM SUV39H1 was incubated at
room temperature for 6 min to facilitate formation of the
SUV39H1-peptide binary complex followed by addition of
25 uM AdoMet. After 3 min, 300uL was removed and
mixed with 44uM WT-H3 non-biotin tail peptide (no biotin).
Aliquots (25uL) were withdrawn at 3 min intervals up to
15 min, and the reaction was stopped with« of 20%
(v/v) TFA. To the reaction mix were added 5@ of 1x
PBS and 25uL of streptavidin magnetic beads (0.1 mg,
NEB). The captured peptides were washed witk 3 mL
of 0.2 M cold ammonium bicarbonate, air-dried, and finally
dissolved in 50uL of 0.2 M ammonium bicarbonate and
transferred to the scintillation vial. SafeScint scintillation
cocktail (2.5 mL) was added and mixed before radioactive
measurement.

Preincubation experiments were carried out by incubating
25 nM SUV39H1 with either 2xM S-adenosyk-[methy}
SH]methionine or 2.2«M WT-H3 for 10 min. The reaction
was started by adding the missing reactant, i.e., peptide (final
concentration of 2.2«M), in the first reaction mix and
S-adenosyl--[methyt*H]methionine (25«M) to the second
one. Aliquots (1QuL) were withdrawn at each 5 min interval
up to 30 min and spotted directly on P81 and processed as
described above.

Cell extract was applied onto amylose resin washed with 60 Peptide Substrates for Methylation Analy$teptides were

volumes of column buffer, and the fusion protein was eluted
by adding 10 mL of MBP elution buffer (column buffer
supplemented with 10 mM maltose).

synthesized at New England Biolabs and purified by HPLC,
and intactness and purity were checked with mass spectros-
copy. Peptides used in this study are listed in Table 1. For
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Table 1: Substrates and Methylated Peptides Used in Kinetic
Analysis of Recombinant SUV39H1

sequence name
CARTKQTARKSTGGKAPRK-BT WT-H3
CARTKQTAR(2-meK)STGGKAPRK-BT WT-H3(K9-dime)
CARTAQTARKSTGGY-BT K4AK9
CARTAQTAR(3-meK)STGGY-BT K4AKO9-trime

a Abbreviations:
trimethyllysine.

BT, biotin; 2-mekK, dimethyllysine; 3-meK,

kinetic analysis, all peptides were dissolved in MilliQ
sterilized water and kept frozen aR0 °C before they were
used.

Enzyme Assay for Initial Velocities in the Absence of
Products and Data Analysiéll initial velocity studies were

Biochemistry, Vol. 45, No. 10, 20068275

Enzyme Assay for Initial Velocities in the Presence of
Products and Data Analysignitial velocity studies in the
presence of products were performed to distinguish the
reaction mechanism. SUV39H1 has two products at the end
of the reaction: one AdoHcySfadenosyl--homocysteine)
and trimethylated histone H3 or peptides mimicking the
histone H3 tail. AdoHcy (Sigma) was dissolved in 10 N HCI
and diluted with MilliQ water to 10tM. The methylated
peptide was dissolved in MilliQ water. Assays were per-
formed as described previously, with the exception of
addition of a fixed amount of end products. In the experi-
ments with AdoHcy, the concentration ranges of the reactants
were 0.25-1.1uM for WT-H3, 2—25uM for AdoMet, and
0—20uM for AdoHcy. For the assay with the trimethylated
peptide, the concentration ranges of the reactants were-0.22

performed under identical conditions as described for the 6.6 «M for WT-H3, 0—3 uM for the trimethylated peptide,

histone H3 methyltransferase assay. For initial velocity
studies with WT-H3 and WT-H3(K9-dime), the peptides
(0.07-6.6 uM) were incubated with 25 nM recombinant
SUV39H1 and 2%M S-adenosyik-[methyt*H]methionine.
With rH3, the substrate concentration varied from 0.02 to
3.3 uM. The extent of product formation was kept below
5% of the substrate to prevent the inhibition effect. The

amount of product that formed was measured in counts per

minute (cpm). The nanomolar product formedHJCH3
group transfer) ) present at the end of the reaction was
calculated with the relatioh = (Y — B)/(EF), whereY is
the value from the cpm experimei®,js the cpm blankE is

the efficiency (0.55), and= is cpm per nanomolar free
AdoMet. The amount of product formed per minute was
obtained ad\/T, whereT is the time of the reaction. The

and 2-25uM for AdoMet. The sequence of the trimethylated
peptide was CARTKQTAR(3-meK)STGGKAPRKQLAT-

KAAR(3-meK)SAPA. The data obtained from inhibition
studies were fitted to the following equations.

competitive inhibition:
v = (Vi SH/IS] + Ki(1 + [IVK)) (2)

mixed inhibition:
v = (Vo SD/[S]( + [I) aKj) + K (1 + [I/K) (3)

wherev is the initial velocity,Vmax the velocity maximum,
Km the Michaelis constank; the inhibition constant, and
oK; the inhibition constant (the factar reflects the effect
of the inhibitor on the affinity of the enzyme for its substrate

nanomolar per minute value was fitted to a one-site binding and the effect of the substrate on the affinity of the enzyme

(hyperbola) equation.

v = (Vinad SD/(K;;, + [S]) 1)

for the inhibitor).

