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ABSTRACT: In most eukaryotes, the histone methyltransferase SU(VAR)3-9 and its orthologues play a
major role in the function of centromeric heterochromatin. Although the methyltransferase domain is
required for the formation of a fully functional centromere, mutations within other regions of the gene
such as the N-terminus also have a strong impact on its in vivo function. To analyze the contribution of
the N-terminus on the methyltransferase activity, we have expressed the full-lengthDrosophila
SU(VAR)3-9 (dSU(VAR)3-9) together with various N-terminal deletions inEscherichia coliand analyzed
the structural and enzymatic properties of the purified recombinant enzymes. Full-length dSU(VAR)3-9
specifically methylates lysine 9 within histone H3 on peptides, on intact histones, and, to a lesser extent,
on nucleosomes. A detailed analysis of the reaction products shows that dSU(VAR)3-9 adds two methyl
groups to an unmethylated H3 tail peptide in a nonprocessive manner. The full-length enzyme elutes with
an apparent molecular weight of 160 kDa from a gel filtration column, which indicates the formation of
a dimer. This property is dependent on an intact N-terminus. In contrast to the full-length enzymes, proteins
lacking the N-terminus fail to dimerize, and show a 10-fold lower specific activity and a linear dependence
of methyltransferase activity on enzyme concentration. A N-terminal peptide containing amino acids 1-152
of dSU(VAR)3-9 is sufficient to mediate this interaction in vitro. The dimerization of dSU(VAR)3-9
and the subsequent increase of its methyltransferase activity provide a starting point to understand the
molecular details of the formation of heterochromatic structures in vivo.

Centromeres are conserved structures of eukaryotic chro-
mosomes, which ensure their proper segregation during
mitotic divisions (1, 2). Most centromers are formed by
association of the centromeric DNA with specific proteins
such as CENP-A, -B, and -C (3, 4) and have been shown to
form clusters within interphase chromatin (5, 6). Although
centromeres as well as pericentromeric regions are typically
rich in repetitive DNA, the main determinant of centromers
seems to be of an epigenetic nature as they can also form
ectopically within euchromatic arms (7, 8). Centromeric
regions of chromosomes are generally transcriptionally
quiescent, a property that can “spread” into neighboring
regions (2, 9). The variable transcriptional activity of
normally active genes, after their translocation close to
heterochromatin, has been termed position effect variegation
(PEV)1 (10, 11) (9).

Histones within centromeric regions are usually hypo-
acteylated (12, 13) and methylated at lysine 9 within the H3
tail (14). The enzyme that is critical for this modification is
the histone methyltransferase SU(VAR)3-9 (15). Drosophila

SU(VAR)3-9 (dSU(VAR)3-9) has been initially identified
in a genetic screen for suppressors of PEV (for a review see
ref 16). SU(VAR)3-9 or its orthologue CLR4 are required
for heterochromatin-mediated gene silencing inDrosophila
and Schizosaccharomyces pombe(17). Mouse SUV39 en-
zyme is important to maintain genome stability (18).
Furthermore, it acts as a transcriptional repressor in transient
as well as in stable transfection experiments in tissue culture
cells (19, 20).

Drosophila SU(VAR)3-9 belongs to a large class of
proteins containing a SET domain. The SET domain confers
methyltransferase activity and is crucial for the in vivo
function of most SET-containing proteins. Although the SET
domain is relatively well conserved, SET-methyltransferases
show a remarkable structural and functional variability. SET
domain proteins can exist as monomers (21-25) or dimers
(26). In addition, some need auxiliary factors (27-30) or
require nucleic acids for full activity (31, 32).

