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The trithorax group (trxG) of activators and Polycomb group (PcG) of repressors are believed to control the
expression of several key developmental regulators by changing the structure of chromatin. Here, we have
sought to dissect the requirements for transcriptional activation by the Drosophila trxG protein Zeste, a
DNA-binding activator of homeotic genes. Reconstituted transcription reactions established that the Brahma
(BRM) chromatin-remodeling complex is essential for Zeste-directed activation on nucleosomal templates.
Because it is not required for Zeste to bind to chromatin, the BRM complex appears to act after promoter
binding by the activator. Purification of the Drosophila BRM complex revealed a number of novel subunits.
We found that Zeste tethers the BRM complex via direct binding to specific subunits, including trxG proteins
Moira (MOR) and OSA. The leucine zipper of Zeste mediates binding to MOR. Interestingly, although the
Imitation Switch (ISWI) remodelers are potent nucleosome spacing factors, they are dispensable for
transcriptional activation by Zeste. Thus, there is a distinction between general chromatin restructuring and
transcriptional coactivation by remodelers. These results establish that different chromatin remodeling factors
display distinct functional properties and provide novel insights into the mechanism of their targeting.
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The establishment of the basic body plan of higher eu-
karyotes is dependent on the spatially restricted expres-
sion patterns of homeotic genes (McGinnis and Krum-
lauf 1992). In the Drosophila embryo the boundaries of
expression of the homeotic genes are established by tran-
siently expressed regulators and maintained by the tri-
thorax group (trxG) and Polycomb group (PcG) proteins
(Kennison 1995; Paro 1995; Kingston et al. 1996; Pirrotta
1998; Lyko and Paro 1999). The PcG proteins are re-
quired to preserve the transcriptionally silenced state,
whereas the trxG proteins are needed to perpetuate the
transcriptionally active state. The function of these fac-
tors is not limited to homeotic gene regulation; instead,
they are involved in the control of diverse developmental
processes (Phillips and Shearn 1990; Pelegri and
Lehmann 1994; Breen et al. 1995; Brizuela and Kennison
1997; Elfring et al. 1998; Jacobs et al. 1999; Vazquez et al.
1999). The molecular mechanisms by which trxG and
PcG proteins act remain largely unclear. However, sev-
eral observations suggest that they change the structure
of chromatin, establishing a configuration that is either
permissive or nonpermissive for transcription (Kingston

et al. 1996; Pirrotta 1998; Lyko and Paro 1999; Shao et al.
1999).

The packaging of DNA into chromatin generates a bar-
rier to processes that require access to the DNA such as
transcription (Armstrong and Emerson 1998; Kadonaga
1998; Workman and Kingston 1998; Kingston and Narl-
ikar 1999; Kornberg and Lorch 1999). One of the main
strategies by which cells alleviate chromatin-mediated
repression is through the action of ATP-dependent chro-
matin remodeling complexes (Tsukiyama and Wu 1997;
Varga-Weisz and Becker 1998; Workman and Kingston
1998; Kingston and Narlikar 1999; Travers 1999; Wade
and Wolffe 1999). The founding member of this evolu-
tionarily highly conserved family of factors is the yeast
multisubunit SWI/SNF complex. Its catalytic subunit is
the Swi2p/Snf2p DNA-stimulated ATPase, which, like
several other SWI/SNF subunits, was identified by ge-
netic screens for regulators of transcription (Winston and
Carlson 1992; Tamkun 1995).

The Drosophila homolog of the yeast SWI2/SNF2
gene, brahma (brm), was isolated as a dominant suppres-
sor of Pc mutations and therefore belongs to the trxG
(Kennison and Tamkun 1988; Tamkun et al. 1992). BRM
is part of a large multiprotein complex containing sev-
eral other proteins with similarity to subunits of yeast
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SWI/SNF or the related RSC (remodels the structure of
chromatin) complex (Papoulas et al. 1998; Kingston and
Narlikar 1999). Mammalian SWI/SNF or Brahma-associ-
ated factors (BAF) complexes contain both conserved and
unique subunits, suggestive of functional differentiation
(Wang et al. 1996; Armstrong and Emerson 1998; Work-
man and Kingston 1998). One of the human BAF com-
plexes, E-RC1, is required for transcriptional activation
by erythroid kruppel-like factor (EKLF), a tissue-specific
regulator of the b-globin gene (Armstrong et al. 1998).

