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The trithorax (trxG) and Polycomb (PcG) group proteins recognize and propagate inheritable patterns of
gene expression through a poorly understood epigenetic mechanism. A distinguishing feature of these proteins
is the presence of a 130-amino-acid methyltransferase domain (SET), which catalyzes the methylation of
histones. It is still not clear how SET proteins distinguish gene expression states, how they are targeted, or what
regulates their substrate specificity. Many SET domain-containing proteins show robust activity on core
histones but relatively weak activity on intact nucleosomes, their physiological substrate. Here, we examined
the binding of two SET domain-containing proteins, ALL1 and SET7, to chromatin substrates. The SET
domains from these proteins bind and methylate intact nucleosomes poorly but can recognize disrupted
nucleosomal structures associated with transcribed chromatin. Interestingly, the remodeling of dinucleosomes
by the ISWI class of ATP-dependent chromatin remodeling enzymes stimulated the binding of SET domains
to chromatin and the methylation of H3 within the nucleosome. Unexpectedly, dinucleosomes remodeled by
SWI/SNF were poor substrates. Thus, SET domains can distinguish nucleosomes altered by these two classes
of remodeling enzymes. Our study reveals novel insights into the mechanism of how SET domains recognize
different chromatin states and specify histone methylation at active loci.

The Polycomb (PcG) and trithorax (trxG) group proteins are
evolutionarily conserved factors that maintain stable and inherit-
able states of gene expression (4). PcG proteins repress homeotic
and other genes during development, while trxG proteins main-
tain active gene states (4, 36). Certain members of the trithorax
and Polycomb group proteins contain a 130-amino-acid motif
called the SET domain, which has histone methyltransferase
(HMT) activity (34). In addition to the core 130-amino-acid HMT
region, many SET domain proteins contain less-conserved 50- to
80-amino-acid pre- and post-SET regions, which are often in-
cluded in the definition of the functional SET domain (34). All of
the functions of the pre- and post-SET domains are not known;
however, we found evidence they play a role in recognizing
“open” nucleosome intermediates and single-stranded DNA or
RNA structures in transcribed and supercoiled DNA (23). In
principle, this may underlie the ability of SET domains to dis-
criminate existing active and silent gene states.

SET domain proteins maintain gene activity by methylating
chromatin to create “codes” of active and repressed gene states
(17, 20, 34). For example, methylation of lysine 4 of histone H3
is associated with gene activation, while methylation of lysine 9
or 27 is associated with silencing (20, 34, 39). Although it has
been shown that the SET domain of Drosophila melanogaster
trithorax can bind and methylate the amino-terminal tail of
histone H3, the H3 tail is inaccessible to the enzyme in intact

nucleosomes (19). Furthermore, a feature of many SET do-
main HMTs is that they display robust activity on histones but
relatively poor activity on intact nucleosomes (48). This has led
to the speculation that SET domain proteins recognize chro-
matin that has been altered or remodeled by transcription or
ATP-dependent chromatin remodeling complexes. However,
this has not been shown directly.

Chromatin structure is regulated by the cooperation be-
tween histone-modifying enzymes and ATP-dependent chro-
matin remodeling factors (for a review see reference 31).
There are multiple families of ATP-dependent chromatin re-
modeling enzyme complexes, which are classified by the struc-
ture and sequence similarity in the catalytic subunit (8, 13).
The two best-characterized of these families are the SWI/SNF
and ISWI classes. While the details on the mechanism of re-
modeling by these two groups are still being debated, it is
generally accepted that the former remodels chromatin by
disrupting the nucleosome and the latter slides nucleosomes
while maintaining their canonical structure (8, 9, 13). Many
ATP-dependent chromatin remodeling complexes contain sub-
units that recognize modified histone tails (3, 8, 10, 14–16, 41).
There is ample evidence that histone modifications help recruit
remodelers to genes through histone tail binding domains
within subunits of the complex. For example, the bromodo-
main of Swi2/Snf2 anchors the SWI/SNF complex to acetylated
chromatin templates in vitro and participates in its recruitment
to genes in vivo (14, 15). Histone acetylation recruits RSC to
templates in vitro and enhances it ability to stimulate RNA
polymerase II (RNAPII) transcription through a nucleosome
(6). The PhD finger in NURF specifically recognizes histone
H3 trimethylated on lysine 4, and loss of this histone mark
impaired NURF recruitment and function in vivo (49). While
it has been shown that histone modifications can recruit and
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affect the activity of ATP-dependent chromatin remodeling
enzymes, it is less clear if remodeling of nucleosomes by these
factors directly enhances the activity of histone-modifying en-
zymes. Examples suggesting such regulation have been de-
scribed in vivo; however, these effects cannot be attributed
directly to changes in nucleosome structure.

Here we examined the recognition of nucleosomes by SET
domain proteins and found that disruption of the canonical
nucleosome structure by transcription or remodeling is re-
quired for binding and modification of the H3 tail. Further-
more, we examined the interaction of two SET proteins, ALL1
and Set7/9, with nucleosomes remodeled by distinct classes of
chromatin remodeling complexes in a well-defined system. In-
terestingly, SET domains can bind and methylate nucleosomes
remodeled by the ISWI class of chromatin remodeling en-
zymes, but surprisingly, those remodeled by SWI/SNF were not
recognized or modified. Therefore, we have identified the re-
quirements for SET domain interactions with chromatin and
demonstrate a functional difference in the product of the re-
modeling reaction of these two different classes of ATP-de-
pendent chromatin remodeling complexes.

MATERIALS AND METHODS

Construction of DNA templates. DNA templates for in vitro assembly of
mononucleosomes were constructed by cloning a NlaIII-NotI fragment contain-
ing the 147-bp minimal 601 positioning sequence (42) into the NotI-XbaI sites of
pBluescript II(�), generating plasmid pBS601. Mononucleosome-length DNA
templates containing variable amounts of linker DNA were generated from this
construct by digesting with pairs of restriction endonucleases flanking the inser-
tion sites. For dinucleosomal DNA templates, two minimal 601 fragments were
cloned into different sites within the polylinker of pBluescript II(�) and liberated
using appropriate pairs of restriction endonucleases (usually SacI/SacII and
EcoRI/HindIII). DNA templates were end-labeled with [32P]dATP and Klenow
fragment of DNA polymerase I. The “nucleosome B” template contained se-
quences �221 to �1 from the mouse mammary tumor virus promoter (46) and
was cloned into the HindIII site of pBluescript II(�).

Histone isolation and chromatin reconstitution. H1-depleted nucleosomes
were prepared by the fractionation of micrococcal nuclease-digested chicken
erythrocyte nuclei on CM-25 Sephadex columns (GE Healthcare) (21). Thiol-
reactive HeLa nucleosomes were isolated by mercury affinity chromatography on
Bio-Gel 501 (Bio-Rad) (1). Nucleosomes were formed by reconstituting purified
histone octamers on to DNA by serial dilution as described in a previous pub-
lication, except that glycerol was omitted from the buffers (40). Reconstituted
nucleosomes were analyzed on a 5 to 5.5% native polyacrylamide gel at a 50:1
acrylamide-to-bisacrylamide ratio and stained with ethidium bromide. In some
cases, nucleosomes were purified on preparative native polyacrylamide gels.