In addition to the well-characterized SET domain,
dSU(VAR)3-9 contains a chromo domain (17, 19, 33), a
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GTPase domain that is derived from a common exon used
by dSU(VAR)3-9 and the eukaryotic translation initiation
factor 2 and a relatively ill-defined N-terminal domain (15).
The N-terminus is moderately conserved in humans, mice,
and flies and interacts with at least two additional suppressors
of PEV, HP1, and SU(VAR) 3-7 (14, 34). A Structure-
function analysis of the human SUV39H1 indicated that a
deletion of the N-terminus leads to a failure of SUV39 to
bind chromatin in vivo (33). A fragment of SUV39H1
containing just the N-terminus and the chromo domain binds
efficiently to heterochromatin when expressed in tissue
culture cells. This binding is thought to be mediated by HP1
and has been suggested to be a main component in the
maintenance mechanism of histone methylation as the
chromo domain of HP1 binds strongly to a H3 tail, which is
methylated at lysine 9. In the absence of HP1, SU(VAR)3-9
is found at multiple sites along the chromosome arms,
suggesting a role for HP1 in restricting SU(VAR)3-9 to
centromeric heterochromatin. However, the HP1 interacting
region is not sufficient to confer chromatin binding to an
overexpressed fusion protein (33), suggesting an additional
structural component in addition to HP1 binding, which is
important for heterochromatin association. This hypothetical
structural component may well be the conformation of
dSU(VAR)3-9 itself. SUV39H1 forms distinct nuclear
domains when overexpressed in vivo (19), a phenomenon
that has already been described for certain ring finger proteins
which form higher order aggregates in vivo and in vitro (35,
36). In flies, overexpression of dSU(VAR)3-9 or other
suppressors of PEV leads to a strong dosage-dependent
enhancement of PEV independent of the dosage of the other
partners. This strong dosage dependence argues against a
single limiting factor regulating PEV but rather favors a
model in which several factors participate in the assembly
of a specific heterochromatin scaffold (16, 37).

In this report, we show that full-length dSU(VAR)3-9 is
a very active methyltransferase when expressed in bacteria.
It adds two methyl groups to lysine 9 within the H3 tail in
a nonprocessive manner. Moreover, the N-terminus of
dSU(VAR)3-9 mediates an interaction between two
SU(VAR)3-9 molecules, thereby increasing its ability to
methylate H3. The N-terminus of dSU(VAR)3-9 has a
bipartite interaction domain, which allows the formation of
multimers of SU(VAR)3-9 proteins. This interaction be-
tween dSU(VAR)3-9 molecules may contribute to the
clustering of centromers within living cells and the formation
of nuclear substructures in vivo after expressing the N-
terminus of SU(VAR)3-9 alone and may therefore explain
the strong dosage dependence of the dSU(VAR)3-9 medi-
ated enhancement of PEV.

MATERIALS AND METHODS

Cloning of dSU(VAR)3-9. Full-length dSU(VAR)3-9,
deletion mutants, and point mutants were cloned into pET15b
(Novagen) via NdeI and XhoI. The pET15b plasmid adds a
6× his-tag on the N-terminus. All inserts were created by
PCR from a plasmid carrying the dSU(VAR)3-9 cDNA
(kind gift of G. Reuter, Halle, Germany) and verified by
DNA sequencing. GST fusion proteins were cloned by
inserting a PCR generated EcoRI-XhoI fragment into a
pGEX 4T-2 vector (Amersham).

Protein Purification. His-tagged dSU(VAR)3-9 and
dSU(VAR)3-9 mutant polypeptides were expressed inE.
coli BL21(DE3)pLys, and purified with Talon (Clontech)
resin according to the manufacturer’s instructions. For the
molecular weight analysis, the Talon-purified proteins were
loaded on a Superdex 200 column (HR 10/30, Amersham)
or on a 5-20% sucrose gradient. The column was run
isocratically in BC100 buffer (25 mM HEPES/KOH (pH
7.3), 100 mM NaCl, 1 mM MgCl2, 0.5 mM EGTA, 0.1 mM
EDTA, 10% glycerol (v/v), 1 mM DTT, and 0.2 mM PMSF)
for 1.4 CV. 0.5 mL fractions were collected and 15µL of
each fraction were analyzed on a 10% SDS PAA gel. 5-20%
(w/v) sucrose gradients were prepared in BC100 buffer with
or without 3 M urea. The gradient was prepared using a
Gradient Master 105/106 (BioComp) set at 2.40 min/
81.5 deg/15 rpm. A 500µL sample containing 10µg of
dSU(VAR)3-9 wild type or ∆213 or 20µg of BSA was
loaded on top of the gradient. Centrifugation was performed
using a SW41 rotor (Beckman) at 41 000 rpm for 28 h at 4
°C. 0.5 mL fractions were collected and analyzed by 10%
SDS-PAGE.

For activity assays, the enzyme was stabilized by addition
of BSA to a final concentration of 100 ng/µL followed
by dialysis against BC100 buffer. All recombinant
dSU(VAR)3-9 were quantified by Coomassie staining with
the ImageMaster 1D Elite v3.01 software package (Amer-
sham) using BSA as a standard. Bacterially expressed HP1
was purified according to ref38and dialyzed against BC100.