Another class of multisubunit remodeling factors is
characterized by the presence of the ISWI ATPase as a
catalytic core (Cairns 1998; Kadonaga 1998; Varga-Weisz
and Becker 1998). A number of distinct ISWI-containing
remodelers, comprising NURF (nucleosome-remodeling
factor; Tsukiyama and Wu 1995), chromatin-accessibil-
ity complex (CHRAC; Varga-Weisz et al. 1997), and ACF
(ATP-utilizing chromatin assembly and remodeling fac-
tor; Ito et al. 1997), have been isolated from Drosophila
embryos using different functional assays. Reconstitu-
tion experiments revealed that in both the SWI/SNF and
ISWI remodeling factors, the engine of the complex is
formed by the ATPase. However, association with other
subunits modulates the functionality of the complexes
and can greatly enhance their activity (Corona et al.
1999; Hamiche et al. 1999; Ito et al. 1999; Längst et al.
1999; Phelan et al. 1999; Travers 1999).

Although the in vivo role of trxG proteins in the con-
trol of gene expression is well established, our under-
standing of the mechanisms of action of trxG proteins
has been hampered by a lack of biochemical information.
The extensive homology of the BRM complex to SWI/
SNF strongly suggests that it is also a chromatin remod-
eling factor. The majority of trxG proteins, however, are
not associated with BRM and appear to function in a
distinct manner (Papoulas et al. 1998). An exception is
MOR (Kennison and Tamkun 1988; Brizuela and Kenni-
son 1997), which is homologous to yeast Swi3p and was
recently identified as a BRM associated protein (BAP;
Crosby et al. 1999). Interestingly, osa/eyelid (osa) shows
a strong genetic interaction with brm, suggesting that its
gene product may closely cooperate with the BRM com-
plex (Treisman et al. 1997; Vazquez et al. 1999). Finally,
Zeste and GAGA are sequence-specific transcription
regulators, which form large homo-oligomers that bind
cooperatively to the multiple sites present in their natu-
ral response elements (Chen and Pirrotta 1993; Katsani
et al. 1999).

Zeste is an intriguing protein that controls gene ex-
pression in surprisingly different ways (Rosen et al.
1998). Firstly, it is a DNA-binding activator of homeotic
and other genes (Biggin et al. 1988; Laney and Biggin
1992). On polytene chromosomes of the larval salivary
gland, Zeste is found associated with over 60 different
sites, which is consistent with a role in the regulation of
many genes (Pirrotta et al. 1988; Rastelli et al. 1993).
Secondly, Zeste loss-of-function mutations are enhanc-
ers of position-effect variegation suggesting that Zeste
counteracts heterochromatin-induced silencing (Judd
1995). Thirdly, Zeste mediates transvection, and particu-

lar gain-of-function mutations turn Zeste into a pairing-
dependent repressor of gene expression (Rosen et al.
1998). Finally, Zeste shows positive as well as negative
allele-specific genetic interactions with several PcG
genes (Phillips and Shearn 1990; Pelegri and Lehmann
1994). Thus, Zeste performs a variety of distinct func-
tions during chromatin-directed gene regulation.

An interesting question is how trxG proteins and chro-
matin remodeling factors act in a gene-specific manner.
One possibility is that they are recruited to transcription
control regions by sequence-specific activators. Here, we
address this issue using a natural regulator of transcrip-
tion, the trxG protein Zeste. Biochemical complementa-
tion experiments revealed that the BRM complex is an
essential chromatin-specific coactivator for Zeste. More-
over, purification of the BRM complex provided evidence
for the existence of novel BAPs, including another trxG
protein. We compared the functional properties of the
BRM complex with those of ISWI remodelers using in
vitro transcription and nucleosome spacing assays. Re-
sults from these experiments revealed a functional spe-
cialization among distinct chromatin remodelers. Fi-
nally, protein–protein interaction assays were used to
identify targets for Zeste within the BRM complex. Our
findings suggest that the BRM complex is a transcrip-
tional coactivator that can be recruited to specific genes
by Zeste.

Results

Zeste directs remodeling and transcription
on chromatin templates

To examine the role of chromatin structure in transcrip-
tional activation by Zeste, we set out to reconstitute
Zeste-directed transcription on nucleosomal templates.
FLAG epitope-tagged Zeste was expressed in Sf9 cells
infected with recombinant baculoviruses and purified to
near homogeneity by immunoaffinity chromatography
(Fig. 1A). To test the ability of Zeste to activate tran-
scription on chromatin, we assembled a plasmid con-
taining five Zeste-binding sites next to a core promoter
into a nucleosomal template. The number of binding
sites chosen was based upon previous results showing
that Zeste requires at least four binding sites for efficient
DNA binding. Indeed, natural Zeste response elements
typically contain five or more Zeste sites (Biggin et al.
1988; Chen and Pirrotta 1993).