RESULTS

This describes binding of a substrate or ligand to an enzyme EXpression and Preliminary Characterization of Recom-

that follows the law of mass actioVmax is the maximal
velocity, andK,, is the concentration of substrate needed to
reach the half-maximal velocity. All data points were
analyzed by nonlinear regression. Fr&ff.y, the turnover
number K.a) was calculated.

kcat = VmaJ[Et]

where [g] is the total enzyme concentration. For double-
reciprocal plots, the initial velocity Z/was obtained as [E

x T/N. Data points were collected in duplicate, plotted on
Lineweaver-Burk double-reciprocal plots, and fitted to

binant SUV39H1 Cotransfection of the pVICSUV39H1
transfer vector along with linear DNA oA. californica
nuclear polyhedrosis virus (AcNPV) on a monolayer of Sf9
cells resulted in generation of recombinant SUV39H1
baculovirus as determined by Western blot analysis of Sf9
cell extracts that were inoculated with a P1 viral stock for
48 h. For protein expression, the P3 viral stock at a
multiplicity of infection (MOI) of 8 for 48 h at 27°C was
found to be optimal. The recombinant protein was soluble
and purified on a chitin affinity matrix after DTT cleavage.
The only other contaminant in the enzyme preparation was
the viral chitinase due to its strong affinity for the chitin

weighted linear regression. The families of linear regression matrix (Figure 1A). The enzyme was dialyzed and kept at
plots give a preliminary clue about the nature of the reaction —20 °C for several weeks without any appreciable loss of
mechanism. These plots essentially gave two independentactivity. However, DTT appeared to be an essential com-

variables, namely, the reciprocals of the appar¥@mtx
(Vmax2™), given by they-axis intercepts, and the ratio of the
Michaelis constanti,) (plus the dissociation constant) for
the variable substrate t¥,,2°" given by the slope. By

ponent for enzyme stabilization. We also examined if the
residual chitinase in the enzyme preparation had any effect
on enzyme activity by incubating the purified chitinase
enzyme in the presence of tritiated AdoMet and measuring

replotting the intercepts and slopes that were obtained, onethe level of radioactive incorporation with respect to time.

would also determine the trué,.x andK, for a substrate.
The equations used for fitting the data points and for
obtaining the kinetic constant®/fa, K", and K,AdoMet

are reported elsewheré3). These figures represent estimated
values.

A time course of reaction revealed no detectable amount of
methyltransferase activity in the purified enzyme (data not
shown). This recombinant full-length SUV39H1 was used

in all kinetic studies reported here. We also produced MBP-
fused SUV39H1 (MBP-SUV39H1) which was purified on
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A I M Column fractions SUV39H1 or G9a with various recombinant human histone
il molecules. Recombinant baculovirus-produced SUV39H1
2 methylated histone H3 exclusively (Figure 1B), although G9a
e methylated histone H3 and, to a lesser extent, histone H1
i —Chitinase (data not shown). Thus, SUV39H1 is an exclusive histone
48 —_————— —SUV3IsH1 H3 specific methyltransferase. We obtained similar results
ol with the MBP-fused SUV39H1 (data not shown).
ol Recombinant baculovirus-produced SUV39H1 was as-
sayed for its optimal pH, temperature, NaCl concentration,
B and substrate specificity. The methyltransferase reaction
& 25 conditions were found to be strongly dependent on alkaline
T, pH. The enzyme activity was almost undetectable at pH 7,
§ but a surge in the level of methyl transfer was observed from
g i pH 7.4 to 8.5 (Figure 2A). The enzyme is most active at 25
w102 °C and loses its activity significantly at 3T (Figure 2B).
t.;:, " SUV39H1 is sensitive to the presence of salt in the reaction
il fidrnm since 200 mM NacCl in the reaction completely abolished
< o - its activity (Figure 2C). Synthetic peptide substrates corre-

HZA HZB H H1  H1

sponding to the amino-terminal tail of histone H3 (Table 1)
Histones

N , . ) were used to determine the relationship between substrate
Ficure 1: Purification and methylation specificity of recombinant

SUV39H1 on histones. (A) Affinity column purification of recom- length and enzyme activity. WT-H3 containing amino acids

binant human SUV39H1 on a chitin matrix. Eluted protein samples 117 of histone H3 was methylated well but not a peptide
from a chitin column were separated via SBBAGE and visual- containing amino acids 113 (Figure 2D), suggesting
ized by Coomassie staining. Lane M contained prestained molecularsubstrate length is a critical parameter for enzymatic catalysis.

mass markers from NEB. The mass of each band is indicated at . . . . .
the left, and column fractions are at the top. Coeluted host cellular Linearity of the Methylation Reaction by Recombinant

chitinase is also denoted. (B) Histone substrate specificity of SUV39H1.To determine the linearity of the Lys-9 methy-
recombinant baculovirus-expressed SUV39H1. A 30 min methy- lation reaction catalyzed by SUV39H1, a fixed concentration

lation reaction was performed with 0.8 recombinant histone of enzyme was incubated with a fixed amount of WT-H3
and 25 nM SUV39HL1 in the presence of AdoMet. The recombinant gpstrate and three different concentrations of AdoMet, and
histones th'at were used are |nd|cate'd at the bottqm, and nanomolaﬁ_0 L of th fi . ithd t the 5 min ti
concentrations of methylation are given on thaxis. L0uL or the reactuon mix was withdrawn at thé > min time
interval for quantitative estimation of methylation. At all
an amylose affinity column (Figure 10B). This was utilized three concentrations of AdoMet (1, 5, and 2), the
for the deletion studies reported in Figure 10. reaction essentially remained linear up to the first 40 min
The substrate specificity of baculovirus-produced SUV39H1 (Figure 3A). A slight decrease in the rate of the reaction
was compared with that of G9a by incubating either was observed after 40 min, possibly due to rapid accumula-
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FiGUurRE 2: Reaction conditions for optimization of recombinant SUV39H1. (A) The histone methylation reaction with recombinant full-

length SUV39H1 at various pH values is shown. Indicated at the bottom are pH, and nanomolar concentrations of methyl group incorporation

are given on thg-axis. (B) Effect of temperature on histone H3 methylation catalyzed by recombinant SUV39H1. The incubation temperature
of the reaction is given at the bottom. (C) Effect of NaCl on histone H3 methylation catalyzed by recombinant SUV39HL1. The final NaCl