Methyltransferase ActiVity. H3 peptides used contained
amino acid 1-19 plus a C-terminal cysteine (ARTKQTARK-
STGGKAPRKQC) and were either unmodified, dimethylated
at K4, monomethylated at K9, acetylated at K9, or dimethy-
lated at K9 (Peptide Speciality Laboratories, Heidelberg).
Recombinant Drosophila histones were expressed and puri-
fied fromE. coli, and reconstituted into octamers as described
previously (39). Nucleosomes were reconstituted by salt
dialysis. Recombinant histone H3 carrying the mutations
K9A, K27A, or both, were expressed in bacteria from
plasmids kindly provided by D. Reinberg. HMT assays were
done in ddH2O using H3-peptide, histone H3, octamer, or
nucleosomes as substrates andS-adenosyl-[methyl-3H]-L-
methionine (25µCi/mL) and/orS-adenosylmethionine (New
England BioLabs) as methyl donor. Reactions were per-
formed at 30°C for 1-80 min. To stop the reaction, acetic
acid was added to a final concentration of 5-10% (v/v).
Kinetic assays were carried out in triplicates by varying the
concentration of the H3 peptide (1-16 µM) or SAM (5-60
µM) at saturating amounts of SAM/peptide and analyzed by
double reciprocal plots.

GST Pulldown.dSU(VAR)3-9 and mutants were trans-
lated in vitro from pET15b vectors, [35S]methionine-labeled.
GST-pulldowns were carried out as described earlier (40).
In vitro translated proteins and HP1 (1µg) were incubated
in a total volume of 200µL containing NTEN100 (20 mM
TrisHCl (pH 8), 100 mM NaCl, 1 mM EDTA, 0.5% (v/v)
Nonidet P-40), 100µg of BSA, and 5µg of ethidium
bromide. Washes were performed two times in NTEN100 and
four times in the NTEN200. The bound proteins were eluted
with SDS sample buffer and analyzed using a phosphoimager
or a specific antibody in the case of HP1.

MALDI-TOF Analysis.To purify the methylated peptides
from contaminating salts, the peptide solution was passed
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over a pipet tip containing small amounts of C18 reversed
phase material (ZipTip, Millipore). After three 10µL wash
steps with 0.1% TFA, the bound peptides were eluted with
1 µL of prepared matrix solution (saturatedR-cyanohydroxy-
cinnamic-acid (Sigma) dissolved in 50% ACN (v/v)/0.3%
TFA (v/v)) directly onto the target plate. Samples were air-
dried to allow cocrystallization of the peptides and the matrix,
and the target plate was loaded in a Voyager DE STR
spectrometer and analyzed.

RESULTS

Full-Length dSU(VAR)3-9 Is an ActiVe Methyltransferase.
To analyze the enzymatic properties of dSU(VAR)3-9, we
expressed a recombinant full-length protein containing six
histidine residues at the N-terminus in bacteria and purified
it by affinity chromatography (Figure 1A). Recombinant
dSU(VAR)3-9 methylates histone H3 in a mixture of his-
tones as well as in reconstituted nucleosomes (Figure 1B).
We defined the site of methylation using by using peptides
premodified at lysine 4 or lysine 9 (Figure 1C). As lysine
27 is surrounded by almost identical amino acids and can
be methylated by methyltransferases that also methylate
lysine 9 (30, 41, 42), we also tested whether dSU(VAR)3-9
is able to methylate a histone H3 molecule carrying a
mutation at lysine 9 or at lysine 27. The fact that
dSU(VAR)3-9 only methylates the wildtype H3 molecule
and the H3 mutated at lysine 27 but does not methylate
mutants in which lysine 9 is mutated further confirmed our
specificity analysis (Figure 1D). This is in good agreement
with the finding that dSU(VAR)3-9 isolated fromDroso-
phila embryos (43) as well as a N-terminally truncated
version of dSU(VAR)3-9 (14) are able to methylate lysine
9 within the N-terminus of H3.

