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The evolutionary conserved SET domain is present in many eukaryotic chromatin-associated proteins,
including some members of the trithorax (TrxG) group and the polycomb (PcG) group of epigenetic tran-
scriptional regulators and modifiers of position effect variegation. All SET domains examined exhibited histone
lysine methyltransferase activity, implicating these proteins in the generation of epigenetic marks. However,
the mode of the initial recruitment of SET proteins to target genes and the way that their association with the
genes is maintained after replication are not known. We found that SET-containing proteins of the SET1 and
SET2 families contain motifs in the pre-SET region or at the pre-SET-SET and SET-post-SET boundaries
which very tightly bind single-stranded DNA (ssDNA) and RNA. These motifs also bind stretches of ssDNA
generated by superhelical tension or during the in vitro transcription of duplex DNA. Importantly, such
binding withstands nucleosome assembly, interfering with the formation of regular nucleosomal arrays. Two
representatives of the SUV39 SET family, SU(VAR)3-9 and G9a, did not bind ssDNA. The trx*/’ homeotic point
mutation, which is located within TRX SET and disrupts embryonic development, impairs the ssDNA binding
capacity of the protein. We suggest that the motifs described here may be directly involved in the biological
function(s) of SET-containing proteins. The binding of single-stranded nucleic acids might play a role in the
initial recruitment of the proteins to target genes, in the maintenance of their association after DNA replica-
tion, or in sustaining DNA stretches in a single-stranded configuration to allow for continuous transcription.

The SET domain is an ~130-amino-acid (aa) sequence
which was initially identified in the protein products of three
regulatory genes in Drosophila, whose names account for the
name SET, i.e, SU(VAR)3-9, enhancer of Zeste [E(Z)], and
trithorax (Trx). SET domains are usually located at the car-
boxyl termini of proteins, although in some proteins, such as
ASH1 (another regulator belonging to the TrxG family), the
motif is located in the middle of the protein (Fig. 1A), and in
the proteins RIZ and BLIMP this motif maps to the N termini.
In addition to the highly conserved SET motif, less conserved
~50- to 80-aa pre-SET and post-SET regions may be present
at the amino and carboxyl boundaries, respectively, of the SET
domain (Fig. 1A) (reviewed in reference 12). Genes encoding
SET domains are widely represented in eukaryotic genomes
(>300 database entries). Based on the homology of their SET
motifs, the most characterized human proteins were classified
into four major families, SET1, SET2, SUV39, and RIZ (15).
A recently discovered function of the SET domain is the meth-
ylation of lysine residues in nucleosomal histones. SET do-
mains of different proteins target specific lysines, and these
modifications have different consequences on gene expression.
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For example, the methylation of Lys 4 of histone H3 is usually
associated with activation, while the methylation of H3 Lys 9 or
Lys 27 is associated with silencing (reviewed in reference 28).

Some of the most studied SET proteins are the products of
members of the TrxG and PcG gene families and are modifiers
of position effect variegation that are involved in maintaining
stable and heritable states of gene expression during the de-
velopment of higher eukaryotes (reviewed in references 24 and
32). For example, the initiation of expression of the best-
studied targets of the TrxG and PcG proteins, the homeotic
(HOX) genes, is achieved by the early-acting segmentation
genes of Drosophila. The TrxG and PcG proteins are required
later during development to maintain the active and repressed
states of HOX transcription, respectively (24, 32). Some of the
TrxG and PcG proteins are found in multiprotein complexes
that contain enzymes capable of remodeling nucleosomes or
marking histones at the target loci by several specific histone
modifications. These markings serve as signals for proteins
which change the architecture of nucleosomes and subse-
quently bring about transcriptional activation or silencing. It is
thought that the combination of different modifications at a
particular histone constitutes a cellular memory propagated to
the progeny cells (35, 37; reviewed in reference 7).