concentration in the reaction is given at the bottom. (D) Velocity of the reaction with peptides used as a substrate for recombinant SUV39H1

methylation studies. Methyl group incorporation as a function of time with WTH3WT-H3(1-13) (@), and K4AK9 ©) is shown. A
list of peptides is given in Table 1. All these reactions were performed in duplicate with full-length baculovirus-expressed SUV39H1.
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c 300 SUV39H1. Methyl group incorporation after the enzyme was
8 preincubated at 25C with the WT-H3 peptide followed by tritiated
® 250| B AdoMet to start the reaction. Three minutes after the start of the
2 reaction, the mixture was divided into two sets and one set was
5 2001 chased with WT-H3-nonbiotinylated excess peptidgdr allowed
2 1s0l to proceed without chase®f, as described in Materials and
© Methods. The reaction was monitored at 5 min time intervals by
& 100} processing 2L of the reaction mixture in duplicate.
T sof
”E' incubation, the reaction mixture was split in two and one-
c 9 25 50 75 700 half was combined with a 20-fold excess of non-biotin-tagged
SUV38H1 [nM] peptide substrate. Reaction aliquots withdrawn at 5 min

FiIGURE 3: Linearity of the methylation reaction catalyzed by INtervals were checked for methylation by capturing the
recombinant SUV39H1. (A) Linearity of the reaction as a function biotinylated-methylated peptides via streptavidin magnetic
of time with three different concentrations of AdoMet: @)( 5 beads and the unbound fraction by spotting directly on P81.
f:sz’siggtrzengzéDgMszﬁ {:ﬁg&og&}ggmnggaxggmt \é\gd was | SUV39HL acts in a repeated hit-type mechanism, it would
incubated at ’25C; 10uL of reaction mix was spotted in duplicate d'ssoc'at,e from the substrate mqlecu_le after each round of
on P81 at fixed time intervals and processed as described inMethylation and would reassociate in the next round of
Materials and Methods. The mean values of radioactive incorpora- catalysis. If, on the other hand, SUVH39H1 works in a
tion are plotted as a function of time. Linear regression of methyl processive manner, then dilution with a competitor peptide
group incorporation is shown for all three concentrations of gpqy| not totally inhibit further methylation. We found that,

AdoMet. (B) Linearity of the methyl group transfer as a function . - .
of enzym(e )concentr);ltion. Duplicgltg re:fction mixtures (253 in the presence of a 20-fold excess of nonbiotinylated peptide,

containing 5M WT-H3 and 5 @) or 25M (M) tritiated AdoMet the extent of the methylation reaction did not increase, but
and an increasing concentration of recombinant SUV39H1 (5, 10, in the absence of nonbiotinylated competitor, rapid additional

25, 50, 75, and 100 nM) were incubated for 30 min at room H3K9 methylation was observed (Figure 4). Furthermore,
temperature, and 10L of each reaction mixture was spotted and 16 ynhound fractions with a 20-fold excess of nonbiotiny-
processed. . . - .

lated peptide displayed a gradual increase in the level of

methylation (data not shown). This suggests a repeated hit
tion of product AdoHcy or methylated peptide. From these mechanism of methylation in which each cycle of methy-
data, we chose an optimal and convenient reaction time oflation by SUV39H1 can load one methyl group onto the
30 min. A similar set of reactions was performed to target lysine.
determine the linearity of the reaction with respect to enzyme  Preincubation Studies with Recombinant SUV39IA1.
concentration at two different cofactor concentrations and a preincubation study can be used to demonstrate the catalytic
fixed amount of WT-H3 substrate peptide. In a 30 min competence of enzymesubstrate complexes in a reaction,
reaction period, with 6 or 2aM AdoMet, and between 5  particularly when the enzyme utilizes two different substrates
and 100 nM enzyme, the enzymatic reaction remained (bisubstrate). Either of the substrates (AdoMet or peptide)
essentially linear (Figure 3B). For the remaining experiments, can bind to the enzyme and make a catalytically competent
we utilized 25 nM enzyme and a 30 min incubation at room enzyme-substrate complex (SUV39HIAdoMet or SUV39-
temperature. H1—peptide), as observed in the bi-bi random mechanism

SUV39H1 Methylates Lys-9 in a NonprocessManner. of enzymatic reaction (Figure 5A), or only one substrate can

The amino group of a target lysine is capable of accepting make a catalytically competent binary complex and the other
three methyl groups, and SUV39H1 seems to be responsiblefollows to make the ternary complex as often seen in bi-bi
for trimethylation of H3K9 in vivo, because loss-of-function sequential ordered mechanisms. In a bi-bi random enzymatic
SUVH39 mutants exhibit losses in the level of trimethylation reaction mechanism, either of the products can release first,
in heterochromatin?8, 29, 44). To determine if SUV39H1  in contrast to the sequential mechanism in which product
can methylate in a processive or repeated hit manner likerelease is ordered. To study the catalytically competent
that of the H3K9 methyltransferase G®&6), we incubated  enzyme-substrate complexes for SUV39H1, either WT-H3
the biotin-tagged WT-H3 peptide in the presence of a limiting peptide or AdoMet was incubated first with the enzyme
amount of enzyme and an excess of tritiated AdoMet. We followed by addition of the other substrate to form a ternary
preincubated SUV39H1 with peptide for 6 min to promote complex. The enzymatic catalysis was monitored at every 5
forward binary complex formation. This complex was then min interval, up to 30 min, by spotting 1€ directly onto
made catalytically competent via addition of AdoMet and P81. The results are presented in Figure 5B, demonstrating
incubation for an additional 3 min. Following the second that neither of the substrates has any profound impact on