dSU(VAR)3-9 Is a NonprocessiVe Enzyme with Similar
Affinity for Unmethylated and Monomethylated H3K9.
Lysines within histones exist in mono-, di-, and trimethylated
forms and the different isoforms can have different molecular
functions (44). Experiments using antibodies specific for
either di- or trimethylated lysine 9 demonstrate that
dSU(VAR)3-9 function is required for di- as well as
trimethylation of histone H3 inDrosophilapolytene chro-
mosomes (14, 30). We therefore analyzed the reaction
products of an in vitro methylation reaction using full-length
dSU(VAR)3-9 and a H3 peptide by MALDI-TOF (Figure
2A). A time course experiment of the methylation reaction
using unmodified peptide shows that after 5 min about 20%
of the peptides are found to be monomethylated and none
of it is dimethylated. The dimethylated form only appears
after 10 min of reaction time when almost 50% of all peptide
has been converted into the monomethylated form. After 80
min, almost all of the unmethylated peptide is converted into
either the mono- or the dimethylated form. We have not
observed a significant amount of trimethylation by
dSU(VAR)3-9 under those conditions (Figure 2A). We also
used peptides that were either mono- or dimethylated at
lysine 9 as substrate to exclude the possibility that dSU-
(VAR)3-9 could trimethylate a peptide that is already
premodified. In both cases, we do not observe significant
trimethylation of the peptide (Figure 2B,C). Only at a very
high enzyme-to-substrate ratio or at extended reaction times
we could observe a small fraction (less than 1%) of
trimethylated peptide (data not shown). This is in good

agreement with experiments using the human orthologue of
dSU(VAR)3-9 SUV39H1, which also methylates a di-
methylated peptide only with a very low efficiency (15).

A possible explanation for the slow appearance of the
dimethylated peptide could be a dramatically reduced reac-
tion velocity of the methylation reaction after the peptide
has been monomethylated. To test this, we repeated the same
experiments using the monomethylated peptide as a substrate
and found very similar kinetics (Figure 2B,D). From these

FIGURE 1: Characterization of recombinant dSU(VAR)3-9. (A)
Elution of recombinant, His tagged dSU(VAR)3-9 from Talon
beads. Ten microliters of the first eight fractions (lanes 1-8) was
loaded onto a gel and subjected to 10% SDS-PAGE, and the gel
was stained with Coomassie blue R250. (B) In vitro methylation
reactions using different protein substrates. Nucleosomal arrays
(lane 1) were reconstituted on pBS(KS) (Stratagene) by salt dialysis
using recombinant octamers (lane 2), which were reconstituted from
equimolar amounts of histones produced inE. coli and purified by
gel-filtration chromatography. H3 (lane 3) was expressed and
purified as described. The reaction products were then loaded and
run on a 18% SDS PAA gel, and the gel was stained with
Coomassie blue R250, dried, and exposed to a X-ray film
(autoradiograph) for 24 h. (C) Peptides containing the first 19 amino
acids of H3 were methylated by recombinant dSU(VAR)3-9 and
radioactive SAM (Amersham). We used the unmodified peptide
(wt), a peptide dimethylated at K4 (K4me2) or at K9 (K9me2) and
a peptide acetylated at K9 (K9ac) as substrates. Incorporated
radioactivity was measured by a filter-binding assay. (D) In vitro
methylation reaction using either wt recombinant H3 (lane 1), H3
mutated at lysine 9 (lane 2), H3 mutated at lysine 27 (lane 3), or
a H3 molecule mutated at both sites (lane 4). Histones were
methylated by recombinant dSU(VAR)3-9 in the presence radio-
active SAM, separated by SDS-PAGE, and analyzed by auto-
radiography.
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experiments, we conclude that dSU(VAR)3-9 adds a single
methyl group to the peptide, after which it dissociates from
the SET domain and has to reassociate for a second meth-
ylation reaction. This behavior is in marked contrast to the
trimethylase DIM5 ofNeurospora, which processively meth-
ylates lysine 9 within a H3 peptide to the trimethylated form
without releasing it into the solution (45) or to SET7/9, which
has been shown to only monomethylate lysine 4 on the H3
tail (25).

The N-Terminus of dSU(VAR)3-9 Is Required for Full
Catalytic ActiVity. To analyze the influence of the N-terminus
of dSU(VAR)3-9 on its enzymatic activity, we expressed
various mutant dSU(VAR)3-9 proteins inE. coliand studied
their catalytic activity (Figure 3A,B). As expected, a mutation
of dSU(VAR)3-9 in the SET domain (H561K) renders the
enzyme inactive. Enzymes in which the N-terminal 152 or
213 amino acids were deleted are still able to methylate H3
peptides and histones albeit with an over all 10-fold lower
methyltransferase activity (Figure 3C,D). Further deletion
of the N-terminus including the chromo domain (∆279)
resulted in an additional decline of methylation activity,
which we have not further analyzed.