Protein purification and GST pulldown assays. Sequences corresponding to
the SET domains, and mutant derivatives, of HMTs were amplified by PCR and
cloned into the Ndel-EcoRI sites of the plasmid pGEX-2TKN (23). Recombi-
nant glutathione S-transferase (GST) fusion proteins were expressed in Esche-
richia coli and purified by immobilization on glutathione-Sepharose (GE Health-
care) (23). The GST pulldown experiments were performed as described
previously (23). The remodeling complexes were purified from Saccharomyces
cerevisiae by affinity purification. Isw2 was purified through a triple FLAG tag
from strain YTT966 (18, 43). SWI/SNF (Swi2-TAP), Isw1a (Ioc3-TAP), and
Isw1b (Ioc2-TAP) were purified by the tandem affinity purification (TAP)
method as described elsewhere (43, 45), except that the proteins were eluted
from the column in a buffer containing 0.4 M salt. Quantities and purities of the
remodelers were examined by silver staining of sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) gels. Amounts of remodeler used in
each assay were based on the weight (mass) of the complex. The ATPase activity
of the remodeling complexes was assayed in a 5-�l reaction mixture containing
0.1 �g of mono- or dinucleosomal template (or buffer only, as a control), 0.2 ng
of ISWI complexes or 0.5 ng of SWI/SNF, 0.35 �Ci of [�-32P]ATP, and 0.1 mM
cold ATP. These are approximately the same concentrations of remodeler and
nucleosomes used in the remodeling assays (see below). The reactions were
terminated by spotting 1 �l onto polyethyleneimine-cellulose F plates (EMD
Chemicals) and resolved in a buffer containing 0.15 M LiCl–0.15 M formic acid.

The plates were exposed to a phosphorimager screen and quantified on a Ty-
phoon scanner (GE/Molecular Dynamics).

Histone methylation and remodeling assays. Methylation of histones or nu-
cleosomes was performed at room temperature for 1 to 2 h as described in a
previous publication (48) in a buffer containing 50 mM Tris-HCl, pH 8.0, 100
mM NaCl, 1 mM EDTA, 2.5 mM MgCl2, 2.5 mM dithiothreitol, 0.05% NP-40,
50 �g/ml bovine serum albumin (fraction V; Sigma), 0.2 mM phenylmethylsul-
fonyl fluoride. Each reaction mixture contained 10 �g of histones (free or
assembled into nucleosomes), 0.5 �g of GST-SET7 or 5 �g of ALL1 GST-SET
polypeptide (amino acids 3745 to 3969), and of 0.5 �Ci of S-[3H]adenosyl
methionine ([3H]SAM; 5 to 15 Ci/mmol, 0.5 �Ci/�l; Perkin-Elmer) per 30 �l of
reaction mixture. Methylation reactions were stopped by the addition of SDS-
PAGE sample buffer. If required, histones or nucleosomes were precipitated
with 25% trichloroacetic acid or concentrated using Microcon 10K concentrators
before loading onto SDS-PAGE or native gels. Gels were stained with Coomas-
sie blue, destained, treated with En3Hance (Perkin-Elmer) or PPO-POPOP
solutions (Sigma), dried, and exposed to X-ray film.

Nucleosome remodeling was carried out at room temperature for 1.5 h in nucleo-
some assembly buffer (15, 16, 29) supplemented with 1 mM ATP and an additional
2.5 mM MgCl2. The final concentrations of all components were 20 mM Tris-HCl
(pH 7.6), 100 mM NaCl, 1 mM EDTA, 5 mM MgCl2, 2.5 mM dithiothreitol, 0.05%
NP-40, 50 �g/ml bovine serum albumin (fraction V; Sigma), 0.2 mM phenylmeth-
ylsulfonyl fluoride, and 1 mM ATP. The remodeling reactions were carried out in
50-�l volumes and contained 1.25 �g of nucleosomes and 2.5 ng of ISWI complexes
or 5 ng of Swi-Snf complexes. Remodeling was terminated by the addition of 25 to
50 mU of apyrase (New England Biolabs) per reaction mixture for 20 min at room
temperature. The remodeled products were analyzed by native gel electrophoresis or
by probing nucleosome structures with micrococcal nuclease, DNase I, or restriction
endonuclease (Worthington Biochemical and New England Biolabs) (15, 16, 29).
For DNase I and MNase digestion assays, the reaction volume was scaled up to 100
�l, and 20-�l aliquots were digested with increasing amounts of nuclease. For
restriction endonuclease (RE) accessibility assays, nucleosomes were remodeled by
Swi/Snf for 40 min at room temperature and remodeling was terminated by apyrase
treatment as described above. The remodeled products were digested with 5 U
of RE enzyme for 30 min at room temperature. The DNA was purified by
proteinase K digestion and phenol chloroform extraction and separated on
ethidium bromide-containing gels.

RESULTS

The SET domain binds “unfolded” nucleosome intermedi-
ates. We studied the interaction between two prototypical SET
domains and purified core histones (22), H1-depleted nucleo-
somes (21), and H3/H4 tetrasome particles (21). Immobilized
GST-tagged polypeptides containing segments of trithorax or
ALL1 were used in pulldown assays, and the bound material was
examined on agarose- or SDS-PAGE gels, as indicated in the
figure legends (Fig. 1A and B). It has been shown that the SET
domain of trithorax binds tightly to the N-terminal tail of histone
H3, and this binding can be modulated by the covalent modifica-
tions of histone tails (19). In our assays, GST-trithorax (Fig. 1B,
lane 6) and GST-ALL1 (Fig. 1C, lane 5) interacted with core
histones, pulling down predominantly histones H3 and H4. It is
expected that H3 and H4 exist in tetramer form under the phys-
iological ionic conditions used in the binding assay, which would
explain the presence of both histones in the bound material. In
contrast, the SET domains of trithorax and ALL1 bound very
poorly to intact, canonical nucleosomes (Fig. 1B, lane 8, and C,
lane 6). No histones or nucleosomes were retained on control
GST polypeptides. Next, we examined the binding of GST-ALL1
polypeptides with deletions in different regions of the SET do-
main to histones and nucleosomes. The binding of the SET do-
main of ALL1 to histones was dependent upon a region previ-
ously described as a histone binding motif (H-B), and fragments
of ALL1 lacking this region failed to bind to histones (Fig. 1C,
compare lane 5 to lanes 7 and 11). The pre-SET domain that
binds single-stranded nucleic acids (DNA-B) was dispensable for
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the interaction with histones, as the A14 construct retained its
histone binding function (Fig. 1C, lane 9).