Chromatin templates were generated by two different
methods: either by using the Drosophila embryo-derived
S-190 assembly system (Kamakaka et al. 1993) or by a
salt dialysis protocol. Incubation of the plasmid with pu-
rified Drosophila core histones and the S-190 extract re-
sulted in the assembly of long arrays of physiologically
spaced nucleosomes (see Fig. 1D for an example). After
assembly, these templates were treated with sarcosyl
and purified over a sucrose gradient to remove proteins
not associated with chromatin. Alternatively, chromatin
was assembled by salt gradient dialysis followed by pu-
rification over a sucrose gradient. The salt dialysis
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method does not yield the long periodic arrays achieved
with the S-190 system (see Fig 4B for an example). How-
ever, because the input comprises only the DNA tem-
plate and highly purified histones (Fig. 1A), the resulting
chromatin is completely defined. Thus, each method of
assembly has some advantages that complement the
other.

The two types of nucleosomal templates were used in
reconstituted transcription experiments as outlined in
Figure 1B. The general transcription machinery and
chromatin-remodeling factors were provided by a par-
tially purified Drosophila embryo nuclear extract (H0.4).
The nucleosomal templates assembled with the S-190
system or by salt dialysis were transcriptionally inert in
the absence of Zeste (Fig. 1C, lanes 1,3). Addition of
Zeste resulted in a strong activation of transcription on
both chromatinized templates (Fig. 1C, lanes 2,4). As ex-

pected, activation by Zeste was critically dependent on
the presence of Zeste-binding elements (data not shown).

We next asked whether activation of transcription by
Zeste would involve the generation of an open chroma-
tin structure. To investigate this possibility, we digested
the nucleosomal templates with MNase followed by gel
electrophoresis and transfer to a nitrocellulose mem-
brane. Indeed, hybridization of the membrane with a
probe for promoter sequences revealed a dramatic Zeste-
dependent disruption of the chromatin structure (Fig.
1D, lanes 3,4). The remodeling is strictly localized, be-
cause reprobing of the blot with a probe corresponding to
a distal region showed no disruption of the nucleosome
array in the presence of Zeste (Fig. 1D, lanes 1,2). To
establish how far the chromatin disruption spreads, we
repeated this experiment using oligonucleotides corre-
sponding to distinct promoter areas. These experiments

Figure 1. Zeste directs remodeling and tran-
scription on nucleosomal arrays. (A) Recombi-
nant FLAG-tagged Zeste was expressed in bacu-
lovirus infected Sf9 cells and, after extract
preparation, immunopurified on an anti-FLAG
column. The Zeste protein fractions and the pu-
rified Drosophila core histones were analyzed
by SDS-PAGE followed by Coomassie blue
staining. The positions of Zeste, core histones,
and the molecular masses (kD) of protein stan-
dards are indicated. (B) Outline of the experi-
mental design of the transcription experiments
described in this article. Nucleosomal templates
were generated using either the Drosophila em-
bryo assembly system or by salt gradient dialy-
sis. After sarcosyl treatment, in the case of S-190
assembly, and purification by sucrose gradient
sedimentation, the templates were used in re-
constituted transcription reactions. The tran-
scription machinery and chromatin remodeling
factors were provided by a partially purified
nuclear extract (H0.4). Following a preincuba-
tion of 20 min in the presence (or absence, see
Fig. 1F) of ATP and either no activator or puri-
fied Zeste, transcription was started by the ad-
dition of the remaining NTPs and allowed to
proceed for 30 min. Transcription products were
visualized by primer extension. (C) Transcrip-
tional activation by Zeste. Transcription on
chromatin templates (plasmid pAK156) gener-
ated using either the S-190 assembly system
(lanes 1,2) or by salt gradient dialysis (lanes 3,4)
was tested either in the absence (lanes 1,3) or
presence of Zeste (lanes 2,4). (D) Zeste directs
localized chromatin remodeling. S-190 assem-
bled chromatin templates lacking (lanes 1,3) or
bound by Zeste (lanes 2,4) were digested with
MNase and analyzed by Southern blot hybrid-
ization using oligonucleotides corresponding to
either promoter sequences (lanes 3,4) or distal
plasmid sequences (the Amp gene; lanes 1,2).
(E) ATP-dependent remodeling is a prerequisite for Zeste activation. A nuclear extract (H0.4) with either no activator (lane 1) or Zeste
(lanes 2,3) was added to chromatin templates assembled by salt dialysis and purified over a sucrose gradient. Following a 20 min
incubation in the presence (lanes 1,3) or absence of ATP (lane 2), transcription was initiated by the addition of NTPs. The analysis of
transcription was performed as described in Fig. 1B.
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indicated that the chromatin remodeling spreads ∼100 bp
beyond the Zeste-binding sites and include the core pro-
moter area (data not shown).