Kinetic Parameters for Full-Length Recombinant
dSU(VAR)3-9. To further quantify the effect of the N-
terminus on the HMT activity of dSU(VAR)3-9, we used

a standard filter-binding assay to analyze the kinetics of dSU-
(VAR)3-9 methyltransferase reaction. Under standard reac-
tion conditions, the reaction is linear for at least 60 min
(Figure 2D). To prevent possible product inhibition effects,
we measured the incorporated radioactivity after 1 min, when
less than 5% of product was formed (see Figure 2). In test
experiments, we verified that this amount ofS-adenosyl
homocystein (SAH) or of the methylated H3 peptide did not
significantly inhibit the reaction in our assays when added
externally (data not shown). In the reminder of the paper,
the reaction velocity is therefore expressed as pmol of CH3

incorporated min-1. Determination of the kinetic parameters
of the full-length dSU(VAR)3-9 revealed aVmax for the
methylation reaction of 95.2 nmol min-1 mg-1 and aKm-
[SAM] of 25.9 µM (Figure 4A), assuming that all molecules
are active. This translates into akcat of 0.11 s-1, which is
2-fold higher than the reportedkcat of the full-length Rubisco
methyltransferase LSMT (0.05 s-1) (23). More importantly,
full-length dSU(VAR)3-9 is approximately 20 times faster
than another SET containing histone methyltransferase
enzyme SET9 (kcat ) 0.005 s-1) (23). Deletion of the
N-terminal domain does not change theKm for SAM or the
H3 peptide, indicating that there is no major change in
substrate affinity. Strikingly, theVmax and thekcat of the
N-terminally truncated version∆213 are about 20 times

FIGURE 2: MALDI analysis of reaction products. MALDI-TOF analysis of the reaction products using 600 ng of dSU(VAR)3-9 and 460
pmol of a H3 peptide (see Figure 1), which was unmethylated (A), monomethylated (B), or dimethylated (C) at K9. The methylation
reaction was stopped at different time points after starting the reaction and reaction products analyzed by MALDI-TOF. In case of the
dimethylated peptide, only the 80-min time point is shown. (D) Time course of a methylation reaction as measured by a filter-binding
assay.
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lower than the ones observed for the full-length enzyme and
more similar to the kinetic parameters of SET9 (6.8 nmol
min-1 mg-1 and 0.005 s-1, respectively) (Figure 4A). This
substantial increase in the catalytic efficiency of the full-
length enzyme may be due to a conformational change or
an association of monomeric enzymes into multimers. As
multimeric enzymes often show a concentration-dependent
increase of specific activity as expressed in substrate
molecules converted per molecule of enzyme (46), we
determined the relationship between the velocity of the
reaction and the enzyme concentration. When the rate of
methyl peptide formation was plotted against the correspond-
ing enzyme concentration, a nonlinear plot was obtained
(Figure 4B). This behavior is not observed when using the
N-terminally truncated proteins, which only show a linear
dependence of methyltransferase activity on enzyme con-
centration. Replotting the number of CH3 groups incorporated
per enzyme molecule revealed a steady increase of activity
until the specific activity reached a plateau at an enzyme
concentration of approximately 0.5µM for the wild type. In
contrast, virtually no change was observed for the N-
terminally truncated enzyme (Figure 4C). On the basis of
these observations, we reasoned that under our assay
conditions the full-length enzyme is indeed able to form
multimers, which have a higher specific activity than the
monomers and that at a concentration of 0.5µM and above
virtually all molecules exist as multimers.