Since SET domains bound core histones, but not canonical
nucleosomes, this suggested that the H3 tails are inaccessible
in nucleosomes and that nucleosome remodeling or alteration

is required for the recognition of the H3 tail. We first tested if
removal of H2A/2B dimers from the nucleosome would stim-
ulate SET domain binding. We formed “tetrasomes” by disas-
sociating H2A/H2B dimers from nucleosomes using high salt.
Under the same binding conditions, trithorax SET domain

FIG. 1. The SET domain of trithorax binds core histones and altered nucleosomal structures but not intact nucleosomes. (A) Schematic of the
domain structure of trithorax. Positions of highly conserved blocks of homology with methyltransferases, a C-terminal cysteine-rich region, and
positions of the histone- and single-stranded DNA binding motifs are labeled. (B, left) Binding of GST-trithorax to histones and nucleosomes.
Immobilized SET domain of trithorax (GST-SET) or GST alone was incubated with histones (lanes 6 and 7) or nucleosomes (lanes 8 and 9),
washed with 0.5 M NaCl wash buffer, and analyzed by SDS-PAGE. Input material is shown in lanes 4 and 5. (Right) GST-SET binding to
nucleosomes and tetrasomes. Input and bound material are shown in lanes 10 to 12 and 13 to 15, respectively. (C) Map of the residues in the SET
domain of ALL1 required for histone (H) and nuclosome (N) binding. Immobilized GST-ALL1 polypeptides (right) were assayed for binding to
HeLa histones or nucleosomes as described for panel B. (D) Binding of GST-ALL1 to “unfolded” thiol-reactive nucleosomes isolated on
Hg-agarose columns. Bulk (B) and thiol-reactive (TR) nucleosomes are indicated above each panel. The histone (lanes 1 and 2) and DNA (lanes
3 and 4) contents of the nucleosome fractions were analyzed by electrophoresis in SDS-PAGE or agarose gels, respectively. The degree of histone
acetylation was analyzed in Triton-acid-urea gels (lanes 5 and 6). Binding of GST-ALL1 (construct A1 in panel C) to bulk and thiol-reactive
nucleosomes was analyzed in pulldown assays (lanes 7 and 8). Bulk and thiol-reactive nucleosomes were incubated in solution with GST-ALL1 in
the presence of [3H]SAM and then resolved by SDS-PAGE. Histone positions and amounts were determined by Coomassie blue staining (lanes
9 and 10), and methylation was detected by fluorography (lanes 11 and 12).
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bound to the tetrasome nearly as well as to free histones (Fig.
1B, compare lanes 13 and 15). This suggests that the structure
of intact nucleosomes is a major factor limiting the interaction
between SET domains and the H3 tail and that disrupting this
structure stimulates SET domain binding.

Removal of H2A/2B dimers can occur in vivo during tran-
scription or from the actions of chromatin remodeling en-
zymes. Furthermore, it is a widely held belief that disruption of
the nucleosome structure during transcription by RNAPII fa-
cilitates the methylation of chromatin within the open reading
frames of active genes. The unfolding of nucleosomes during
transcription uncovers a previously shielded cysteine residue in
histone H3 located at the center of the nucleosome core (1),
making it possible to separate active from inactive chromatin
by chromatography on mercury affinity columns (7). The bind-
ing of GST-ALL1 to bulk nucleosomes and thiol-reactive spe-
cies was compared. The amount of DNA and stoichiometry
and amounts of the core histones were similar in the bulk and
thio-reactive chromatin preparations (Fig. 1D, lanes 1 to 4). To
confirm the efficacy of the Hg-agarose fractionation, we veri-
fied that the chromatin retained on the column was hyper-
acetylated (Fig. 1D, lane 5 versus 6), another hallmark of
actively transcribed chromatin. Isolated thiol-reactive nucleo-
somes bound to the SET domain of ALL1 significantly better
than bulk nucleosomes (Fig. 1D, lane 8 versus 7). Finally, the
SET domain of ALL1 methylated these unfolded nucleo-
somes more efficiently than bulk nucleosomes (Fig. 1D, lane
11 versus 12). These initial studies suggest that the SET
domain of histone methyltransferase enzymes selectively
binds and modifies nucleosomes altered through the process
of transcription and/or remodeling.

SET domains do not bind stably to remodeled mononucleo-
somes. The studies described above suggest that disrupting the
chromatin structure during the process of transcription en-
hances the binding of SET domains to chromatin. However,
not all HMTs target and methylate histones at active genes,
and some modify chromatin in regulatory regions and promot-
ers that are not transcribed. Therefore, other mechanisms
must exist to stimulate the HMT activity of SET domain pro-
teins. We speculated that ATP-dependent chromatin remod-
eling complexes could fulfill such a role. There are several
classes of ATP-dependent chromatin remodeling complexes
(8, 13). Saccharomyces cerevisiae is commonly used as a source
of remodeling complexes because it is easy to obtain large
quantities of highly purified material. We focused on repre-
sentatives of the imitation switch (ISWI) class, including Isw1a/
Isw1b (43, 45) and Isw2 (9, 43), and the prototype of the
Swi-Snf class, SWI/SNF (5, 33). The ISWI class modifies chro-
matin by sliding nucleosomes to new translational positions
without disrupting the canonical structure of the nucleosome
(35). The Swi-Snf class of enzymes can slide nucleosomes but
also carries out other mechanisms of remodeling, such as loop
formation, H2A/H2B dimer removal, and octamer transfer
(12). Interestingly, work in yeast has shown that Isw1-contain-
ing complexes regulate the dynamics of H3 lysine 4 trimeth-
ylation (K4me3) during the induction of genes in vivo (28), and
thus, they may regulate the activity of histone methyltrans-
ferase enzymes.

Remodeling complexes were purified (Fig. 2A), and their
ATPase activities were compared in the presence of mono- and

dinucleosomes. The ATPase activities of all four complexes
were strongly stimulated by nucleosomes, with no significant
differences observed when the complexes were incubated with
either mono- or dinucleosomes (Fig. 2B). While the ATPase
activities in the presence of nucleosomes varied somewhat
between the complexes, the stimulation over the buffer control
was approximately the same, four- to fivefold. The complexes
were used to remodel nucleosomes reconstituted from purified
histones and DNA templates containing one or two copies of
the synthetic 601 nucleosome positioning sequence (42) or the
nucleosome B DNA from the mouse mammary tumor virus
promoter (46). Templates were also constructed that con-
tained various lengths of linker DNA. The different combina-
tions of templates and remodelers were used to generate dis-
tinct nucleosomal species in an attempt to correlate alterations
in nucleosome structure to increased SET domain binding.
First we tested whether ATP-dependent chromatin complexes
could stimulate the binding of SET domains to mononucleo-