It has been well established that localized chromatin
disruption by sequence-specific DNA-binding proteins
involves the action of ATP-dependent remodeling fac-
tors. Indeed, we observed that Zeste-directed disruption
of the nucleosomal array required the presence of ATP
(data not shown). We next asked whether ATP-depen-
dent remodeling was a prerequisite for transcriptional
activation on chromatin by Zeste (Fig. 1E). To test this
hypothesis, Zeste and a nuclear extract (H0.4) were
added to a chromatin template, and after an incubation
of 20 min, either in the absence (Fig. 1E, lane 2) or pres-
ence (Fig. 1E, lanes 1,3) of ATP, transcription was as-
sayed. High levels of transcription required a preincuba-
tion in the presence of both ATP and Zeste. We conclude
that Zeste is a potent activator of transcription on chro-
matin and may require the action of an energy consum-
ing remodeling factor.

The BRM complex, but not the ISWI remodelers, is
required for activation by Zeste

We next searched for such a possible ATP-dependent co-
factor for Zeste activation. In parallel to a biochemical
fractionation approach, we considered the known Dro-
sophila chromatin remodelers. Three distinct remodel-
ing factors have been isolated from fly embryo extracts:
NURF, ACF, and CHRAC (Tsukiyama and Wu 1995; Ito
et al. 1997; Varga-Weisz et al. 1997). Interestingly, all
three complexes contain the ISWI protein as a common
subunit (Cairns 1998; Kingston and Narlikar 1999). In
addition, although no biochemical activities have been
described for the BRM complex, its high similarity to
yeast and human SWI/SNF stongly suggest that it is also
a remodeling factor (Tamkun et al. 1992; Papoulas et al.
1998). To determine whether any of these Drosophila
remodeling factors are required for Zeste function, we
took an immunodepletion approach utilizing affinity-pu-
rified antibodies against either BRM or ISWI. The
nuclear extracts used in these experiments were gener-
ated by a procedure similar to that used to prepare ex-
tracts containing ACF, NURF, or CHRAC (see Materials
and Methods). Importantly, essentially all the ISWI and
BRM present in the nuclear extract is retained in the
H0.4 fraction as judged by Western blotting analysis
with antibodies directed against either ISWI or BRM
(data not shown).

We next tested whether depletion of either the BRM
complex or the ISWI-remodelers would affect the abillity
of Zeste to bind to S-190 assembled chromatin templates
(Fig. 2A). DNase I footprinting analysis revealed efficient
binding of Zeste to its binding sites in the transcription
template, either present as naked DNA (Fig. 2A, lanes
1,2) or assembled into chromatin (Fig. 2A, lanes 3–8).
Interestingly, neither the depletion of the BRM complex
(Fig. 2A, lanes 5,6) nor depletion of the ISWI complexes
(Fig. 2A, lanes 7,8) affected Zeste binding. Moreover, at

least in these extracts, the binding affinity of Zeste for
chromatin templates was comparable to that for naked
DNA. We then asked whether the immunodepleted tran-
scription extracts were able to support activation by
Zeste on chromatin (Fig. 2B). Strikingly, depletion of the
BRM complex abolished activation of transcription by
Zeste (Fig. 2B, lanes 3,4), whereas depletion of the ISWI-
containing complexes had no effect (Fig. 2B, lanes 5,6).
The depletion of Brahma or ISWI was efficient and spe-
cific and did not affect other factors involved in tran-
scription and chromatin dynamics such as TAF80 or
NAP1 (Fig. 2C).