The N-Terminus Is Important for Dimerization and ActiVity
of dSU(VAR)3-9 in Vitro. To test this hypothesis, we
analyzed the molecular weight of the recombinant protein

by gel filtration chromatography and density gradient
centrifugation. The full-length dSU(VAR)3-9 elutes with
an apparent molecular weight of 160 kDa, which is indicative
of a dimer from a Superdex 200 gel filtration column (Figure
5A). The deletion of the N-terminus of dSU(VAR)3-9
results in a complete loss of this dimerization as the
N-terminally truncated protein elutes with an apparent
molecular weight of 60 kDa corresponding to a monomeric
species (Figure 5A bottom panel). To further confirm the
dimerization of dSU(VAR)3-9, we loaded the purified,
recombinant enzyme on a 5-20% sucrose gradient under
denaturing and nondenaturing conditions. As expected, under
native conditions the full-length dSU(VAR)3-9 is found in
fractions corresponding to higher molecular weight when
compared to the∆213, whereas it behaves virtually identical
under denaturing conditions (Figure 5B). The N-terminally
deleted protein as well as the BSA standard display a minor
shift to an apparently smaller molecular weight in the
presence of urea, which is probably due to a change in
density of the denaturing solution (arrows in Figure 5B).

The N-Terminus Mediates Interactions within
dSU(VAR)3-9. As the deletion of the first 152 amino acids
leads to a loss of dimer formation, we expressed the
N-terminal 152 amino acids of dSU(VAR)3-9 as a GST
fusion protein in bacteria and used it as an affinity resin in
GST pull-down experiments. The bound fusion protein was
incubated either with recombinant HP1 or with in vitro
translated dSU(VAR)3-9 proteins. As has been shown
previously (14, 34), the N-terminus is able to interact with
HP1 in vitro (Figure 6A, right panel). This domain also inter-

FIGURE 3: Expression and purification of dSU(VAR)3-9 mutants. (A) Scheme of dSU(VAR)3-9 mutants generated and expressed. In
DrosophiladSU(VAR)3-9 mRNA is generated by alternative splicing of the translation initiation factor (eIF2) RNA leading to an additional
81 amino acids at the N-terminus of the protein, which are common between eIF2 and dSU(VAR)3-9. For the point mutation within the
SET domain (H561K) histidine 561 was mutated into a lysine. (B) Coomassie-stained gel of Talon purified dSU(VAR)3-9 mutant proteins.
(C) Comparison of HMT activity of various dSU(VAR)3-9 mutants on a H3 peptide and on recombinant H3 molecules (D). For a better
comparison, the inset of panel C shows the activities of the N-terminal deletions and a point mutation within the SET domain only. To
compare different activities on intact H3 molecules, an autoradiograph of a 1-day (top panel) and a 7-day (bottom panel) exposure is
shown.
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acts very efficiently with in vitro translated dSU(VAR)3-
9, suggesting a role of this domain in inter- or intramolecular
interactions. Surprisingly, this domain is also able to interact
with a polypeptide lacking the first 152 amino acids. To map
the region within dSU(VAR)3-9 that interacts with the first
152 amino acids, we have generated a series of mutations
within dSU(VAR)3-9 and analyzed their capability to bind
to the N-terminus (Figure 6A,B). Using these mutant

proteins, we could narrow down the interaction domain to
amino acids 152-213 (Figure 6C). This suggests the
existence of a bipartite interaction motif that can potentially
mediate a intra- as well as an intermolecular interaction. To
further confirm this result, we expressed the amino acids
152-213 as a GST fusion protein and did another series of
GST pull down experiments. As expected, the GST(152-
213) protein is able to interact with the full-length protein

FIGURE 4: Kinetic properties of recombinant dSU(VAR)3-9. (A) Double reciprocal plots of in vitro methylation reactions using a H3 tail
peptide and either wt (500 ng) or a N-terminally truncated protein (∆213; 1 µg) using various concentrations of SAM under saturating
peptide concentrations were used to determine theKm for SAM. (B) Concentration-dependent increase of enzyme activity. Different
concentrations of wt and N-terminally truncated dSU(VA)3-9 were incubated with H3 peptide and SAM at saturating concentrations for
30 min. After stopping the reaction, the amount of incorporated radioactivity was measured and plotted against the concentration of enzyme.
(C) The ratio of the incorporated radioactivity to the concentration of enzyme present was replotted against the enzyme concentration to
determine the increase in specific activity.
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but only weakly binds to a protein lacking the first 152 amino
acids (Figure 7A,B). On the basis of this result, we strongly
favor a model in which dSU(VAR)3-9 interacts with itself
via a domain swapping mechanism similar to what has been
described for other dimeric proteins (47).