3278 Biochemistry, Vol. 45, No. 10, 2006 Chin et al.

A Kax Bx . A
E+Ax & EAx+8B EA & E+A s 125k
[
= -
Tlul(g Tl ag" 100 a
= 751
EAXB —* EBxA o
E % 50( /‘/-‘__v)')
TQKA\ T E'\ o | _'_‘-_'f‘-ﬁ‘_".—
Kp A :
E+B & EB+Ax EBx &—* E +Bx 270 005 000 0.05 0.0 0.5
1/AdoMet (')
=
B % 50
2 s af |B
s 25
g wgF 30p
= T
= ca. 200
2 EE
= ES 10}
E 0 L L L ) L 2
W S5 10 15 20 25 30 - 0L \ ) )
time (min) ¢ 1 2 3
1WE-H3 ')

Ficure 5: Reaction mechanism and preincubation studies with
recombinant SUV39H1. (A) Bi-bi random mechanism of the FIGUREG: Double-reciprocal plots of the initial velocity vs substrate
enzyme reaction catalyzed by recombinant SUV39H1. E (SUV39H1), concentration for recombinant SUV39H1. (A) Double-reciprocal
Ax or AdoMet (x being a methyl groupB (unmethylated peptide),  plots for increasing fixed peptide (WT-H3) concentrations of 0.32
A (AdoHcy), and Bx (methylated peptide) are shown. Binary (EAx, (M), 0.44 (), 0.55 @), 0.726 (), and 1.1uM (®) and variable
EB, EBx, and EA) and ternary (EAXB and EBxA) complexes are AdoMet concentrations. Linear regression was performed, and 1/
shown. The binding of AdoMet to free SUV39H1 is described by is plotted vs 1/[AdoMet]. (B) Double-reciprocal plots for increasing
the dissociation constaiay. Likewise, binding of SUV39H1 to fixed AdoMet concentrations of Gl), 8 (d), 10 ©), 12.5 @),

the unmethylated peptide is describedKy Binding of AdoMet and 25uM () and variable peptide (WT-H3) concentrations.
to the preformed SUV39H41peptide binary complex is described Linear regression was performed, and i&/plotted vs 1/[WT-H3].

by the constantKax. Similarly, binding of the SUV39H1AdoMet

complex to the unmethylated peptide is described by the constant

oKg. (B) Preincubation of recombinant SUV39H1, AdoMet, and WT-H3 as the variable substrate and AdoMet as the fixed

Eﬂeptﬂdle t\iN?wsinp?rr]forTed gS defSCfibre? lrfrTn 'VcljaFSeS\a/'g 93&]3 methOdS-substrate in the reaction. The series of plots in both panels
bir?arill gogwplex (peesti?jseeagge?i saécpoﬁd(; is ghown with fillgd grcles. A and B of Elgure 6 Co_nverg(_ad left of theaxis and _aboye
Similarly, a preformed SUV39Hzpeptide binary complex (Adom-  OF On thex-axis, suggesting neither AdoMet nor peptide binds
et added second) is shown with empty circles. Ten microliters of to the enzyme in an ordered fashion. If AdoMet and peptide
the reaction mixture was spotted in each 5 min time interval, and bind randomly and binding of one changes the dissociation
the extent of methyl group incorporation was measured. constant of the other by a factor of, there will be two
binding constants for each substrate. The first corresponds
the enzyme-catalyzed reaction since the rate of the reactionto the enzyme substrate binary compleX§,) and the other
remained similar in both sets of experiments, suggesting to the second substrate binding to make the ternary complex
SUV39H1 may have a random bi-bi mechanism of reaction (oKg), as shown in Figure 5A. From the slope and intercept
(Figure 5A). of each plot on thg-axis (1Mma2P), the preliminary kinetic
Initial Velocity Studies with Variable AdoMet and Peptide. constants were calculated (data not shown). Linear regression
Initial velocity experiments enable the determination of of 1NVn,2°P values versus 1/[AdoMet] gave anK,AdoMet
kinetic constants and provide insights into the kinetic value of 16.6uM. Another analysis of slope values versus
mechanism of a reaction. A thorough understanding of the 1/[AdoMet] resulted in &,/%Metof 6 xM. A similar analysis
mechanism of SUV39H1 is critical in understanding gene and plots of ¥y versus 1/[WT-H3] or slope versus
silencing, genome stability, and heterochromatin formation. 1/[WT-H3] gave anoK,V""H3 and aK,,"YT-"3 of 10 and 1.5
In the following experiments, the WT-H3 substrate was uM, respectively (data not shown).
methylated at less than 5% of the acceptor methylation sites Product Inhibition Studies of Recombinant SUV39H1 with
on Lys-9 with recombinant SUV39H1. We assumed that this AdoHcy and Trimethylated Peptidehe results thus far have
small amount of product would not have any impact on suggested a random bi-bi reaction mechanism. To provide
catalysis. We plotted methyltransferase activity with the further evidence of this mechanism, product inhibition studies
extent of methylation as a function of peptide or AdoMet as were performed. An equilibrium scheme for enzyme turnover
variable substrates. For a bisubstrate enzyme, such asn the presence or absence of an inhibitor is shown in Figure
SUV39H1, the double-reciprocal plots generally give linear 7. Because of the structural relationship to the substrate, a
responses when the reciprocal of velocity fls plotted as product molecule of an enzymatic reaction is normally
a function of the reciprocal substrate concentratiog) (The competitive with respect to the original substrate molecule.
plot of the reciprocal of velocity versus the reciprocal of The product molecule may bind to the substrate-binding site
substrate concentration gave a series of lines that were linearpf the enzyme or in the proximity of the substrate-binding
whether the variable cosubstrate was AdoMet or peptide. site to exercise an inhibitory function via an enzynpeoduct
Data presented in Figure 6A show AdoMet as the variable complex. Thus, the amount of free enzyme available for the
substrate and WT-H3 as the fixed substrate. Figure 6B showscatalysis is dependent on the availability of the product in
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FiIGurRe 7: Enzyme turnover scheme for SUV39HL1 in the presence
or absence of inhibitor molecules. E (SUV39H1), S (AdoMet or
unmethylated peptide), and | (AdoHcy or methylated peptide) are
shown along with binary ES and EI complexes and the ternary ESI
complex. The inhibition constant of the inhibitor I& for the
enzyme andoK; for the enzyme-substrate complexKs is the
equilibrium constant for formation of the ES complex from the
free enzyme and substrate.is related to degree of modification
the first substrate exerts on the binding of the second substrate.