Figure 2. Activation by Zeste requires the BRM complex, but
not the ISWI factors. (A) DNaseI footprinting analysis of Zeste
on either naked DNA (lanes 1,2) or on S-190 assembled chro-
matin (plasmid pAK156) using extracts that were either mock-
depleted (lanes 3,4) or depletion with affinity purified anti-BRM
antibodies (lanes 5,6) or anti-ISWI antibodies (lanes 7,8). After
completion of assembly, chromatin was incubated for 1 hr ei-
ther in the absence (odd numbered lanes) or presence of Zeste
(even numbered lanes) followed by digestion with DNaseI. For
digestion of the chromatin template, an 150-fold higher amount
of DNaseI was used than for naked DNA. The DNaseI digestion
pattern was visualized by primer extension. The Zeste foot-
prints and DNaseI hypersensitive sites are indicated with bars
and arrows, respectively. (B) The ability of H0.4 partially puri-
fied nuclear extract to support Zeste activation was tested after
either mock depletion (lanes 1,2), depletion with affinity puri-
fied anti-BRM antibodies (lanes 3,4) or anti-ISWI antibodies
(lanes 4,6). The chromatin templates were assembled using the
S-190 system, sarcosyl treated and purified over a sucrose gra-
dient prior to use in transcription reactions either in the absence
(odd numbered lanes) or presence of Zeste (even numbered
lanes). The experimental design was as described in Fig. 1B. (C)
The efficiency and specificity of the immunodepletion of the
H0.4 fraction with either mock (lane 1), anti-BRM (lane 2), or
anti-ISWI antibodies (lane 3) was verified by Western blot analy-
sis using antibodies directed against BRM, ISWI, dTAFII80, or
NAP-1.
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These results indicate that the BRM complex, but
none of the ISWI remodelers, is essential for activation
by Zeste. Thus, different remodeling complexes display
distinct regulatory activities. Moreover, the observation
that the BRM complex is not required for Zeste binding
to the chromatin template, suggests that it functions
subsequent to promoter binding by the activator. Be-
cause of its apparent importance for Zeste function, we
set out to purify the Drosophila BRM complex.

Purification and characterization of the BRM complex

The BRM complex was purified from fly embryo nuclear
extracts by conventional column chromatography,
guided by Western blot analysis of fractions with anti-
bodies against BRM. The steps in the purification of the
endogenous BRM complex are outlined in Figure 3A.
The BRM-containing fractions from the final monoS col-
umn were analyzed by SDS-PAGE and visualized by sil-
ver staining (Fig. 3B). The identity of BRM and MOR was
confirmed by Western blot analysis (Fig. 3B,C). We ob-
served a number of major bands that copurify with BRM.
Several, but not all, of these polypeptides corresponded
to the pattern described for the BRM complex by

Tamkun and coworkers (Papoulas et al. 1998). For ex-
ample, we noted a doublet with a molecular weight of
approximately 300 kD (p300), a diffuse band estimated at
400 kD as well as as several other polypeptides. Because
we purified the BRM complex from embryo extracts up
to 12 hr, it is possible that substoichiometric tissue-spe-
cific BRM complexes are present in these fractions. Such
a heterogeneity has previously been reported for human
BAF complexes (Wang et al. 1996).

Recently, a strong genetic interaction between brm
and another trxG gene, osa, has been described (Vazquez
et al. 1999). Because the OSA protein has a predicted
molecular weight of 300 kD, we reasoned that it would
be an attractive candidate for the p300 BAP. To test this
idea, we used a monoclonal antibody directed against
OSA (Treisman et al. 1997) for Western blot analysis of
the purified BRM complex (Fig. 3C). We compared a
crude nuclear fraction (H0.4) with a peak fraction from
the final column in our BRM complex purification
scheme. The anti-OSA antibody efficiently recognized
p300 as well as a number of bands migrating between
200 and 300 kD, which might be alternatively processed
forms (Fig. 3C, lanes 1,2). The BRM and MOR subunits
were readily detected by Western blot analysis (Fig. 3C,
lanes 3–6), whereas there was no detectable ISWI protein

Figure 3. Purification and characterization of the
BRM complex. (A) Outline of the chromatographic
scheme used to purify the Drosophila BRM complex.
(B) Polypeptide composition of BRM-containing frac-
tions from the final monoS column. Proteins were
resolved by SDS-PAGE and visualized by silver stain-
ing (top) or Western blotting with an anti-BRM anti-
body (bottom). (C) Western blot analysis of the puri-
fied BRM complex. Nuclear extract (H0.4, odd num-
bered lanes) and a peak fraction from the monoS
column (43, even numbered lanes) were analyzed by
SDS-PAGE followed by Western blotting using anti-
bodies directed against OSA (lanes 1,2), BRM (lanes
3,4), MOR (lanes 5,6), and ISWI (lanes 7,8). (D) Iden-
tification of the core BRM complex. A peak fraction
from the monoS column (#42, lane 1) was incubated
with beads coated with affinity purified anti-BRM an-
tibodies. Proteins retained on the beads after exten-
sive washes with a buffer containing 800 mM KCl and
0.01% NP-40, were resolved by SDS-PAGE on either
an 8% polyacrylamide gel (lane 2) or a 12% polyacryl-
amide gel (lane 3) and stained with silver. (E) OSA is
part of the core BRM complex. The input fraction
(monoS #42, lane 1), bound material after the 800 mM

KCl washes of the immunoprecipitation with anti-
BRM beads (lane 2) and unbound material (lane 3),
were analyzed by SDS-PAGE on a 6% polyacrylamide
gel followed by Western blotting using a monoclonal
antibody directed against OSA.
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present in the purified BRM complex (Fig. 3C, cf. lane 7
with lane 8). Furthermore, Zeste and components of the
general transcription machinery such as RNA polymer-
ase II, TFIID, or NAP1 were also absent (data not shown).