Although the methylation of histone residues is widely be-
lieved to be the central function of the SET domains, impor-
tant aspects of this process, such as how SET proteins are
recruited in the first place and how the histone modifications
survive replication, are not understood. Here we describe an-
other biochemical feature associated with SET domain pro-
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FIG. 1. SET-domain-containing polypeptides bind single-stranded and supercoiled DNAs and RNA. (A) Schemes of SET domains in some of
the proteins studied here and motifs within TRX SET. (B) Binding of GST-tagged ALL-1 C-terminal polypeptides and the E. coli SSB protein to
ss- and dsDNAs immobilized on Sepharose. Binding was performed in a buffer containing 100 mM NaCl and 0.05% NP-40, and washing was done
with a buffer containing 0.5 M NaCl and 0.1% NP-40. Bound proteins were resolved in SDS-10% polyacrylamide gels and stained with Coomassie
blue. The relative migration of the GST polypeptides in the 10% gel is shown on the left. (C) Binding of GST-tagged ALL-1 C-terminal
polypeptides and the E. coli SSB protein, immobilized on glutathione-Sepharose, to a single-stranded but not double-stranded 100-bp DNA ladder
and to supercoiled but not linear 6-kb DNA. Binding and washing were done as described above. Retained DNAs were analyzed in 1% agarose
gels. (D) ssDNAs complexed with immobilized GST-SET were incubated in the presence or absence of 10 mM reduced glutathione. DNAs (top)
and proteins (bottom) in the bound (b) and eluted (el) fractions were resolved in gels. (E) Single- and double-stranded DNA templates (63 bp)
were incubated with either no protein or with increasing concentrations of ALL-1 C-terminal fragments (151 and 400 aa) and resolved by 4% native
polyacrylamide gel electrophoresis. (F) The 220-aa ALL-1 C-terminal fragment binds to negatively supercoiled but not to relaxed or positively
supercoiled 4.5-kb plasmid. Negative and positive plasmids were produced by Topo I relaxation in the presence of ethidium bromide or netropsin,
respectively. The input corresponds to 25% of the material used for binding. (G) Complexes between the ALL-1 C-terminal 350-aa polypeptide
and a 6-kb supercoiled plasmid or the temperature-denatured Pvull fragments of the same plasmid are stable at high concentrations of chaotropic
agents. The top panel shows the relative amounts of the ALL-1 polypeptide retained on the beads after washings. (H) Stable complexes between
the ALL-1 220-aa C-terminal polypeptide and supercoiled DNAs are disrupted upon DNA relaxation. The supercoiled, relaxed, and linear forms
of plasmids P1 (3 kb), P2 (4.5 kb), and P3 (6 kb) were tested for binding (lanes 10 to 18). The bound supercoiled plasmids were washed with 0.5
M NacCl and 0.1% NP-40 and were either linearized with EcoRI (lanes 25 to 30), relaxed with Topo I (lanes 31 to 36), or left untreated (lanes 19
to 24). The DNAs were washed as described for panel B, and the eluted (el) and bound (b) species were resolved by electrophoresis.

teins which might play a role in the aforementioned processes MATERIALS AND METHODS
and in other proce.sses. A motif preser.lt Wlt,h mn th,e general area DNA procedures. PCR fragments encoding the desired polypeptides were
of the SET domains of several proteins binds single-stranded cloned in frame into the Ndel and EcoR1 sites of the pGEX-2TX-derived

and supercoiled DNAs as well as RNA. This binding is very  plasmid pGEX-2TKN (kindly provided by K. Katsani and P. Verrijzer) or into
tight so that it will last and interfere with nucleosome assembly. the BamHI and EcoRI sites of pGEX-4T-3 (Pharmacia). Residues encoded by
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the various deletion constructs are indicated in the figures. The #x*// mutation
in TRX SET was generated by PCR-based site-directed mutagenesis. Positively
and negatively supercoiled DNA templates were prepared by relaxing covalently
closed plasmids with topoisomerase I in the presence of ethidium bromide or
netropsin (9). Single-stranded DNAs (ssDNAs) were prepared by boiling DNA
templates (usually a 100-bp DNA ladder [Fisher]) for 2 to 3 min followed by an
immediate transfer to ice for 5 min. For preparations of immobilized double- and
single-stranded DNAs, enzyme-quality calf thymus DNA was biotinylated and
immobilized on avidin-Sepharose either directly or after denaturing by boiling
for 5 min. A 63-base random sequence oligonucleotide containing two Sacl sites
at its terminus and the same DNA sequence amplified from the Sacl site of
pERSVACAT (22) were used as single- and double-stranded DNA probes,
respectively, for gel retardation assays.

Protein procedures. Recombinant glutathione S-transferase (GST) fusion pro-
teins were expressed in Escherichia coli strain Origami B (Novagen), purified by
standard procedures (including immobilization on glutathione-Sepharose), and
analyzed in sodium dodecyl sulfate (SDS)-13% polyacrylamide gels. In some
cases, to remove bound endogenous nucleic acids, we additionally treated the
immobilized GST-SET polypeptides with DNase I and RNase A and washed
them with HEMG buffer (50 mM HEPES-KOH [pH 7.6], 0.2 mM EDTA, 25
mM MgCl,, 20% glycerol [vol/vol], 1 mM dithiothreitol, 0.2 mM phenylmethyl-
sulfonyl fluoride) containing 500 mM NacCl, 0.1% NP-40, and 2 to 3 M urea. GST
pull-down experiments were performed in EX protein buffer (17) (10 mM
HEPES-KOH [pH 7.6], 10 mM KCI, 1.5 mM MgCl,, 0.5 mM EGTA, 10%
glycerol [vol/vol], 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride)
containing the desired amounts of NaCl (indicated in the figure legends) and
0.05% NP-40. Loading was followed by a series of washes with HEMG buffer
containing 500 mM NaCl and 0.1% NP-40. Bound DNAs were isolated by phenol
extraction of the glutathione-Sepharose beads and were analyzed in 1% agarose
gels.