Table 2: Product Inhibition Pattern of Recombinant SUV39H1

variable fixed type of Ki oK
product substrate substrate inhibiton  (uM) («M)
AdoHcy AdoMet  peptide competitive 12
AdoHcy peptide AdoMet  mixed 38 9
Me-peptide  peptide AdoMet  competitive 0.5
Me-peptide  AdoMet  peptide mixed 0.8 0.7

2The peptide used as the substrate was WT-H3. Me-peptide is
trimethylated K9 and K27 peptide representing the fully methylated
end product.
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AdoHcy is almost identical to thk, value for AdoMet (12
and 12.3uM, respectively; Tables 2 and 3). Varying the
amount of WT-H3 peptide with different fixed amounts of
AdoHcy yielded a nest of reciprocal plots that converged
beyond they-axis, suggesting AdoHcy is a mixed inhibitor
of peptide substrate (Figure 8C). By plotting the slope versus
AdoHcy concentration (Figure 8D) andVix versus AdoHcy
concentration (Figure 8E), we determing€dandoK; values

of 9 and 38uM, respectively, from the-axis intercept as
shown in Table 3.

Because of the inhibition pattern of AdoHcy being
competitive with AdoMet and mixed with WT-H3 peptide,
the mechanism of reaction may follow either a compulsory
ordered or a random ordered mechanism. To distinguish the
mechanism, product inhibition studies with methylated
peptide was performed. Varying the amount of AdoMet with
different fixed amounts of methylated peptide yielded a series
of reciprocal plots that converged beyond thaxis, sug-
gesting the methylated peptide is a mixed inhibitor of the
AdoMet substrate (Figure 8F). By plotting\Vi{ax versus the
methylated peptide concentration (Figure 8G) and the slope
versus the methylated peptide concentration (Figure 8H), we
determinedK; and aK; values of 0.8 and 0.zZM, respec-
tively, from the x-axis intercept as shown in Table 2. A
similar regression analysis was performed with varying
amounts of WT-H3 with different fixed amounts of methy-
lated peptide (Figure 8l). The reciprocal plots converged on

the reaction, and therefore, products in a reaction reduce thd1€Y-8is, suggesting a competitive inhibition pattern. Four

initial velocity. The free enzymes will turn over at the same
rate as the reaction without product. That is why in a
competitive mechanism of reaction tfig.xremains the same
and theK2P? changes with inhibitor concentration. For a
bisubstrate enzyme, a competitive inhibitor of one of the
substrate binding sites will display either a competitive or
mixed inhibition pattern, depending on which substrate is
varied and which substrate binds first to the enzyme.
Methyltransferases, such as SUV39H1, transfer a methyl
group from AdoMet to Lys-9 of histone H3 generating two
products, AdoHcy and methylated peptide. Varying the
amount of AdoMet with different fixed amounts of AdoHcy
yielded a nest of reciprocal plots that converged onythgis
intercept (Figure 8A), suggesting AdoHcy is a competitive
inhibitor of AdoMet. Nonlinear regression analysis of the
series of curves yielded simil&hax values but differeni,2PP
values (data not shown). The value for AdoHcy was
determined by plottind<2PP versus inhibitor concentration
and was found to be 12M (Figure 8B). ThekK; value for

sets of nonlinear regression curves yieltlgd’Pvalues (data

not shown). TheK; value of 0.5uM for the methylated
peptide was determined by plottihg,2°? values versus the
methylated peptide concentration (Figure 8J). The pattern
of product inhibition observed for recombinant SUV39H1
is summarized in Table 2. These results are consistent with
a bi-bi random mechanism for SUV39HL1 activity.

Steady-State Kinetic Properties of Recombinant SUV39H1
on Various SubstrateBy studying an enzyme-catalyzed
reaction at steady state, one can obtain essential kinetic
parameters for a specific enzyme at a set of reaction
conditions with a specific substrate. Since SUV39H1 can
efficiently methylate K9 residues of histone H3 and synthetic
peptides representing these sequences, both unmodified and
modified peptides were used to study steady-state kinetic
properties (Table 3). Variable amounts of either rH3, WT-
H3, or WT-H3(dime) substrate with saturating amounts of
AdoMet and a constant amount of recombinant SUV39H1
resulted in a hyperbolic curve fitted to eq 1. Representative

Table 3: Comparison of Steady-State Kinetic Parameters of SUV39H1 and Other Histone H3K9 Methyltradsferases

enzyme substrate Keat (h71) KAdoMet (M) KmPeP (M) Keal KmP®P (x 1P M~1 h™Y) ref
SUV39H1 WT-H3 12+ 0.5 12.3+£ 0.6 0.9+ 0.1 13 this work
SUV39H1 WT-H3(K9-dime) 1.5:0.1 0.07+ 0.02 22 this work
SUV39H1 rH3 8+ 0.8 6+ 0.6 0.32+0.07 25° this work
G9afl WT-H3 88+ 4 1.8+ 0.2 0.9+0.1 98 36
G9afl WT-H3(K9-dime) 12+ 3 23+11 5.2 36
G9afl rH3 46+ 1 2.65+£0.2 0.3+ 0.0 15% 36
human SET9 rH3 141 6.0+14 54+21 2.6 24
pea LSMT rubisco 13+ 4 6.0+ 1.3 1.4+ 0.2 98 26
dSU(VAR)3-9 wi-19 396 25.9 19