DISCUSSION

Recombinant dSU(VAR)3-9 is a catalytically active
methyltransferase and is able to methylate lysine 9 within
histone H3. The main conclusions from our experiments are
that the full-length enzyme transfers two methyl groups to
lysine 9 within an H3 tail peptide in a nonprocessive manner
and that the enzyme requires the N-terminus for homodimer-
ization and for full activity in vitro. The N-terminus of dSU-
(VAR)3-9 can be subdivided into two parts, which can
interact with each other.

The initial rate kinetics of the methylation reaction show
that dSU(VAR)3-9 has a very similarKm for the protein
substrate and a similar turnover rate as another SET
containing methyltransferase, Rubisco LSMT (23), but a
significantly higherKm for SAM. This suggests that to have
full catalytic activity the concentration of SAM has to be
kept at a relatively high concentration within the cell. The
intracellular SAM concentration varies between 20 and 40
µM (48) depending on the cell type used, which is in the
range of theKm of dSU(VAR)3-9. Under these conditions,
the rate of methylation by dSU(VAR)3-9 is directly
proportional to the SAM concentration and can therefore
directly respond to variations of cofactor concentration. This

high SAM concentration is maintained by the main SAM
synthase enzyme, SU(Z)5, which, like dSU(VAR)3-9, is a
suppressor for position effect variegation inDrosophila(49).
It will be interesting to see whether the Su(z)5 gene product
is randomly distributed throughout the cell or if it shows a
specific localization maybe directing it to the sites of
dSU(VAR)3-9 action. The concentration of SAM could
therefore be an important regulator of heterochromatin
spreading.

Recently several labs have characterized the processivity
of various SET containing enzymes revealing remarkable
differences in their ability to add one, two, or three methyl
groups to their corresponding substrate (25, 45). Furthermore,
mono-, di-, and trimethylated histones have different func-
tions (44). By analyzing the reaction products of recombinant
dSU(VAR)3-9 in vitro, we find that it very efficiently adds
two methyl groups to its substrate but is very poor in adding
a third one. Moreover, we only see a trimethylated peptide
(less than 1% of total product) at a high enzyme-to-substrate
ratio (Figure 2D and data not shown). However, deletion of
dSU(VAR)3-9 in vivo leads to a disappearance of tri-
methylated H3 molecules at the chromocenter of polytene
chromosomes (30). The fact that we can observe a small
trimethylating activity of recombinant dSU(VAR)3-9 argues
against a sterical inhibition of trimethylation within the active
center by the enzyme as it is the case for SET9 (50).

SET domain containing enzymes have been classified in
several different classes based on their primary amino acid
sequence (51). The only enzyme of the SU(VAR)3-9 class
that has been kinetically characterized in detail is the
Neurosporaenzyme DIM5. Our experiments show that
dSU(VAR)3-9, in contrast to DIM5, is not processive and
mainly dimethylates a peptide containing lysine 9. Further
analysis of additional point mutations within the SET domain
will reveal the structural basis of this intriguing difference.
An obvious candidate for an amino acid important for this
difference is the R238 of DIM5, which is replaced by a
histidine in dSU(VAR)3-9 and its orthologues in mouse and
humans (15). In fact, it has been shown that a mutation within
SUV39H1 converting H320 into an arginine residue strongly
increases activity in vitro (15).

It has been speculated that a targeted recruitment of SET1
to the promoter region of an active gene can lead to a limited
trimethylation due to a very high local concentration of
enzyme (44, 52), whereas the reminder of the chromatin is
only dimethylated. As we observe a nonlinear increase of
HMT activity dependent on the enzyme concentration in
vitro, it is possible that comparable mechanisms of the
regulation of the methylation state also affect the methylation
capability of dSU(VAR)3-9 in vivo. Alternatively, the
ability of dSU(VAR)3-9 to trimethylate may be regulated
by phosphorylation of the protein (19, 53), or through
interaction with additional cofactors (19) as has been shown
recently in the case of ESET (54). Furthermore, the tri-
methylation of K9 could be mediated by a different HMT
enzyme, which is able to add a third methyl group to already
dimethylated H3. One of the potential enzymes with such a
trimethylating activity is the polycomb group protein en-
hancer of zeste (30).