Coupled in vitro transcription and GST pull-down assay. The transcription of
pGEM Express positive control template DNA (Promega) was performed di-
rectly in the buffer for the GST pull-down assay, supplemented with a complete
or partial set of transcription components (a 0.1 mM concentration of each
ribonucleoside triphosphate, 1 U each of SP6, T3, and T7 RNA polymerases
[Promega], 1 U of RNasin [Boehringer], 3 U each of RNases A and H [Boehr-
inger|, and 3 U of DNase I [Boehringer]) as indicated in Fig. 3.

Chromatin reconstitution and analysis. Nucleosome reconstitutions were per-
formed as described previously (17) by the use of Drosophila extracts prepared
from 0- to 3-h-old embryos without the addition of extra histones. Micrococcal
analyses of reconstituted chromatin were performed as described previously (17).

Modeling of secondary structures. The utilization of Expasy modeling soft-
ware allows analyses of two proteins side-by-side or of several proteins simulta-
neously. The modeling templates, which were all SET-domain proteins with
known three-dimensional (3D) structures, included CLR4 (NCBI no. mvxA and
ImvhA), DIM5 (NCBI no. 1pegA, 1pegB, and 1m19A) and SET7 (IMUF,
INGA, and INGC). For simultaneous threading of an ssDNA binding sequence
into the three templates, we used SWISS-PdbViewer or the automated homology
modeling servers SWISS-Model and Geno 3D (5). Protein structures were visu-
alized with the RasMol viewer in the color mode “chain” or “structure,” which
showed chains of proteins in different colors or structural elements in different
colors, respectively.

RESULTS

The SET region of SET-domain proteins tightly binds
ssDNA substrates. To study DNA binding, we used GST-
tagged polypeptides corresponding to segments of SET regions
(we define a SET region as including the SET, pre-SET, and
post-SET domains) derived from distinct SET-domain pro-
teins. As a control, we used the 178-aa ssDNA-binding protein
(SSB; protein no. NP290692.1) from E. coli, which binds tightly
ssDNA under a wide range of environmental conditions.

We commonly used a commercial 100-bp DNA ladder
(Fisher), either intact or denatured by heating at 98°C in Tris-
EDTA buffer, as a dsDNA and ssDNA probe. The choice of
DNA source was not critical, since the testing of several other
ss- or dsDNA substrates yielded similar results (not shown).
We also compared SET binding to the negatively supercoiled
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versus linear forms of DNA. DNA helixes of circular closed
DNA molecules can have a deficiency or excess of coils com-
pared to a linear DNA of the same size. These under- or
overwound DNA states are referred to as negatively or posi-
tively supercoiled DNA, respectively. The typical plasmid
DNA isolated from a bacterial source is negatively supercoiled
at a rate of one supercoil per ~200 bp of DNA. Negatively or
positively supercoiled DNA molecules tend to relieve arising
torsional tensions either by changing their helical twist (de-
creasing or increasing it, respectively) and/or by writhing of the
axis. Thus, negative, in contrast to positive, superhelical stress
is known to destabilize the DNA duplex, resulting in locally
unwounded regions of DNA (reviewed in reference 6). As a
control, we used relaxed forms of plasmids, in which superheli-
cal stress was removed by a treatment with topoisomerase I
(Topo I).

ALL-1, also termed MLL, HRX, or HTRX, is the human
homologue of Drosophila TRX and acts as a positive regulator
of HOX genes (26, 40). SET fragments of the ALL-1 and E.
coli SSB proteins were expressed as GST fusions in bacteria
(Fig. 1B), and their binding with various DNA substrates was
assessed in several assays under stringent washing conditions
for DNA-protein complexes by use of a buffer containing 500
mM NaCl and 0.1% NP-40.

Like the case for the E. coli SSB protein, the 151- and 400-aa
C-terminal fragments of ALL-1 associated tightly with immo-
bilized single-stranded, but not double-stranded, DNA (Fig.
1B). When immobilized on a glutathione-Sepharose matrix via
a GST moiety (Fig. 1C), the SET region of ALL-1 efficiently
retained ssDNA fragments, whereas its binding to dsDNA was
barely detectable (the input amounts of the ds- and ssDNA
were equalized for DNA content, but since ethidium bromide
binds ssDNA less efficiently than dsDNA, lanes with ssDNA
appear to be underloaded). In contrast to the case for the
GST-SSB protein of E. coli, ALL-1 C-terminal tails bound the
negatively supercoiled form of the plasmid (Fig. 1C, bottom
panel, lanes 5 to 8 versus lanes 3 and 4). Complexes of GST-
SET with ssDNA could be further eluted with reduced gluta-
thione (Fig. 1D), indicating that the physical association was
not due to a nonspecific aggregation on the surface of the
Sepharose matrix. Gel retardation assays performed with phys-
iological ionic strengths (140 to 150 mM NaCl) also revealed a
higher affinity of the ALL-1 SET region for ss- versus dsDNA
(Fig. 1E).