TrxG protein OSA is an integral part of the BRM
complex

Having identified p300 as OSA, we next wished to estab-
lish how tightly this protein and the other potential
BAPs were associated with the BRM complex. Therefore,
we repeated the immunoprecipitation on the 270 mM

KCl monoS fraction. The bound complex was then ex-
tensively washed with a buffer containing 800 mM KCl
and NP40. Proteins that precipitated with the anti-BRM
beads were analyzed by SDS-PAGE followed by silver
staining (Fig. 3D). Several polypeptides dissociated under
these stringent conditions. However, it should be noted
that most of these proteins, including p400, remain as-
sociated with the BRM complex when less stringent con-
ditions were used (250 mM KCl; data not shown). Thus,
there may be several factors that associate more loosely
with the core BRM complex. The BRM core complex
appears to comprise 10 polypeptides including BRM,
MOR, BAP111, BAP60, BAP 55, BAP 47, and BAP45. We
did not observe a protein corresponding to BAP74 (Pa-
poulas et al. 1998). Interestingly, we detected three novel
BAPs comprising OSA, a 170-kD and a 26-kD protein.
The identity of the OSA protein in the core BRM com-
plex was confirmed by Western blot analysis (Fig. 3E). It
should be noted that the light staining MOR band (Fig.
3E, lane 1) runs very close to a polypeptide that is not
stably associated with the BRM complex (Fig. 3E, lane 2).
Western blot analysis with distinct antibodies was used
to identify BRM and MOR (data not shown). Taken to-
gether, these data show that the BRM complex consists
of a core of 10 tightly associated subunits, including the
trxG protein OSA, and several more loosely associated
factors.

The BRM complex is a chromatin-specific coactivator
of Zeste

Our depletion studies suggested that the BRM complex
is required for transcriptional activation by Zeste on
chromatin. We next wanted to test whether activation
could be restored by the addition of the highly purified
BRM complex (Fig. 4A). In these experiments, we used
three different templates: (1) chromatin assembled with
the fly embryo S-190 assembly system, treated with sar-
cosyl, and purified over a sucrose gradient; (2) chromatin
assembled with pure histones by salt dialysis and puri-
fied by sucrose gradient sedimentation; and (3) naked
DNA. The transcription system was either mock de-
pleted (Fig. 4A, lanes 1,2) or depleted for the BRM com-
plex (Fig. 4A, lanes 3–6). Similar to our previous experi-
ments, depletion of the BRM complex abolished activa-
tion by Zeste on chromatin templates. Zeste-directed
transcription was completely restored by the addition of

the purified BRM complex. On the S-190 chromatin, add-
back of the BRM complex resulted in an ∼20-fold stimu-
lation of Zeste activation, whereas on the salt-dialysis
chromatin the stimulation was about 40-fold. We esti-
mated that in these transcription reactions the BRM
complex is present at a BRM/nucleosome molar ratio of
at most 1 to 50, as judged by comparing these factors
with proteins of known concentration on silver and Coo-

Figure 4. BRM complex mediates chromatin-specific tran-
scriptional activation by Zeste. (A) The ability of the purified
BRM complex (monoS #42) to restore Zeste-directed transcrip-
tion in a BRM-depleted transcription system (lanes 3–6) was
tested using either S-190 assembled chromatin (top), salt dialy-
sis assembled chromatin (middle), or naked DNA (bottom) as a
template. Mock-depleted H0.4 extract was used as a positive
control (lanes 1,2). Transcription reactions were either in the
absence (odd numbered lanes) or presence of Zeste (even num-
bered lanes). Approximately 20 fmoles of BRM complex was
added to reactions 5 and 6 in which the nucleosome to BRM
ratio was ∼50:1. The experimental design was essentially as
described in Fig. 1. (B) Zeste-directed remodeling in a defined
system. The Zeste-responsive template was assembled into
chromatin by salt dialysis and incubated in the presence of vary-
ing combinations of BRM complex (about 20 femtomoles),
Zeste, and ATP. After 30 min, the templates were digested with
MNase and analyzed by Southern blot hybridization using an
oligonucleotide corresponding to part of the promoter sequence.
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massie-stained gels. Importantly, the coactivator func-
tion of the BRM complex is strictly chromatin-specific
since activation by Zeste on naked DNA was indepen-
dent of the BRM complex. We also tested the ability of
Zeste to induce chromatin remodeling in a minimally
defined system. Chromatin was assembled by salt dialy-
sis using pure histones (Fig. 4B). Next, highly purified
Zeste, BRM complex, and ATP were added in various
combinations. After 30 min, the structure of the nucleo-
somal array was probed by MNase-digestion followed by
Southern blot analysis using an oligonucleotide comple-
mentary to DNA close to the Zeste binding sites. Sur-
prisingly, Zeste by itself already induced changes in the
MNase ladder consistent with the notion that it can in-
teract with chromatin in the absence of the BRM com-
plex. Moreover, addition of BRM complex and ATP, did
not induce a dramatically stronger reconfiguration of the
chromatin structure. As expected, there was no disrup-
tion of the chromatin structure at a distal location (data
not shown). We conclude that the BRM complex is an
essential chromatin-specific coactivator of Zeste.