FIG. 2. Purification and analysis of yeast remodeling complexes.
(A) Silver staining of SDS-PAGE gels, showing composition and purity
of ATP-dependent chromatin remodeling complexes. The Isw1 panel,
far right, shows the Isw1a (lane a) and Isw1b (lane b) complexes.
The migrations of molecular mass (in kDa) standards are indicated
on the sides of each panel. (B) ATPase activities of the complexes
under the remodeling conditions used in this study (see Materials and
Methods). Data are displayed as the Pi released/total ATP ratio and
were normalized to the minimal ATPase activity observed in reaction
mixtures containing Swi-Snf and buffer only.
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somes. Remodeling was assessed by gel mobility shift assays
and was carried out using substoichiometric amounts of re-
modeling complex (see figure legends) to prevent the remod-
eling complex from interfering with the binding assay. This is
particularly important for the reactions containing SWI/SNF.
Excess SWI/SNF can lead to the generation of disassociated
octamer, so we chose conditions under which the nucleosomes
are remodeled but not disassembled. Furthermore, the re-
moval of histones from the template was unlikely to occur
under the reaction conditions used here because no histone
chaperones or competitor DNA was included in the reaction
mixture. Remodeling of mononucleosomes with any of the
three ISWI complexes led to a noticeable shift in nucleosome
mobilities, consistent with the sliding of nucleosomes to new
translational positions along the DNA (Fig. 3A). The change in
mobility was ATP dependent (Fig. 3A, compare odd- versus
even-numbered lanes). However, incubation with SWI/SNF
resulted in an ATP-dependent reduction in the nucleosomal
species, with minimal evidence of sliding. A slight increase in
free DNA was observed in some reaction mixtures, and a
slower-migrating species appeared in the gel only in the pres-
ence of ATP (Fig. 3A). We interpret this species to be a
dinucleosomal “bridge,” referred to as an altosome by others,
that is formed by the remodeling of mononucleosomes by the
human SWI/SNF complex or yeast RSC (26, 38, 44). Isw1b, but
not Isw1a, also caused the appearance of a band migrating very
close to that of the dinucleosomal bridge intermediate gener-
ated by SWI/SNF. The similar migration of the Isw1b-remod-
eled species suggests it is similar to the altosomes generated by
SWI/SNF, but this will require additional confirmation. Re-
modeling was terminated by the depletion of ATP by apyrase
treatment, and GST-ALL1 (A14 shown in Fig. 1C) was added.
The binding of the nucleosomes to GST-ALL1 was assessed by
analyzing the amount of nucleosomal DNA brought down on
the beads. Surprisingly, we found that GST-ALL1 failed to
bind to mononucleosomes remodeled by all four complexes
(Fig. 3A, lower panel). Overexposure of the gel (high expo-
sure) revealed the presence of background levels of DNA in all

lanes, indicating that the failure to detect bound DNA was not
due to a recovery problem. Furthermore, GST-ALL1 did not
bind to remodeled mononucleosomes formed on templates
containing different nucleosome positioning sequences (NucB)
and lengths of linker DNA (Fig. 3A and data not shown).

To further verify that the mononucleosomes were remod-
eled, we examined the DNase I sensitivities of the ISW2 and
SWI/SNF remodeled nucleosomes. The results showed that
incubation of the template with ISW2 in the presence of ATP
caused a change in the position of two hypersensitive sites
toward the unlabeled end of the DNA fragment (Fig. 3B, left).
However, the overall sensitivity of the nucleosomal DNA to
DNase I was not changed. These changes are consistent with
nucleosome sliding. The changes in the two hypersensitive sites
suggest that Isw2 moves some of the nucleosomes in the pop-
ulation toward the end of the fragment. Isw2 is reported to
preferentially move nucleosomes toward the center when
mononucleosomes are assembled at the ends of DNA (13, 51).
Examination of the remodeled species generated on this tem-
plate on PAGE gels indicated that a significant fraction of the
nucleosomes migrated faster, consistent with the movement of
the nucleosome toward the end (Fig. 3A, lane 2). This may be
due to the nearly symmetrical nature of the DNA fragment
used in our study. Moreover, others have shown that Isw2 can
move a nucleosome from the center of a nearly symmetrical
DNA fragment toward the end (51). Since the linker DNA on
each side of the nucleosome exceeds Isw2’s minimal extranu-
cleosomal DNA requirement of �20 to 22 bp (13, 51, 52), it
could theoretically bind to either side of the nucleosome, gen-
erating a mixed population. In contrast, when Isw2 remodeled
a mononucleosome with only 13 bp of DNA at one end, only
slower-migrating species were observed, consistent with sliding
of the nucleosome to the center (Fig. 3A, lane 10).

Incubation of the template with SWI/SNF caused an overall
increase in DNase I sensitivity over the 601 positioning se-
quence, with less evidence for sliding (Fig. 3B, right). The
increased DNase I sensitivity suggests that SWI/SNF disrupts
the structure of nucleosome. The differences in DNase I di-

FIG. 3. The SET domain of ALL1 does not bind remodeled mononucleosomes. (A, top) Analysis of remodeled mononucleosomes by native
PAGE. Remodeling assay mixtures (50 �l) contained 1.2 �g of nucleosomes and 2.5 ng of ISWI or 5 ng of Swi-Snf complexes and were incubated
at room temperature for 1.5 h. Details can be found in Materials and Methods. One-fifth of the reaction mixture was resolved on native 5%
polyacrylamide gels and stained with ethidium bromide. The locations of nucleosomes positioned on the ends and middle of the DNA fragment
are indicated on the left. (Bottom) The remainder of each reaction mixture was used in a GST pulldown assay with immobilized GST-ALL1 (A14
in Fig. 1C). The binding of nucleosomes was detected by analyzing nucleosomal DNA content on ethidium bromide-stained agarose gels. Two
exposures of the gel are shown, normal exposure (NE) and high exposure (HE). The high exposure revealed the background retention of
nucleosomes on the beads to demonstrate the recovery of DNA. This amount is similar to that typically retained on control beads (data not shown).
(B) Verification of the remodeling of mononucleosomes by DNase I footprinting. Nucleosomes were assembled onto 32P-end-labeled DNA
templates (depicted above each panel) and remodeled by ISW2 (left) or SWI/SNF (right) as described for panel A. Remodeling was terminated
by incubating the reaction mixtures with apayrase and digestion with increasing amounts of DNase I. Products were purified and resolved on
denaturing gels and visualized by autoradiography. The solid oval indicates the position of the nucleosome in the absence of ATP, while the dotted
oval estimates its location after remodeling. The asterisks indicate the two hypersensitive sites shifted toward the unlabled end of the DNA
fragment. (C) Restriction endonuclease analysis of SWI/SNF remodeled nucleosomes. Conditions are described in Materials and Methods. The
locations of the MseI (M) and BstU I (B) sites on the template are indicated in the schematic diagram on the right. The graph on the right depicts
the fraction of DNA cleaved as a ratio of total amount of DNA in each lane. The numbers under the bar graph correspond to the lanes in the
gel.(B) Verification of the remodeling of mononucleosomes by DNase I footprinting. Nucleosomes were assembled onto 32P-end-labeled DNA
templates (depicted above each panel) and remodeled by ISW2 (left) or SWI/SNF (right) as described for panel A. Remodeling was terminated
by incubating the reaction mixtures with apayrase and digestion with increasing amounts of DNase I. Products were purified and resolved on
denaturing gels and visualized by autoradiography. The solid oval indicates the position of the nucleosome in the absence of ATP, while the dotted
oval estimates its location after remodeling. The asterisks indicate the two hypersensitive sites shifted toward the unlabled end of the DNA
fragment. (C) Restriction endonuclease analysis of SWI/SNF remodeled nucleosomes. Conditions are described in Materials and Methods. The
locations of the MseI (M) and BstU I (B) sites on the template are indicated in the schematic diagram on the right. The graph on the right depicts
the fraction of DNA cleaved as a ratio of total amount of DNA in each lane. The numbers under the bar graph correspond to the lanes in the gel.
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gestion patterns of SWI/SNF- and ISW2-remodeled nucleo-
somes are consistent with published work on the activities of
these two complexes (11, 12, 24). The failure of SWI/SNF to
stimulate SET domain binding to nucleosomes was surprising,
so we further verified the remodeling of the template by using
a RE accessibility assay. Two RE enzymes, with sites located
near the middle of the 601 sequence, were used (see figure
legends). Here we observed an ATP-dependent increase in the
digestion of these sites (Fig. 3C), providing a fourth line of
evidence that SWI/SNF remodeled the mononucleosomes
under the conditions used here. Even though the ATP-
dependent complexes remodeled the mononucleosome tem-
plates, this failed to stimulate the binding of SET domains
to the remodeled species.