We noted that at low ionic strengths (below 100 mM NaCl),
ALL-1 SET fragments and some preparations of EcSSB bound
small amounts of dsDNA (not shown), indicating that the
difference in the affinities of SET fragments and EcSSB for
dsDNA was quantitative rather than qualitative. The glutathi-
one-Sepharose matrix or immobilized GST retained neither ss-
nor dsDNA (not shown).

The SET regions of several other SET-containing proteins,
including Drosophila E(Z), TRX, and ASH1, human ALR, the
E(Z)-related Arabidopsis CLF, and yeast SET1 and SET2, also
bound single-stranded and supercoiled DNAs (not shown; see
Fig. 2 for detailed analyses of some of these), suggesting that
such DNA binding may be a general feature of SET regions.
Altogether, the tested proteins encompassed members of the
SET domain families SET1 and SET2 (15). Interestingly, the
corresponding polypeptides of two representatives of the
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FIG. 2. Mapping of ssDNA-binding motifs within the related proteins ALL-1 (A) and TRX (B), E(Z) (D) and CLF (E), and ASHI (C). Ranges
of the C-terminal polypeptides of the five proteins were expressed in E. coli as GST fusion proteins, immobilized on glutathione-Sepharose beads,
and incubated with a single-stranded or double-stranded 100-bp DNA ladder. Binding and washing conditions were as described in the legend to
Fig. 1. Dark horizontal lines above the schemes of the polypeptides indicate the smallest polypeptide which bound ssDNA with an efficiency
comparable to that of the largest positive polypeptide. For an evaluation of the results, see the text. (F) C-terminal fragments containing the SET

domains of SU(VAR)3-9 and GY9a proteins did not bind DNA.

SUV39 family, Drosophila SU(VAR)3-9 and human G9a, did
not bind to supercoiled (not shown) and ssDNA (Fig. 2).

To examine in more detail the effect of superhelicity on the
binding of DNA to the SET region, we prepared several DNA
templates with different levels of superhelical tension. Nega-
tive or positive supercoiling was introduced into DNAs by
relaxing covalently closed plasmids with Topo I in the presence
of ethidium bromide or netropsin, respectively (Fig. 1F, top
panel, lanes 3 to 5 or 6 to 8) (9). The level of the induced

superhelicity was monitored by gel electrophoresis, as the rel-
ative migration of plasmids in agarose gel increases propor-
tionally to the increase in their supercoiling level. At high
concentrations of ethidium bromide (Fig. 1F, lane 5) or ne-
tropsin (Fig. 1F, lane 8), the level of induced supercoiling was
similar to that of the native supercoiled plasmids (Fig. 1F, lane
1). Only the highly negatively supercoiled plasmids were re-
tained on the matrix containing ALL-1 GST-SET fragments
(Fig. 1F, bottom panel, lanes 1 and 5). These results imply that
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the local untwisting of DNA driven by negative superhelicity,
and not the alteration in DNA tertiary structure, is the primary
factor responsible for the strong interaction of DNA with the
SET region.

We wondered how strong the binding was between the SET-
containing polypeptides and supercoiled or ssDNAs. The
ALL-1 SET region was bound to both templates and subjected
to washings at increasing stringencies (Fig. 1G, middle and
bottom panels). We found that the polypeptide was still bound
in the presence of 4.5 M urea and 3.5 M NacCl (or even 5 M
NaCl [not shown]), suggesting a strong association.

We next demonstrated that even though SET binding to
supercoiled DNA was very stable, it was reversible: DNA su-
percoiling was essential not only for establishing but also for
maintaining binding to the ALL-1 SET domain (Fig. 1H). To
this end, the GST-tagged 220-aa ALL-1 C-terminal SET do-
main was immobilized on glutathione-Sepharose and assayed
for binding to the negatively supercoiled, linear, and relaxed
forms of three plasmids (3, 4.5, and 6 kb). Only the torsionally
stressed plasmids remained bound to ALL-1 SET after wash-
ing with 0.5 M NaCl-0.1% NP-40 buffer (Fig. 1H, lanes 10 to
12 versus lanes 13 to 18). When the bound supercoiled plas-
mids were subsequently linearized or relaxed by treatment with
a restriction enzyme or with Topo I, most of the plasmid DNA
was eluted in the wash buffer, whereas unmodified supercoiled
plasmids remained bound to immobilized ALL-1 SET (Fig.
1H, compare lanes 19, 21, and 23 to lanes 25, 27, 29, 31, 33, and
35). Thus, the DNA-protein complexes dissociate upon relief
from torsional tension.