Role of BRM and ISWI remodelers in nucleosomal
spacing

In addition to their involvement in transcription regula-
tion, remodeling factors participate in the formation of
periodic nucleosome arrays. In particular, the ability of
several ISWI-containing complexes to mediate nucleo-
some spacing has been well established (Ito et al. 1997;
Varga-Weisz et al. 1997; LeRoy et al. 1998; Kingston and
Narlikar 1999; Tsukiyama et al. 1999). To ensure that
the failure of the ISWI factors to support Zeste-directed
transcription was not due to their inactivation, we tested
our ISWI fraction in a nucleosome spacing assay. Poorly
spaced nucleosomal arrays were assembled using a modi-
fied salt dialysis protocol. As expected, a partially puri-
fied ISWI fraction (monoS column, see Materials and
Methods), containing the majority of the ISWI present in
the nuclear extract, efficiently converted irregular chro-
matin into a nucleosomal array with periodic spacing in
an ATP-dependent manner (Fig. 5, lanes 1–3). Impor-
tantly, the amount of ISWI that could efficiently order
bulk chromatin, failed to support Zeste-dependent tran-
scription in BRM-depleted transcription reactions (Fig. 4;
data not shown). Thus, these experiments discriminate
between general chromatin modulation and transcrip-
tional coactivation. Moreover, the ability of the BRM
complex, but not the ISWI factors, to support activation
by Zeste establishes a functional differentiation between
distinct remodeling factors. In contrast to the fraction
containing approximately equal molar amounts of ISWI,
the BRM complex displays only weak nucleosome spac-
ing activity (Fig. 5, lanes 4–6). Moreover, when the rela-
tive protein concentrations of the remodeling factors
were varied, we consistently observed that the ISWI frac-
tion is a more potent spacing factor than the BRM com-
plex. Although, in these experiments we do not discrimi-
nate between distinct ISWI-containing complexes, these

results show that the BRM complex and ISWI factors
display distinct functional properties.

Zeste directly contacts specific BAPs

Our results so far have established that the BRM com-
plex is a transcriptional coactivator of Zeste. We now
turn to the question of how the BRM complex is tar-
geted. One attractive possibility is that Zeste directly
binds to the BRM complex and recruits it to the DNA.
To obtain more evidence for such a scenario, we per-
formed a number of protein–protein interaction experi-
ments. First, we determined whether Zeste can directly
contact the BRM complex. An affinity resin was gener-
ated by immobilization of the purified BRM complex on
beads coated with anti-BRM antibodies. As shown in Fig-
ure 6A, in vitro translated radiolabeled Zeste efficiently
bound to the BRM complex affinity resin, but not to the
control beads or to immunopurified ISWI complexes.

We next investigated which components of the BRM
complex might be recognized by Zeste. To address this
question we performed a far-Western experiment in
which the BAPs were separated by SDS-PAGE, and trans-
ferred to a nitrocellulose membrane. Following denatur-
ation and renaturation, the membrane was probed with

Figure 5. Comparison of the nucleosome spacing activity of
the ISWI factors and the BRM complex. Suboptimally spaced
nucleosomal DNA was prepared by a stepwise salt dilution and
dialysis protocol using pure histones. To test for ATP-depen-
dent nucleosome spacing activity, these templates were incu-
bated for 1 hr in the presence of ATP alone (lane 1), a partially
purified ISWI fraction alone (lane 3) or both ATP and the ISWI
fraction (lane 2) followed by MNase digestion. The MNase di-
gestion pattern was vizualized by ethidium bromide staining of
agarose gels. The ability of the ISWI fraction and an approxi-
mately equal molar amount BRM complex (about 40 fmoles) to
order a nucleosomal array was compared in a similar experi-
ment containing an approximated 180-fold molar excess of
nucleosomes (lanes 4–6). Protein amounts were estimated by
comparison of silver and Coomassie-stained SDS-PAGE gels
containing known amounts of marker proteins and quantitative
Western blotting (data not shown). The input template was in-
cubated in the presence of ATP and either no remodeling factor
(lane 4), the ISWI fraction (lanes 5), or the BRM complex (monoS
#42) (lanes 6) and analyzed by MNase digestion.
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radiolabeled Zeste (Fig. 6B). Autoradiography of the blot
revealed that Zeste directly bound to a number of BAPs,
most notably MOR, BAP170, and p400. Somewhat less