2 The peptide nomenclature is given in Materials and Methods. WT

-H3 is the first 19 amino acids of the amino terminus of histone H3. WT-

H3(K9-dm) is the dimethylated K9 peptide. Recombinant bacterially expressed human histone H3 is knownPasttiSfor K3, ¢ Value for

kealKm™. 9 Pea LSMT is rubisco large subunit methyltransferase.
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Ficure 8: Product inhibition analysis of K9 methylation catalyzed by recombinant SUV39H1. (A) Double-reciprocal plot in the presence
of a fixed concentration of AdoHcy: @), 2 (@), 5 ), 7 (¢), 10 @), and 20uM (O). The AdoMet concentration was variable (5, 6.25,
7.15, 8.35, 10, 12.5, 16.65, and 2M) in the reaction mixture. ¥/is plotted vs 1/[AdoMet] after linear regression. (B) Plotskafr?

values obtained with nonlinear regression analysis of methylation values obtained in panel A were plotted against inhibitor AdoHcy
concentration to determin§, from thex-intercept. (C) As in panel A, a double-reciprocal plot in the presence of a fixed concentration of
AdoHcy: 0 @), 2 (O), 5 (), 10 ), 20 (@), and 40uM (O). The unmethylated peptide concentration was variable (0.25, 0.275, 0.324,
0.367, 0.44, 0.55, 0.733, and 1«M) in the reaction mixture. 1/is plotted vs 1/[WT-H3] after linear regression. (D) Secondary plot for
determination of inhibition constants for a mixed inhibitor. The valu&as determined from the&-intercept of a plot of the slope of the

lines from the double-reciprocal plot in panel C as a function of inhibitor AdoHcy concentration. (E) Pldf.af i$ AdoHcy concentration.

The value ofaK; is determined from the-intercept of the line. (F) As in panel C, a fixed increasing concentration of methylated peptide:

0 (m), 0.5 @), 1 (#), 15 ), 2 (@), and 3uM (O) with a variable AdoMet substrate concentration (5, 6.25, 7.15, 8.35, 10, 12.5, 16.65,
and 25uM). 1/v is plotted vs 1/[AdoMet] after linear regression. (G) Secondary plot for determination of inhibition constants for a mixed
inhibitor. The value oK; is determined from the&-intercept of a plot of the slope of the lines from the double-reciprocal plot of panel F

as a function of inhibitor methylated peptide concentration. (H) Plot @f,d/vs methylated peptide concentration. The valuedkf is
determined from the-intercept of the line. (I) As in panel A, a double-reciprocal plot in the presence of a fixed concentration of the
methylated peptide: (), 0.25 (), 0.5 @), and 0.75«M (O). The unmethylated peptide concentration (0.275, 0.314, 0.367, 0.44, 0.55,
0.733, 1.1, 2.2, and 6.6M) was variable in the reaction mixture.Jlis plotted vs 1/[WT-H3] after linear regression. (J) Secondary plot

of Kn2P values obtained from nonlinear regression curve analysis [from methylated peptide (mepep) inhibition] vs mepep inhibitor
concentration. The estimate of thg value is determined from theintercept.
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FIGURE9: Representative substrate concentratieelocity curves and double-reciprocal plots of the initial velocity vs substrate concentration.

(A) Full-length SUV39H1 activity with the WT-H3 peptide substrate. The methylation reaction was performed with substrate concentrations
of 0.07, 0.14, 0.2, 0.32, 0.44, 0.55, 0.726, 1.1, 2.2, 3.3, 4.4, and\.&nd fixed enzyme and AdoMet concentrations of 25 nM and 25

uM, respectively. The extent of product formation is plotted vs substrate concentration, and nonlinear regression was performed for
determination oKPe? (K,,\WT-H3) values. The inset shows the LineweavBurk plot of 1/ vs 1k. VyaxandKWT—H3 were calculated from

the substrate concentratiemelocity plot. (B) Similar substrate concentratievelocity curve like that in panel A for a variable AdoMet
concentration (2, 3, 5, 5.55, 6.25, 7.15, 8.35, 10, 12.5, 16.65, 25, anblh®5 nM SUV39H1, and 3.2aM WT-H3. The extent of product
formation is plotted vs substrate concentration, and nonlinear regression was performed for determiafit?®dfalues. The Lineweaver

Burk plot of 1/ vs 1kis shown in the inset. (C) Another similar substrate velocity curve like that in panel A, for a variable recombinant
histone H3 concentration (0.02, 0.1, 0.14, 0.2, 0.32, 0.44, 0.55, and AN625 nM SUV39H1, and 25M AdoMet. The extent of

product formation is plotted vs substrate concentration, and nonlinear regression was performed for determidatittM<dfalues. The
Lineweaver-Burk plot of 1 vs 1kis shown in the inset. (D) Similar substrate velocity curve like that in panel B for a variable AdoMet
concentration (1, 2, 3, 5, 5.55, 6.25, 7.15, 8.35, 10, 12.5, 16.65, 25, antMph®5 nM SUV39H1, and 0.&M recombinant human H3
molecules. The extent of product formation is plotted vs substrate concentration, and nonlinear regression was performed for determination
of KpAdMetyalues for rH3. The LineweaveBurk plot of 1k vs 1kis shown in the inset. (E) Methylation inhibition at higher concentrations

of rH3. SUV39H1 (25 nM), AdoMet (2xM), and various concentration of rH3 (0.02, 0.1, 0.14, 0.2, 0.32, 0.44, 0.55, 0.726, 1.1, 2.2, and
3.3uM) were incubated for 30 min, and nanomolar concentration methyl group incorporation as a function of rH3 concentration is shown.