Mapping the ssDNA-binding motifs within SET regions. We
applied deletion analysis to map the ssDNA recognition motifs
within several representative SET-domain proteins. These in-
cluded ALL-1 and its Drosophila homologue TRX (Fig. 2A
and B), Drosophila E(Z) and the related plant protein CLF
(Fig. 2D and E), and Drosophila ASH1 (Fig. 2C). The black
bars at the tops of the schemes indicate the smallest polypep-
tides capable of binding to ssDNA with an affinity comparable
to that of the full-length SET regions. The data in Fig. 2 show
that the ALL-1 and TRX ssDNA-binding domains are located
at the pre-SET-SET boundaries. The corresponding domains
of E(Z) and CLF were mapped to the pre-SET region, and
E(Z) had a second binding domain within pre-SET-SET. The
ASHI1 protein, in which the SET domain is in the middle of the
protein, contains two ssDNA-binding domains, at the pre-
SET-SET and SET-post-SET boundaries (Fig. 2C). In some
instances, polypeptides spanning the minimal binding se-
quences together with some additional sequences did not bind
DNA [T11 of TRX, E7 of E(Z), and A2,3 of ASH1]. This was
likely due to the polypeptides assuming steric conformations
which prevented DNA binding. No binding of ssDNA was
observed for the SET regions of SU(VAR) 3-9 and GY9a (Fig.
2F) with polypeptides spanning SET and extending upstream.

The ssDNA-binding motif associates with in vitro-tran-
scribed DNA and with nascent RNA. A major physiological
process that causes an opening of the DNA duplex is the
traversing of DNA by RNA polymerases. To assess if transcrip-
tion of a DNA template is sufficient for making it available for
an interaction with the SET region, we performed a coupled in
vitro transcription-GST pull-down assay by using phage RNA
polymerases and an appropriate DNA template. The latter, the

SET-DOMAIN-ASSOCIATED RNA AND ssDNA BINDING MOTIF 1895

pGEM Express positive control template (Promega), contains
two promoters for each of the T3, T7, and SP6 polymerases
which generate RNAs of 250 and 1,525, 1,065 and 2,346, and
1,787 and 2,566 bases, respectively. In the absence of ongoing
transcription, the interaction of the DNA template and the
220-aa ALL-1 C-terminal SET fragment occurred only at back-
ground levels (Fig. 3A, lanes 2 to 7). However, if a full set of
reaction components was supplied to allow transcription, the
DNA template was efficiently associated with the ALL-1 SET
region, as was the nascent RNA species (lanes 8 to 11). Tran-
scribed DNA and the RNA product interacted with the
polypeptide independently of each other, as indicated by the
selective removal of DNA (lanes 16 to 19) or RNA (lanes 12 to
15) after a treatment with DNase I or a mixture of RNases A
and H, respectively (we took advantage of RNase H’s ability to
destroy RNA within RNA-DNA hybrids). We did not test
whether processing by eukaryotic RNA polymerases can also
induce an association of DNA with the polypeptide. However,
the basic principles of eukaryotic and prokaryotic transcription
are well conserved, and it can be presumed that the SET region
is associated with transcribing eukaryotic genes as well. We
tested whether SET regions of some other proteins could also
bind transcribed DNA structures. Indeed, SET-containing
fragments of TRX, ALR, and ASHI, but not SU(VAR)3-9,
also exhibited binding to in vitro-transcribed DNA (Fig. 3B).
Note that SET polypeptides isolated from bacteria are found
associated with various amounts of nucleic acids which can be
removed by incubation with DNase and RNase (not shown).
The associated nucleic acids do not appear to impair histone
lysine methyltransferase activity (26).