Remodeling of dinucleosomes by the ISWI class promotes
SET domain binding. We considered that histone methyl-
transferases encounter multiple nucleosomes in vivo and
may only target remodeled polynucleosome structures. In
addition, EZH2, an H3-K27 HMT, displays greater activity on
polynucleosome structures than mononucleosomes in vitro
(27), further suggesting that some HMTs preferentially bind
polynucleosomes. To test this, we examined the remodeling
and binding of the SET domain of ALL1 to dinucleosomes
formed on DNA templates containing two 601 positioning
sequences separated by 4, 10, or 20 bp of DNA. The amount of
histone octamers required to fill both nucleosome positioning
sequences was determined empirically by titration, and an ex-
ample is shown in Fig. 4A. We first examined the binding of
GST-ALL1 derivatives to dinucleosomes remodeled by the
Isw2 complex. Incubation of the templates with Isw2 caused
the ATP-dependent repositioning of nucleosomes, evidenced
by the shift of a single band into different, faster-migrating
species (Fig. 4B). The change in migration suggests that Isw2 is
sliding nucleosomes from the 601 sequences to the ends of the
DNA. Interestingly, the number of bands and the migration of
the remodeled species differed, depending upon the length of
the sequence between the 601 positioning sequence. This too
could be explained by the extranucleosomal DNA require-
ments of these enzymes (8, 13). We found that remodeling
dinucleosomes by Isw2 significantly stimulated the binding of
the SET domain of ALL1 to the remodeled templates (Fig. 4B,
lower panel, A14). Importantly, a derivative lacking the histone
binding region of the SET domain, but retaining the single-
stranded nucleic acid binding domain (23) (DNA-B; A11),
failed to interact with the remodeled dinucleosomes. This sug-
gests that Isw2 is exposing features of the nucleosome masked
in the unremodeled template, most likely the H3 tail, rather
than simply exposing DNA. Furthermore, even though remod-
eling of the templates containing different lengths of spacer
DNA generated distinct species, based on the different mobil-
ities on the PAGE gel, GST-ALL1 bound to the different
species (Fig. 4B). The material bound to GST-ALL1 must be
nucleosomal DNA, rather than the small amount of free DNA
in the reconstitution preparations, because we have shown that
SET domains do not bind to linear double-stranded DNA (16)
(data not shown), and the free DNA in the mononucleosomes
preparations was not retained by GST-ALL1 (Fig. 3A).

Nucleosomes formed on the 601 sequence exhibit a degree of
asymmetry in biological processes. For example, a nucleosome
assembled onto the 601 sequence in one orientation presents a

stronger polar barrier to RNA polymerase II transcription than a
nucleosome formed on the 601 sequence in the opposite orien-
tation (2). Therefore, we also tested templates containing differ-
ent orientations of the 601 positioning sequences to determine if
this affected the remodeled product and the ability of SET do-
mains to bind to the dinucleosome. Here too we found that
GST-ALL1 only bound Isw2-remodeled dinucleosomes and that
the binding was not dependent upon the orientation of the posi-
tion sequences (data not shown.).

The ability of GST-ALL1 to recognize the remodeled dinu-
cleosomal species could be explained by the longer length of
DNA on these templates, versus the requirement for two nu-
cleosomes. To address this directly, we compared the ability of
GST-ALL1 to bind to remodeled mono- and dinucleosomes on
the same DNA template. A fragment of DNA capable of
accommodating two nucleosomes was assembled into chroma-
tin using substoichiometric and saturating amounts of histones
to generate predominately mononucleosomal and dinucleoso-
mal species, respectively (Fig. 4C). Here we found that GST-
ALL1 failed to bind the remodeled mononucleosomal species
but could bind the dinucleosomal species (Fig. 4C, lane 2
versus 4). The small amount of nucleosomes retained by GST-
ALL1 from the mononucleosomal sample likely originates
from the small amount of dinucleosomal species contained in
the reconstitutions (Fig. 4C, lane 2). This result further sup-
ports the idea that the binding of SET domains to dinucleo-
somal species is not a function of DNA length or sequence
composition.

Next, we compared the abilities of different ATP-dependent
chromatin remodeling complexes to stimulate the binding of
SET domains to dinucleosomes. In addition to Isw2, we re-
modeled dinucleosomes with Isw1a, Isw1b, and SWI/SNF.
Isw2, Isw1a, and Isw1b slide nucleosomes to new positions but
display different biochemical properties and, thus, will gener-
ate different remodeled species (11, 13). Interestingly, remod-
eling by Isw1a and Isw1b generated different products, which
was dependent upon the length of the spacer DNA. When
templates containing 4 bp of spacer DNA were remodeled by
the Isw1a and Isw1b enzymes, a faster-migrating species
formed (Fig. 4D, lanes 4 and 6). However, when the interven-
ing sequence was increased to 10 bp, slower-migrating species
were detected and the amount of the slower-migrating species
increased further when the length of intervening sequence was
increased to 20 bp (Fig. 4D, lanes 16 and 18). The slower-
migrating species suggest that the nucleosomes are moved to
the center of the DNA fragment. Thus, incubating the various
dinucleosomal templates with the three types of ISWI remod-
elers generated different species.

Similar to Isw2, remodeling by either Isw1a or Isw1b stim-
ulated the binding of GST-ALL1 to the dinucleosome tem-
plates (Fig. 4D). While it is clear an ATP-dependent increase
in GST-ALL1 binding to nucleosomes remodeled by Isw1a was
observed, we repeatedly found that these remodeled dinucleo-
somes were not recognized as well as Isw2 or Isw1b remodeled
nucleosomes. This suggests that Isw1a generates species that
are functionally different from nucleosomes remodeled by the
other two ISWI complexes, but this conclusion will require
further investigation. Finally, we performed experiments
where we remodeled nucleosomes using a mixture of two dif-
ferent ISWI remodeling complexes to see if binding could be
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stimulated further by the actions of two different remodeling
enzymes, but we found that combining the remodelers did not
increase the binding of GST-ALL1 to the templates (data not
shown). Thus, even though Isw2, Isw1a, and Isw1b have dif-
ferent biochemical properties, all are capable of stimulating
the binding of SET domains to dinucleosomal templates.