Michaelis—Menten plots for velocity as a function of WT- unmethylated peptide and rH3 for SUV39HL1, respectively,
H3 (Figure 9A) and AdoMet concentration (Figure 9B) are suggesting dimethylated K9 peptide as a relatively poor
shown. Methylation saturation was obtained aboveuND substrate of the enzyme. Surprisingly, we also observed rH3

substrate (Table 3). The kinetic parameMfs, andK, were concentration-dependent methylation inhibition above 0.55
obtained after performing a nonlinear regression curve fit. uM substrate (Figure 9E).
From the Vmax the ket was calculated along with the Functional Role of the SUV39H1 Chromodomain in

enzyme’s catalytic efficiency. Similar analyses were per- Catalysis.SUV39HL1 is a modular protein with a distinctive
formed with rH3 substrate (Figure 9C, D) and WT-H3(dime) chromodomain and a distinctive SET domain between amino
(data not shown). The kinetic constants are given in Table acids 43 and 88 and amino acids 249 and 412, respectively.
3. TheK, values for WT-H3, WT-H3(dime), and rH3 were The chromodomains are conserved between different species
0.9, 0.07, and 0.32M, respectively, demonstrating rH3 or  (Figure 10A). The SET domain is involved in catalysis of
WT-H3(dime) has a higher affinity for the enzyme. The WT- histone Lys-9 methyltransferases since deletion or mutation
H3(dime) peptide displayed a poor turnover numbeg)( of it impairs enzymatic activityq, 23). The chromodomain

of 1.5 %, as compared to values of 12 and 8 lior the of SUV39H1 binds to H3K9 methylated histonetb). To
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A i (W64A or Y67A) methylated the WT-H3 substrate peptide
b BN EL much less efficiently than the WT fusion enzyme. Thus, both
suvariao [ L L Js3s the chromodomain and the SET domain of SUV39H1 are
S important for catalysis.
DISCUSSION

EGEYVVERIECVEMDQYQPVFFVE| DSENTWESLANVA CD-SU(VAR)3-9 i i 1 I

e e wmwwws M Recombinant h'uman SUV3_9H1 is catallytlcally active
when expressed in a baculovirus expression system. The
recombinant enzyme activity is facilitated at alkaline pH like

L!DFWEYLCDYKKIREQE!TLUKE‘Z&DSESMPMNU CD-SUV3gH1

? SUVagH1 Ei's:mm that of the other Lys-9 methyltransferases such as DIBEp (
acosuvasnt [ [ L) - and G9a 86). SUV39H1 did not use a peptide substrate
A80SUV3GH CCEx g i constituting amino acids-113 (short peptide) of the histone
; 5 8 2 amino termini but methylated well to a longer peptide
; 2 5 E 20 comprising of the first 17 amino acids. However, the same
s 2 08 £ :: short peptide was an excellent substrate _qf .the G9a enzyme.
i ; é é é Fo These data show stringent substrate specificity for SUV39H1.
g The steady-state kinetic properties of the enzyme with rH3
s SO ACDAVgH! ABDSUVESH1 or amino-terminal H3 peptide substrate showed a turnover
o EBE number that is 7 times lower than that of G9a (Table 3). A
33— similar lower catalytic efficiency was also observed with
c é Iz SUV39H1, suggesting G9a methylates the substrate better
> =TT than SUV39HL1 in vitro. However, the turnover numbers for
¥ EEEEE £ 3 Drosophila SU(VAR)3-9 were much higher compared to
w 555§ ;L » those of both human SUV39H1 and murine G9a. Fhe
5 :: values for SUV39H1 and G9a were similar for rH3 and WT-
':j: i 15 H3, confirming both enzymes have similar binding properties
g for their substrates. The<,A%Met values for G9a and
hadl oS SUV39H1 were strikingly different. Whil&,/ %Mt values
25+ ® 0 B MBP- MBP- of G9a were between 2 andud/, those of SUV39H1 were
i il -yl between 6 and 12M. The methylation reaction of SUV39H1

Ficure 10: Involvement of the chromodomain in the SUV39H1- depended largely on AdoMet concentration (Figure 3A). The
catalyzed methyltransferase reaction. (A) Schematic representatiorslope of the reaction progression curves increased with the

of the chromodomain containing human SUV39BtosophilaSU- amount of AdoMet. A similar AdoMet-dependent methyl

(VAR)3-9, and heterochromatic protein HP1. The chromodomain ; ) ;
(CD) is shown as a filled box, and below it, the amino acid residues transfer was observed f@rosophila SU(VAR)3-9 which

for different CDs are aligned, as indicated at the right. Conserved Nad aKy"“"*value of 25uM (35). Thus, it may be possible
amino acids W64 and Y67 are boxed. (B) A schematic diagram of that methylation of histone H3 may be regulated by the
full-length and deletion mutants is shown in the left panel. Purified intracellular AdoMet concentration.

MBP fusion SUV39HL and deletion mutant fusions are shown  Ergm the preincubation studies, it appears that the enzyme

below. A methyltransferase assay with AWM WT-H3, 50 nM _ ; ; : : ;
enzymes, and 26M AdoMet was performed for 30 min, and the AdoMet or—H3 peptide complex is catalytically active. This

nanomolar concentration methyl group incorporation is shown at Phenomenon is confirmed in inhibition studies with products,
the right. (C) Like panel B, with the left panel showing the purified where the reaction for SUV39H1 follows a bi-bi random
WT MBP—SUV39H1 fusion protein and point mutants MBP  mechanism. Similar observations are made for other Lys-9
SUV39H1(W64A) and MBPSUV39HL(WE7A). The activity — methyitransferases, G9a previously. Other methyltransferases

assay of WT and point mutants is shown at the right. A methyl- .
trans)flerase assaypwas performed with 2@ WT-H39, 100 nM Y such as human DNA (cytosine 5) methyltransferasé?), (

enzymes, and 26M AdoMet. All assays in panels B and C were M.Hhal (48), and M.BamHI £9) also have shown a similar
repeated in duplicate. random bi-bi mechanism. Preincubation studies show