The ssDNA-binding motif is not displaced during in vitro
assembly of nucleosomes and prevents the formation of regu-
lar nucleosome arrays. Within the cell nucleus, DNA is ex-
posed to interactions with numerous factors, some of which
result in very stable associations. For example, most eukaryotic
DNA is found in complex with histones, forming chromatin
structures (10) that can be destroyed only by treatments with
high concentrations of salt or ionic detergents. We tested
whether nucleosomes would exclude or remove bound ALL-1
SET regions from the template DNA during assembly (Fig.
3C). The template DNA used for this experiment contained
single-stranded regions generated by heating of the DNA to
temperatures sufficient to open the easily melting sequences
but not the entire DNA duplex (21). Such transiently melted
DNA regions usually renature quickly and do not significantly
affect nucleosome assembly, but they appear to be sufficient to
provide strong binding of the ALL-1 SET region (Fig. 3C, left
panel). The GST-tagged 220- and 350-aa ALL-1 SET frag-
ments were incubated with such partially melted DNA and, as
a control, intact double-stranded DNAs, and subsequent nu-
cleosome assembly was performed as previously described (18)
by use of a Drosophila embryo extract and an ATP regenera-
tion system (Fig. 3C, right panel). Under these conditions, the
ATP-dependent spacing activities of the extract generate con-
tinuous arrays of dynamic nucleosomes with regular spacing
(19). Upon the completion of assembly, the integrity of the
nucleosomal arrays was assayed by the use of staphylococcal
nuclease, which cleaves regularly spaced nucleosome arrays to
produce a typical ladder of the oligonucleosomal DNA frag-
ments. The digestion of chromatin assembled on the intact
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FIG. 3. SET regions bind transcribed DNA and nascent RNA (A and B) and prevent the assembly of regular nucleosome arrays on locally
melted DNA (C). The C-terminal 220-aa ALL-1 polypeptide was used for panel A, and a description of the other polypeptides is given in Fig. 1.
Immobilized GST-SET polypeptides were incubated with in vitro transcription mixtures containing the pGEM Express positive control template
DNA, a mixture of all four ribonucleoside triphosphates (NTPs; lanes 3 and 8 to 19), polymerases T3, T7, and SP6 (as indicated in the figure),
RNases A and H (lanes 12 to 15), and DNase I (lanes 16 to 19). After being washed with 0.5 M NaCl-0.1% NP-40, bound DNAs were resolved
in 1% agarose gels. (C) The assembly of nucleosomes was performed with the linearized 6-kb plasmid DNA, either intact as double-stranded DNA
(lanes 3 to 9) or preheated to 82 to 87°C to create local regions of ssDNA (lanes 10 to 17). GST alone or GST-ALL-1 fusions (220 and 350 aa
of ALL-1) were preincubated with the DNA template for 10 min before the addition of a Drosophila extract, ATP, and an energy regeneration
mixture (control binding experiments with immobilized GST-ALL-1 fusions to double-stranded and partially melted DNAs are shown on the left).
After completion of the assembly, samples of reconstituted chromatin were digested with micrococcal nuclease for 30 s (lanes a) or 3 min (lanes
b). Isolated DNAs were resolved in a 1.3% agarose gel. Lanes 1 and 18 show the migration of a 123-bp DNA ladder.

dsDNA resulted in a set of well-resolved DNA fragments (Fig.
3C, right panel, lanes 2 to 9), implying that preincubation with
GST-SET or GST polypeptides did not interfere with nucleo-
some assembly. However, when the DNA template was par-
tially melted and preincubated with GST-ALL-1 SET frag-
ments (but not with GST alone) prior to the assembly reaction,
the nucleosome ladder was significantly less pronounced (com-
pare lanes 11 to 13 with lanes 14 to 17). This result suggests
that the association between the SET fragments and ssDNA
survives assembly, preventing the formation of regular nucleo-
some arrays. Thus, the binding of SET-domain proteins to
ssDNA efficiently competes with the extremely strong affinity
between nucleosomal proteins and DNA.

The homeotic mutation #rx*’! impairs binding of the TRX
SET region to ssDNA. The TRX SET domain spans the well-
studied developmental mutation #x**?, in which a highly con-
served glycine (Gsq,) is replaced with serine (34). This muta-
tion results in homeotic transformations in flies that are
heterozygous for #rx“’/ and causes lethality at the pupal stages
in hemizygous animals (4). To assess whether this mutation
affects the binding of the TRX SET region to ssDNA, we
applied a pull-down assay to compare the activities of the
GST-tagged TRX SET fragments derived from the #x*’/ and
wild-type proteins (Fig. 4). tn®’’ polypeptides, but not their
wild-type counterparts, showed progressively reduced abilities
to bind ssDNA when the ionic strength of the binding buffer
was increased from 125 to 175 mM. This effect was apparent
with the 385- and 151-aa TRX SET regions and became strik-
ing (Fig. 4, bottom panel) when an 81-residue TRX polypep-

tide which was the smallest to bind ssSDNA was used (com-
posed of pre-SET and a small region of SET).