SWI/SNF and ISWI remodeling is considered to occur by

different mechanisms, or at least through different intermedi-
ates (9, 11, 12). Therefore, we next compared the binding of
GST-ALL1 to nucleosomes remodeled by SWI/SNF and the
ISWI complexes. SWI/SNF caused an ATP-dependent reduc-
tion in the intensity of the band formed from the intact dinu-
cleosome and the increase in the amount of a slower-migrating
species (Fig. 4E). The slower-migrating species may result

FIG. 4. The SET domain of ALL1 binds dinucleosomes remodeled by the ISWI class of chromatin remodeling enzymes. (A) Example of
dinucleosome assembly. Dinucleosomes were reconstituted onto DNA containing two 601 minimal nucleosome positioning sequences (the
orientation of the positioning sequences and the sizes of adjacent DNA are shown in each panel). (B) Isw2 remodeling and analysis of
dinucleosomes were carried out as described for Fig. 3A. GST pulldown assays using ALL1 SET domain derivatives containing the minimal SET
domain (A14) or only the nucleic acid binding domain (A11) (23) are shown on the bottom. Bound nucleosomes were detected by the DNA
content in ethidium bromide-containing agarose gels. The numbers above each panel (4, 10, and 20) indicate the number of base pairs of DNA
located between the two minimal 601 sequences. Asterisks mark locations of small amounts of contaminating mononucleosomes in the dinucleo-
some reconstitutions. (C) Binding of GST-ALL1 to remodeled dinucleosomes is not dependent on the length of extranucleosomal DNA and
requires two nucleosomes on the template. Dinucleosomal templates were assembled with substoichiometric and saturating amounts of histones
to obtain predominantly mono- and dinucleosomal species, respectively. The substrates were remodeled in ISW2 and GST pulldown assays
performed as described for Fig. 3A. (D) The same experiment as shown in panel B, except that Isw2, Isw1a, and Isw1b were used to remodel
dinucleosomes. (E) The same experiment as in panel B, except that 2.5 ng (left) or 2 to 10 ng (right) of SWI/SNF complex was used to remodel
dinucleosomes. NE and HE indicate normal and high exposure of the gels, respectively, as described for Fig. 3A.
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from the formation of bridges between the dinucleosome tem-
plates, similar to the altosomes formed between two remod-
eled mononucleosomes or aggregates. Despite evidence of re-
modeling, SWI/SNF failed to stimulate the binding of GST-
ALL1 to the templates (Fig. 4E, left). So far, we have used
amounts of the remodeling complexes based on estimates of
protein levels, based on weight (see Materials and Methods).
However, SWI/SNF has approximately twofold less ATPase
activity than the ISWI complexes (Fig. 2B). We therefore re-
peated the experiment, titrating SWI/SNF into the remodeling
reaction mixture. Increasing the amount of SWI/SNF reduced
the amount of intact dinucleosomes but failed to stimulate the
binding of GST-ALL1 to the remodeled template (Fig. 4E,
right). This result indicates that the failure to stimulate binding
of GST-ALL1 to the template was not due to limiting SWI/
SNF amounts.

ISWI complexes slide nucleosomes to new translational po-
sitions and do not generate remodeled products with exposed
DNA or histone core domain surfaces. It was unexpected that
sliding of nucleosomes would have such a strong effect on SET
domain binding to chromatin while remodeling by SWI/SNF
did not. We considered that most studies detailing the products
of ISW2 remodeling have used mononucleosome substrates,
and it is possible that remodeling of dinucleosomes occurs
through a different mechanism. We therefore characterized
the dinucleosome products of ISW2 remodeling by nuclease
digestion and compared them to those generated by SWI/SNF.
Assembled dinucleosomes were incubated with ISW2 or SWI/
SNF in the presence or absence of ATP, and the remodeled
products were probed with MNase and DNase I. Examination
of the MNase digestion pattern revealed that ISW2 did not
increase digestion over the positioning sequence but led to a
pattern consistent with the sliding of the distal nucleosome,
defined as the one closest to the labeled end, away from the
center of the DNA (Fig. 5A). This was evidenced by the ap-
pearance of two to four additional cleavage sites appearing
within the linker region between the two 601 sequences at
approximately 175 bp from the end (Fig. 5A, insert on right).
In addition, a reduction in the intensity of the bands near the
end of the 601 positioning sequence was observed (Fig. 5A,
left). Likewise, DNase I mapping also suggested that ISW2
slides nucleosomes in the dinucleosome template. In the ab-
sence of ATP, the DNA underlying the nucleosome is pro-
tected from digestion, and two hypersensitive sites on the
edges of the nucleosome were observed running at about 130
bp and 48 bp in the gel (Fig. 5B). The hypersensitive sites may
result from the enhanced digestion of these bases due to the
translational positioning of the nucleosomes over 601. In the
ISW2 remodeled species, these two hypersensitive sites shifted
downward in the gel, suggesting a movement of the nucleo-
some about 20 bp toward the end of the fragment (Fig. 5B). In
addition, the sensitivity of the linker region was enhanced and
spread downward in the gel (Fig. 5B, insert), which also sug-
gests sliding to the ends of the fragment.

There was less evidence that the proximal nucleosome slid in
the other direction, which would have been predicted based
upon the gel mobility shift assay that suggested that ISW2 slid
the DNA toward the ends of the DNA, as the MNase digestion
pattern revealed an increase in digestion asymmetrically to-
ward the labeled end of the fragment (Fig. 5A). This is unlikely

to be caused by sequence bias of MNase, since DNase I foot-
printing also revealed a pattern whereby the linker region
expanded toward the labeled end of the DNA (Fig. 5B). The
reason for this asymmetry of nucleosome sliding may be the
propensity of ISW2 to equally space polynucleosomes on a
DNA fragment. Sliding of the distal nucleosome 15 to 20 bp
toward the labeled end would achieve equal spacing of nucleo-
somes across this template.

The DNase I and MNase digestion patterns suggest that
ISW2 is sliding nucleosomes on the template. This is in con-
trast to when the template was remodeled by SWI/SNF. Incu-
bating the dinucleosome templates with SWI/SNF increased
the accessibility of the DNA to MNase over the 601 positioning
sequence, predominantly around the edge of the nucleosome
near the linker region (Fig. 5C). Likewise, SWI/SNF increased
the accessibility of the 601 sequence to DNase I, and no shift
in the positions of the two hypersensitive sites was observed
after remodeling (Fig. 5D). The changes in the MNase and
DNase I footprints cannot be attributed to binding of the
complexes to the nucleosomes, because a ratio of about 1
remodeler to 25 to 50 nucleosomes was used in these experi-
ments. Finally, we verified that SWI/SNF remodeled the dinu-
cleosomes by using the restriction endonuclease accessibility
assay. As observed on mononucleosomes, an ATP-dependent
increase in digestion by MseI and BstUI at sites within the 601
sequences was observed (Fig. 5E). Therefore, four different
assays (PAGE, MNase, DNase I, and RE accessibility) indicate
that SWI/SNF remodeled the dinucleosome-containing tem-
plates.