SUV39H1 can bind to either histone H3 or AdoMet (data
elucidate the function of the chromodomain, we generated not shown). Another SUV39H1 class of methyltransferases,
the SUV39HL1 deletion mutant lacking only the chromo- DIM-5 of N. crassais shown to bind AdoHcy, in a large
domain (amino acids 4381) or the first 80 amino acids of  surface pocket, and this binding can be impaired via R155H,
the N-terminus (Figure 10B). These proteins were expressedW161F, Y204F, and R238H mutation3Zj. In the product
as MBP fusions, purified (Figure 10B), and assayed simul- inhibition assay, we observed a competitive inhibition
taneously along with the MBP full-length fusion using the between AdoMet and AdoHcy and tkgvalue was 12(M,
WT-H3 substrate. Surprisingly, deletion of the chromo- similar to theK, value for AdoMet of 12.3(M. This shows
domain dramatically reduced enzymatic activity (Figure both AdoMet and AdoHcy have identical affinity for the
10C), suggesting the chromodomain may play a significant substrate-binding site (Tables 2 and 3). A similar observation
role in enzymatic catalysis in coordination with the SET was made previously for euchromatic Lys-9 histone H3
region. To identify specific amino acids that may be involved methyltransferase, G98§). The fact that the<; value for
in catalysis, we mutated the conserved amino acids, W64Athe methylated peptide versus unmethylated peptide was
and Y67A (Figure 10D). These two amino acids are involved 0.5 uM for SUV39H1 and the fact that thK,, value for
in forming an aromatic cage around methylated Lys-9 in the the unmethylated peptide remained.9 uM suggest the
structure of HP146). Indeed, MBP fusion mutant SUV39H1 methylated peptide has a higher affinity for the enzyme.
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One of the similarities betweddrosophilaSU(VAR)3-9
and human SUV39HL1 is that they both have a chromodomain
preceding the SET domairDrosophila SU(VAR)3-9 is
~635 amino acids long in contrast to the 412 amino acids
in SUV39H1, and their amino terminus has very little
identity. Deletion of 152 amino acids froBrosophilaSU-
(VAR)3-9 resulted in a>90% loss of methyltransferase
activity, and further deletion up to the chromodomain (279
amino acids) resulted in a catalytically inactive protedB)(
Our experiments with human SUV39H1 without the first 81
amino acids or only the chromodomain deletion (amino acids
41-80) resulted in a major reduction of the methyltransferase

activity in MBP—SUV39H1 fusions, suggesting that the
of unmethylated H3K9 (gray stars) via the catalytic SET domain y 99 9

(gray square) of SUV39H1 using cofactor AdoMet. (B) Methylated Chromodomal'n IS lmpqrtant for enzymatic aCt'\./'ty' W.64A
H3K9 (black stars) serves as an anchor for the chromodomain@nd Y67A point mutations, two conserved amino acids in

of SUV39H1. Following binding, the SET domain can methylate the chromodomain, resulted in a catalytically impaired
inter- and intranucleosomal unmethylated lysine 9 of histone enzyme. Thus, this aromatic cage in SUV39H1 perhaps

b

n

AdoMet AdoHcy
Ficure 11: Model for catalysis of SUV39H1. (A) Methylation

AdoMet AdoHcy

H3.

participates in recruitment and/or catalysis of Lys-9 methy-
lation. Thus, the chromodomain of histone methyltransferases

However, these data may be interpreted with caution since jnq other histone-modifying enzymes may play a significant

the methylated peptide may bind to the chromodomég) (

and precipitate structural changes in the SET domain to

impair the binding of the unmethylated peptide.

For human SUV39H1, a rH3 concentration0.55uM
inhibited the methylation reaction (Figure 9E). This inhibition
was exclusive to rH3 but not with WT-H3 peptide represent-
ing the amino-terminal tail of histone H3. We have not
observed any inhibition effect with WT-H3 up to 6uM
peptide (Figure 9A). The nonhyperbolic behavior of SUV39H1
may be attributed to product inhibition. With a typical
product inhibition, at high substrate concentrations, the
product exhibits a high affinity for the active site of the
enzyme, to block the binding of the enzyme. If such a
scenario were true, then both WT-H3 and rH3 would have

exhibited the same kinetic behavior. Thus, the uniqueness
of the rH3 substrate acting as an inhibitor suggests rH3 may

bind to two different sites on the same enzyme or two

different rH3 molecules may bind to the same enzyme at a

higher concentration, thus making a rHSUV39H1-rH3

ternary complex that is essentially a dead-end complex. In

this ternary complex, either one or both rH3 can be Lys-9
methylated rH3 molecule(s). This hypothesis of ternary
complex formation gains support from the fact that SUV39H1

has a chromodomain and a catalytic SET domain embedded
between amino acids 44 and 88 and amino acids 249 and

412, respectively, and the chromodomain is involved in
chromatin binding in vivo. For instance, a fragment of
SUV39HL1 containing just the N-terminus and the chromo-

domain binds efficiently to heterochromatin when expressed

in mammalian cells50). Furthermore, fluorescence anisot-

ropy experiments showed that the isolated chromodomain

of SUV39H1 (like that of HP151) can specifically bind
H3K9 trimethylated histone peptide with an affinity of 25
uM (45). Thus, it is possible for SUV39H1 to methylate the
H3K9 tail using its catalytic domain and use the H3K9
methylated tail via binding of the chromodomain to methylate
neighboring unmethylated H3 molecules (Figure 11). Alter-
natively, and consistent with the effect of chromodomain
mutations on methylation of histone peptides, the binding
of methyl-H3K9 to the chromodomain of SUV39H1 may
regulate its activity via structural changes affecting the overall
catalysis of the enzyme.

role in the modulation of enzymatic catalysis.
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