We concluded that the point mutation, which results in the
strong obliteration of the TRX biological function, also brings
about a reduction in the affinity of the TRX SET region for
ssDNA. It should be noted that the #x*’/ mutation also im-
pairs the ability of TRX SET to bind to histones H3 and H4
(13) and hampers H3 lysine 4 methylation activity (33). The
residue that is mutated in #x“*/ maps to the very N terminus of
the SET domain. It is included in the ssDNA-binding motif,
but not within the histone binding and histone lysine methyl-
transferase domains. The deleterious effect of #x*’/ on all
three functions, including the two located away from the af-
fected residue, suggests an alteration in the tertiary structure
of the entire SET region. Nevertheless, the correlation be-
tween the in vivo effect of #x*’/ and the diminution in the in
vitro ssDNA-binding activity of the TRX SET region is con-
sistent with our suggestion that this binding plays an important
physiological role.

DISCUSSION

The motif identified here shares with the E. coli SSB protein
the ability to tightly bind ssDNA, but unlike the latter it also
binds supercoiled DNA. We named the motif SSBLS, for sin-
gle-stranded nucleic acid binding linked to SET. The motif is
present in SET proteins of unicellular yeast as well as of meta-
zoans. This suggests involvement in a similar function associ-
ated with a fundamental feature of many or all SET domains.
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FIG. 4. The #x*!! point mutation in the TRX SET region impedes
the association with ssDNA. The ssDNA-binding abilities of equal
amounts of the wild type and of #x%// GST-TRX C-terminal fragments
were compared under different ionic strength conditions. Immobilized
GST-TRX C-terminal tails (151 and 385 aa) and the GST-TRX 81-aa
pre-SET-SET boundary fragment corresponding to the smallest bind-
ing protein (aa 3527 to 3607) were incubated with a single-stranded or
double-stranded 100-bp DNA ladder in a buffer containing 0.05%
NP-40 and 125 to 175 mM NaCl (as indicated). Unbound DNAs were
washed out with a buffer containing 0.1% NP-40-0.5 M NaCl. Bound
DNAs were resolved in 1% agarose gels. The relative migration of the
GST fusion proteins by SDS-10% polyacrylamide gel electrophoresis
is shown on the right.

Since the motif was identified in both transcriptional activators
(ALL-1, TRX, ALR, SET1, and ASH1) and repressors [E(Z),
CLF, and SET2], the activity is likely to play a role in processes
associated with both gene activation and silencing. It is inter-
esting that we failed to identify SSBLS in Drosophila
SU(VAR)3-9 and human G9a. Unless the failure was of a
technical nature, it might reflect the classification of the two
proteins in the SUV39 family correlated with H3 Lys9 meth-
ylation activity and the presence of a pre-SET domain neces-
sary for the activity (15). Although the motif localizes to the
general area of SET, its precise position shows some variation
in different proteins, ranging from the pre-SET region [E(Z)
and CLF] to the boundary of pre-SET and SET [ALL-1, TRX,
E(Z), and ASH1] or to the boundary of the SET and post-SET
regions (ASHL1). It is interesting that the different positions of
the motif fit with the classification of the relevant SET domains
(2, 12, 15). The position of the motif relative to SET is con-
served between ALL and its Drosophila homologue TRX and
between Drosophila E(Z) and its plant homologue CLF. The
homology in the primary sequence between the ALL-1 and
TRX motifs and between the E(Z) and CLF motifs is high (not
shown). In contrast, an overall primary sequence comparison
of the different SSBLS motifs mapped in the five proteins has
not revealed common sequences that can be attributed to a
consensus. To inquire whether despite the lack of a consensus
sequence the different motifs might share a common secondary
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configuration, we attempted a rough assessment of their struc-
tures. Structural predictions were performed by using Expasy
modeling software (see Materials and Methods). Figure SA
shows the alignment of the ALL-1 ssDNA-binding sequence
onto the published 3D structures, obtained by X-ray crystal-
lography, of the SET-domain proteins CLR4, DIMS, and
SET7. Each of the alignments returned a similar configuration,
which also obtained when the DNA binding sequence was
threaded into the three templates simultaneously. The same
approach was used to predict the secondary structures of the
ssDNA-binding regions of the other proteins studied here. In
all cases (Fig. 5B), a configuration composed of two antipar-
allel beta sheets and an alpha helix was indicated. Despite the
very rough structural assessment that such modeling can pro-
vide, it raises the possibility that the secondary conformations
of the individual SSBLS motifs may be similar. This issue will
be further investigated experimentally. In this context, we
noted that several proteins that bind single-stranded and un-
usually structured nucleic acids, though lacking any sequence
homology, share a common steric configuration designated the
OB-fold (oligonucleotide-oligosaccharide binding). This is a
highly variable 50- to 150-aa motif with a distinct three-dimen-
sional barrel topology, assumed through the assembly of five
antiparallel beta sheets, often accompanied by an alpha helix
(reviewed in references 1, 14, and 36).