Our data suggest that ISW2 slides nucleosomes to the ends
of the dinucleosome templates while SWI/SNF disrupts them;
thus, these initial analyses have verified that the two remodel-
ing complexes work by a mechanism similar to that described
for mononucleosomes. Studies analyzing the details of Isw2
remodeling have used mononucleosome templates. Additional
detailed studies will be needed to fully characterize the prod-
ucts of remodeling on dinucleosomal templates by these re-
modelers. Nonetheless, we provide strong evidence that the
ISWI and Swi-Snf classes of enzymes remodel dinucleosomes
and that the SET domains of HMTs can distinguish differences
in the products of remodeling by these enzymes.

ISWI remodeling stimulates nucleosomal histone methyl-
ation. The results obtained thus far indicate that the binding of
SET domains to dinucleosomes is stimulated by ISWI remod-
eling. Next, we evaluated the ability of the chromatin remod-
eling complexes to stimulate the nucleosomal HMT activity of
two well-characterized HMTs, SET7/9 and ALL1. Human
SET7/9, described as both SET7 (48) and SET9 (32), mono-
methylates lysine 4 of histone H3 in vitro and in vivo. It is
referred to as SET7 from here on. We used SET7 in these
experiments because it is highly active in recombinant form.
First, we verified the histone and nucleosome binding proper-
ties of GST-SET7 and found that it bound histone H3 and H4
in histone preparations but not nucleosomes (Fig. 6A, lane 1
versus 2). A third band was observed in the SET7 bound
material migrating below H3, but above H2A. This may be
proteolyzed H3, which is observed in some histone prepara-
tions. Therefore, SET7 has the same histone and nucleosome
binding properties as trithorax and ALL1. HMT assays were
performed on free histones and mono- (MN) and dinucleo-
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somes containing a 10- and 20-bp spacer between the position-
ing sequences, respectively. In agreement with a previous re-
port (48), SET7 displayed robust activity on free histones but
significantly less activity on intact mono- or dinucleosomes
(Fig. 6B, compare lane 1 to lanes 2, 4, and 6). Thus, incorpo-
ration of H3 into nucleosomes prevented access of its N-ter-
minal tail to SET7. However, incubating dinucleosomes with
Isw2, Isw1a, or Isw1b in the presence of ATP greatly stimu-
lated HMT activity (Fig. 6B, lanes 5, 7, 11, 13, 17, and 19).
Importantly, incubating mononucleosomes with any of the
ATP-dependent chromatin remodeling complexes stimulated
their methylation by SET7 only very weakly compared to dinu-

cleosomes; detection of this low level of activity required a
fivefold overexposure of the autoradiograph (Fig. 6B, lower
panel). This result correlates well with the nucleosome binding
assays, which showed that SET domains do not bind to remod-
eled mononucleosomes (Fig. 3A). SWI/SNF was unable to
stimulate the binding of SET domains to dinucleosomes (Fig.
4E) and, consistent with those observations, SWI/SNF only
very weakly enhanced the HMT activity of SET7 (Fig. 6B,
lanes 20 to 25). The low level of HMT activity detected on
SWI/SNF remodeled nucleosomes was far below that observed
on dinucleosomes remodeled by the ISWI complexes (Fig. 6B,
compare lanes 5 and 6 versus 23 and 25, for example). In

FIG. 5. Analysis of ISW2 and SWI/SNF remodeled dinucleosomes. 32P-end-labeled dinucleosomes were remodeled by ISW2 (A and B) or
SWI/SNF (C and D) as described in the legend for Fig. 3. Remodeling was terminated by apyrase treatment, and nucleosomes were digested with
micrococcal nuclease (A and C) or DNase I (B and D). Digestion products were resolved on denaturing gels and visualized by autoradiography.
(E) Restriction endonuclease analysis of SWI/SNF remodeled dinucleosomes. Conditions are described in Materials and Methods. The locations
of the MseI (M) and BstU I (B) sites on the template are indicated in the schematic diagram on the right. The graph on the right depicts the
fraction of DNA cleaved as a ratio of total amount of DNA in each lane. The numbers under the bar graph correspond to the lanes in the gel.
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addition, the weak stimulation of HMT activity by SWI/SNF
was observed on mono- and dinucleosomal templates equally
well.

To show that these results were not specific to SET7, we
verified our results by conducting HMT assays using the SET
domain of ALL1 and nucleosomes remodeled by ISWI com-
plexes (Fig. 6C). While the overall activity of ALL1 was lower
on all substrates tested (note the differences in exposure),
including free histones, remodeling of dinucleosomes by the
three ISWI complexes significantly enhanced its ability to
methylate H3 (Fig. 6C). Thus, our data indicate that remod-
eling of dinucleosome templates by the ISWI class of remod-
elers is required to stimulate SET domain binding and HMT
activity.

While it was highly unlikely under the reaction conditions
used here, it is a formal possibility that remodeling by the ISWI
complexes generates free histones, which are then modified by
the HMTs. So, to verify that the H3 methylated in these assays
is within the remodeled nucleosomes, we separated the remod-

eled and methylated dinucleosome products on native poly-
acrylamide gels. The positions of the nucleosomes in the gel
were visualized by Coomassie blue staining, and the incorpo-
ration of tritiated [3H]SAM into H3 was detected by fluorog-
raphy. The results in Fig. 6D clearly show incorporation of
[3H]SAM into a band comigrating with nucleosomes remod-
eled by the ISWI complexes. Furthermore, this was only ob-
served in the presence of ATP, and the exact migrations of the
bands containing tritium-labeled histones in each lane were
superimposed onto the locations of the remodeled nucleosome
products. This indicates that SET7 methylated histone H3
within the context of the nucleosome and that it recognizes
features of a remodeled dinucleosome.

DISCUSSION

We have characterized the requirements for the recognition
and modification of nucleosomal substrates by SET domain-
containing HMTs. Most HMTs display a significantly higher

FIG. 6. Remodeling of dinucleosomes by ISWI complexes stimulates histone methylation by SET domain proteins. (A) The SET domain of
SET7 binds histones, but not nucleosomes. GST pulldown experiments were conducted with immobilized GST-SET7 polypeptides (residues 203
to 366) as described in the legend for Fig. 1B. (B) Remodeling of dinucleosomes facilitates their methylation by SET7. Twenty micrograms of
mono- (MN) or dinucleosomes with a 10- or 20-bp spacer was incubated with 50 ng ISWI or 100 ng Swi/Snf remodeling enzymes with or without
ATP for 1.5 h in 500 �l. After the depletion of ATP, 0.5 �g of GST-SET7 was added in the presence of [3H]SAM for 1 h. The samples were
concentrated by trichloroacetic acid precipitation and resolved by SDS-PAGE. Histone recovery and content were examined by Coomassie blue
staining, and [3H]SAM incorporation was determined by fluorography (lower panel). BSA, bovine serum albumin. (C) The same experiment as
shown in panel B, except that 5 �g of GST-ALL1 (residues 3745 to 3969) was used in the HMT assay. (D) Resolution of remodeled and methylated
nucleosomes on native PAGE gels. Amounts and locations of total nucleosomes were visualized by Coomassie blue staining (upper panel), and
methylated histones were analyzed by fluorography (lower panel).