Besides this kinetic observation, the most interesting
observation we have made in analyzing the recombinant
dSU(VAR)3-9 protein is the fact that it requires the

FIGURE 5: Molecular weight determination of dSU(VAR)3-9. (A)
Elution profiles of wt dSU(VAR)3-9 (top) and the N-terminal
deletion construct∆213 (bottom). Retention of the molecular weight
standards is indicated at the top. (B) Profile of a 5-20% sucrose
gradient in the presence (panels 2 and 4) or absence of 3 M urea
(panels 1 and 3). The position of the 66-kDa marker protein is
indicated as a black triangle at the top of each gel. Note the slight
shift (1 fraction) of the 66-kDa marker and the∆213 protein, which
is due to the presence of urea in the buffer compared to the
significant shift in case of the wt protein (>3 fractions).
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N-terminus for its full in vitro activity. Our experiments
strongly suggest that this N-terminus allows the recombinant
protein to form dimers in solution, which greatly enhances
its activity. However, we cannot fully exclude the possibil-
ity that intramolecular interactions within the N-terminus
induce a major conformational shift that causes the full-
length protein to migrate with an apparent molecular weight
of a dimer on a gel filtration column as well as a density
gradient. The observed concentration-dependent increase in
specific enzyme activity, as expressed in molecules SAM
converted per molecule of enzyme, argues against this
possibility as the different conformation should not change
as a function of enzyme concentration. Interestingly, the
arginine methyltransferase PRMT1 and the SET domain
containing lysine methyltransferase vSET also form oligo-
mers in vitro (26, 55, 56). Both enzymes are nonproces-
sive and the multimerization of the protein has been
suggested to facilitate the methylation reaction by increas-
ing the probability of the monomethylated product to bind
to a second enzyme molecule. This is in contrast to other
SET domain proteins such as DIM-5 and SET7/9, which
are either processive or only transfer one methyl group
respectively and do not dimerize in vitro. Interestingly,
the catalytic capacity of full-length dSU(VAR)3-9 is
about 20 times higher than the one of SET9 or a N-
terminally truncated version of dSU(VAR)3-9, which

both fail to dimerize in solution suggesting that the dimer-
ization can indeed be used to significantly enhance HMT
activity.

The mapping of the dimerization domain via GST pull
down experiments revealed a bipartite dimeriztaion motif.
This organization points to a dimerization via a domain
swapping mechanism in which identical domains are ex-
changed between two proteins to form a homodimer (57).
On the basis of our experiments, we would suggest that the
amino acids 1-152 can interact with the residues 152-213
either intra- or intermolecularly and that the domain swapped
dimer has a higher catalytic capacity than the monomer. The
different conformation of a loop between two swapped
domains in the monomeric and the dimeric form of an
enzyme can have a significant effect on the function of a
remote active site (47). Such an induced conformational
change may provide an alternative explanation for the higher
activity of the dimeric form of dSU(VAR)3-9. Domain
swapping has also been implicated in the formation of
oligomeric assemblies of proteins (58). Although we have
strong evidence for dimer formation and could not identify
higher order oligomers in gel filtration chromatography or
density gradient experiments, at present we cannot fully
exclude the existence of oligomeric species that may as-
sembly from dimers and are disrupted in the course of our
analysis.

FIGURE 6: In vitro interaction assays to map the dimerization domain. The first 152 amino acids of dSU(VAR)3-9 are expressed as a GST
fusion proteins and used to affinity purify either recombinant HP1 (A, right panel) or in vitro translated dSU(VAR)3-9 (A, left panel).
HP1 was detected by Western blotting using a monoclonal antibody against HP1 (C1A9, kind gift of S. Elgin) and dSU(VAR)3-9 was
detected by autoradiography. (B) Quantification of the binding affinities of the various dSU(VAR)3-9 proteins. Error bars represent the
variations of at least three different experiments. (C) Schematic representations of the dSU(VAR)3-9 proteins used and the position of the
dimerization domain.
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The concentration-dependent self-interaction of
dSU(VAR)3-9 may also be a way to regulate its function
within the cell. One well-known features of dSU(VAR)3-9
is its strict dosage-dependent effect on PEV. Our observation
that dSU(VAR)3-9’s specific HMT activity increases in a
nonlinear way provides a possible explanation for this effect.
The human orthologue of dSU(VAR)3-9, SUV39H1, forms
distinct nuclear bodies when overexpressed in tissue culture
cells (19), which can be dispersed by modulating the
phosphorylation state of the enzyme. From our in vitro
experiments, we would suggest that the N-terminus plays
an important role in the formation of those nuclear bodies.
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