Considering that the in vitro association of the SSBLS motif
with an opened DNA duplex is very strong so as to tolerate
high concentrations of monovalent ions and urea and to be
sustained during energetically efficient processes such as nu-
cleosome assembly, it is very likely that such interactions also
occur in vivo. Note that the SSB proteins, which also possess a
high affinity for ssDNA, are involved in vivo in all processes
examined associated with the generation or manipulation of
single-stranded DNA. The physiological significance of the
SSBLS motif was shown here by the demonstration that the
! point mutation, which exhibits dramatic biological effects
in Drosophila, confers impaired binding to ssDNA. The critical
function of the residue mutated in #¢*/? was also emphasized
by studies in yeast, in which telomeric silencing and normal
growth were disrupted upon the introduction of a similar mu-
tation into the yeast SET1 protein (27).

When possible functions of SSBLS are considered, one poten-
tial role will involve the recruitment of SET proteins to their
targets. The mechanism(s) associated with this process is largely
unknown. Recent results with fission yeast, plants, flies, and ver-
tebrates (8, 29, 31, 38, 39) suggest that short interfering RNAs
(siRNAs) function to recruit H3 Lys9 methyltransferases to spe-
cific loci to direct heterochromatin assembly. It has been specu-
lated that the protein complex RISC/RITS, which contains
siRNA, associates with the H3 Lys9 methyltransferase and is
targeted to specific chromosome regions through base pairing of
the former to single-stranded DNA bubbles or nascent tran-
scripts. In principle, this model can be extended to other histone
methyltransferases that act in the local decondensation or con-
densation of euchromatin [e.g., ALL-1, ASHI1, and E(Z)]. A
motif within SET proteins which binds single-stranded nucleic
acids may facilitate the targeting and anchoring of the RISC/
RITS complex to specific chromosome regions. Moreover, since
each RISC contains only one of the two strands of the siRNA
duplex (25), the SET-domain proteins might physically link to
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ALL1 (aa:3819-3850) fit to CLR4
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FIG. 5. Structural assessment by modeling of ssDNA-binding motifs in SET-domain regions of ALL-1, TRX, E(Z), CLF, and ASHI.
(A) Structural alignment of ALL-1 ssDNA-binding sequence onto the 3D structures of the SET7, CLR4, and DIM5 SET-domain histone lysine
methyltransferases. Modeling was performed by using the stand-alone Swiss-PdbViewer with an installed protein loop database. For each of the
three templates (1mvxA, 1pegA, and IMUF), the modeling was performed first by using the complete template (larger window, shown at left) and
was continued by using the relevant portion of the template (smaller window, shown at right). Protein structures were visualized with the RasMol
viewer in color chain mode. (B) Results of 3D modeling of ssDNA-binding motifs of ALL-1, TRX, E(Z), CLF, and ASHI1. For ALL-1,
E(Z) 510-550, and ASH1 1368-1420, we used the smallest polypeptides that reacted with ssDNA. For analysis of the other three regions, the sizes
of the modeled structures were minimized by selecting the overlapping domains of two interacting polypeptides [T5 and T12 for TRX, C5 and C8
for CLF, and E6 and E12 for E(Z) 559-596]. Protein structures were visualized with the RasMol viewer in color structure mode.

RISC through the binding of SSBLS to complex-associated sin- which we found that the TRX SET region encoded by a trans-
gle-strand RNA. gene was recruited in vivo to the heat shock genes only during

A role for transcription of a target gene in the recruitment of active transcription of the latter (33). Moreover, the TRX SET
a SET polypeptide was also deduced from our recent work, in domain is indispensable for recruiting the TRX protein and
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the components of the TAC1 multiprotein complex to heat
shock genes (33). Furthermore, several reports have indicated
that initial transcription of the regulatory region of the Dro-
sophila homeotic gene ultrabithorax is required for establishing
the maintenance state (and presumably the corresponding co-
valent histone modifications) of this gene’s transcriptional ac-
tivity (3, 11, 30). These recent findings are consistent with the
ability of SSBLS to bind transcribed DNA (and RNA) as well
as with its ability to interact in a reversible way with torsionally
stressed DNA, which is considered a hallmark of functionally
active DNA structures (6, 16, 21). Another possible role for
SSBLS is to prevent the formation of regular nucleosome ar-
rays in transcribed regions so as to maintain the required level
of transcription. Finally, the capacity of SET-domain proteins
to bind ssDNA may play a mechanistic role in the inheritance
of histone covalent modifications. One can imagine a scenario
in which, during progression of the replication fork, SET-do-
main proteins dissociate from the parental DNA strands to be
quickly recruited to the newly synthesized DNA due to the
strong interaction between the SET regions and ssDNA. In this
scenario, SET-domain proteins play an active role not only in
marking histones for transcription and silencing states, but also
in propagating these states in the progeny cells.
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