562 KRAJEWSKI AND REESE MOL. CELL. BIOL.



level of enzymatic activity on free histones than on nucleoso-
mal histones (reference 48 and references therein). In some
cases, nucleosomal HMT activity is barely detectable. This
suggests that the histone tails are shielded and not fully acces-
sible within the context of the nucleosome, and alterations to
the nucleosome must be made to allow the tails to be recog-
nized by SET domain-containing proteins. Many HMTs mod-
ify nucleosomes at the promoter of genes and/or do so cotrans-
criptionally by associating with RNAPII (25). It has been
proposed that the remodeling of nucleosomes by the passage
of RNAPII alters the nucleosome structure to expose the tails
and facilitate methylation; however, this has not been shown
directly. Since RNAPII is also responsible for recruiting HMTs
to genes, the effects of recruitment versus nucleosome alter-
ation per se could not be distinguished in the previous studies.
It may be difficult to show this directly in vitro, however, as
RNAPII transcribes through mononucleosomes poorly in the
absence of chromatin remodeling factors in vitro (6). If recog-
nition and modification of nucleosomes by SET domains re-
quire polynucleosome structures, as observed here, it may be
more difficult to establish an assay, as transcription though two
or more nucleosomes may not occur without the aid of chro-
matin remodeling factors and histone chaperones. In an at-
tempt to determine if transcribed chromatin is a better sub-
strate for HMTs, we analyzed the binding of SET domains to
chromatin isolated from cells on mercury affinity columns. Nu-
cleosome intermediates associated with transcription, such as
those with exposed thiol-reactive cysteine residues and “tetra-
somes,” bind to SET domains better than unmodified nucleo-
somes. SET domains methylated these “altered” nucleosomes
more efficiently as well. While this approach has its caveats, the
results suggest that the alterations in nucleosome structure
caused by RNAPII transcription may be important in the rec-
ognition and modification of H3 by HMTs and that RNAPII
plays more than just a recruitment function during this process
of cotranscriptional histone modification. In addition, the iden-
tifications of a histone binding and single-strand DNA/RNA
binding motifs in SET domains suggest that both the exposure
of the tails and the generation of single-stranded nucleic acid
structures during transcription and remodeling may play a role
in the targeting of these factors to chromatin also (19, 23).

The use of highly purified nucleosomal templates and re-
modeling complexes has allowed us to address if chromatin
remodeling complexes can induce SET binding to nucleo-
somes. We used yeast complexes and the SET domains from
human HMTs in our studies, and our conclusions are based on
the assumption that remodeling by yeast complexes is equiva-
lent to that of their respective human counterpart. It would be
difficult to argue otherwise based upon sequence similarities
between yeast and human subunits in the chromatin remodel-
ing complexes and the biochemical analysis conducted thus far.
Remodeling of dinucleosomes by ISWI complexes, but not
SWI/SNF, stimulated HMT activity of both SET7 and ALL1.
The ISWI class of enzymes reposition nucleosomes through a
sliding mechanism and maintain the integrity of the nucleo-
some (12, 13, 29, 43). On the other hand, SWI/SNF generates
intermediates that are more disruptive to nucleosome struc-
ture and under certain conditions can cause H2a/2b dimer
release and octamer transfer (9, 11, 12). These characteristics

might have predicted that SWI/SNF would be more effective at
stimulating HMT activity. This was not observed under the
conditions used here. The changes in nucleosome structure
caused by ISWI remodeling responsible for stimulating SET
domain binding and HMT activity may not be detectable by
standard methods that focus on histone core-DNA interac-
tions, i.e., nuclease accessibility. ISWI complexes show a dis-
tinct dependence on histone tails for remodeling, specifically
the H4 tail (10, 13). ISWI remodeling may involve breaking the
interactions between the histone tails and DNA or the nucleo-
some, which would free the tails to be recognized by HMTs.
The N-terminal tail of H3 makes contact with DNA, which
could shield it from the SET domain (50). The H3 tail should
form the most thermodynamically stable interactions during
histone deposition/assembly. It seems logical that the process
of sliding would break these contacts, and after sliding, the tails
may form new interactions that are less stable and more sus-
ceptible to SET domain binding. This model could explain the
requirement for dinucleosome templates. ISWI remodeling
only stimulated SET domain binding to dinucleosomes, not
mononucleosomes, in the purified system. An adjacent nucleo-
some may be required to stabilize the remodeled product or
intermediate, which is then recognized by the SET domain.
HMTs encounter multiple nucleosomes in vivo and se-
quence-specific DNA binding proteins, which could stabilize
the remodeled nucleosomes and allow SET domain binding
to chromatin, so it is likely that what we observed here has
physiological significance. Interestingly, comparison of the
abilities of SET domains to recognize different templates re-
modeled by the three ISWI complexes suggests that the exact
placement of the two nucleosomes along the length of the
DNA and the amount of linker DNA are not major determi-
nants. This is clear on the dinucleosome template containing
20 bp of spacer DNA between the 601 sequence (Fig. 4D). On
this template, ISW2 generated a faster-migrating dinucleo-
some species, suggesting nucleosomes relocated near the ends,
while ISW1a generated predominantly a slower-migrating spe-
cies, suggesting nucleosomes are positioned in the middle, and
both were recognized and methylated by the SET domain of
ALL1.

ISW1 regulates the dynamics of histone H3 K4 methylation
in yeast during transcription in vivo (28, 30). The mechanism is
unclear, but it was suggested that it does so by modifying
chromatin structure to allow for the release of RNAPII. Here
we show that ISW1 can stimulate methylation of K4 in vitro,
and our results suggest that the remodeling activities of Isw1
directly regulate K4me in vivo. Interestingly, ISWI complexes
contain histone binding domains that selectively bind methyl-
ated H3 (20, 25, 37, 49). This presents an interesting scenario
for establishing methylated chromatin domains, where the tar-
geting of ISWI remodelers through adjacent histone methyl
marks can reinforce or propagate the epigenetic mark by mak-
ing the chromatin better substrates for HMT enzymes. This too
could explain a mechanism for the inheritable patterns of hi-
stone methylation after DNA replication, where histones are
distributed between parental and daughter strands and meth-
ylation patterns must be reestablished after the deposition of
new histones onto the strands. Participation of ISWI remod-
elers in promoting histone methylation after replication is con-
sistent with their known roles in chromatin assembly and spac-
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ing (24, 29, 35). Even Isw2, once thought to only regulate
transcription, has recently been shown to participate in repli-
cation fork progression (47). Therefore, the ability of ISWI
remodelers to stimulate the methylation of chromatin may be
important for the propagation of the epigenetic mark.
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