prominent binding was observed to BAP111 and OSA.
When radiolabeled MOR was used as a probe in a far-
Western assay, the pattern of binding was very different
(Fig. 6B, lane 4). MOR bound to BRM and itself, as was
previously reported (Crosby et al. 1999), as well as to
BAP111, BAP60 and to either BAP47 or BAP45. The iden-
tity of BRM (Fig. 6B, lane 2), MOR (Fig. 6B, lane 3), and
OSA (not shown) was confirmed by reprobing the blots
with antibodies directed against these proteins. We con-
clude that Zeste and MOR contact distinct, partially
overlapping sets of BAPs within the BRM complex.

Because MOR appeared to be a prominent target for
Zeste and in vivo results have shown that they regulate
some common genes such as Ubx (Laney and Biggin
1992; Brizuela and Kennison 1997), we decided to study
the interaction between these two proteins in more de-
tail. We expressed and purified GST-fusion proteins con-
taining the amino-terminal third of MOR, the carboxy-
terminal two thirds of MOR, or a major portion of BRM
(Crosby et al. 1999). The fusion proteins were immobi-
lized on glutathione-Sepharose beads and incubated with
full-length radiolabeled Zeste. Next, bound protein was
analyzed by SDS-PAGE followed by autoradiography.
Zeste efficiently bound to the amino-terminal third of
MOR, but not to the remainder of the protein nor to
BRM or GST alone (Fig. 6C, lanes 1–5). We were able to
further narrow the Zeste binding domain of MOR to
amino acids 171 to 410 (Fig. 6C, lanes 6–8). The binding
pattern of radiolabeled MOR to these affinity resins was
strikingly different from Zeste. MOR interacted with
BRM and its own carboxy-terminal portion but not with
the region of MOR targeted by Zeste (Fig. 6C, lanes
9–13). Thus, the domain of MOR that mediates the in-
teraction with the activator Zeste is distinct from the
protein regions responsible for its incorporation into the
BRM complex. Taken together, these results show that
Zeste can directly target specific subunits of the BRM
complex, including MOR.

Zeste binds MOR via a leucine zipper

Having established that MOR is a target for Zeste, we
next set out to identify the domain of Zeste that medi-
ates this interaction. Zeste contains an amino-terminal
helix–turn–helix type DNA binding domain and a car-
boxy-terminal extended leucine zipper that mediates
multimerization and is essential for Zeste binding to its
response elements (Chen and Pirotta 1993). Addition-
ally, Zeste has regions that are characterized by a pre-
ponderance of particular amino acids such as acidic resi-
dues, glutamines, and alanines (Q/A) and prolines (P-
rich). A series of Zeste deletion mutants was generated
and expressed using an in vitro transcription and trans-
lation system. Binding of distinct radiolabeled Zeste
polypeptides to MOR was tested by GST pull-down ex-
periments similar to those described above. We found
that the leucine-zipper domain (residues 501–575) of
Zeste was necessary and sufficient for binding to MOR
(Fig. 7). As expected, neither the leucine zipper domain
nor any of the other Zeste deletion mutants bound to

Figure 6. Zeste directly binds selected BAPs within the BRM
complex. (A) Zeste interacts with the BRM complex. Protein-A
Sepharose resin (control, lane 2), anti-BRM affinity beads loaded
with BRM complex (lane 3), or anti-ISWI affinity beads loaded
ISWI complexes (lane 4) were incubated with 35S-labeled reticu-
locyte expressed Zeste. Protein complexes were washed, re-
solved by SDS-PAGE, and bound Zeste was detected by autora-
diography. Lane 1 represents 5% of the input material used in
the binding reactions. (B) Far-Western blotting analysis reveals
that Zeste targets specific BAPs. The purified BRM complex
(monoS #42) was resolved by SDS-PAGE and transferred to ni-
trocellulose. The nitrocellulose membrane was treated with 6 M

guanidine-HCl, renatured, washed, and incubated with 35S-la-
beled reticulocyte expressed Zeste (lane 1) or MOR (lane 4).
After extensive washing the filter was exposed to film. Filter 1
and 4 were reprobed with antibodies directed against BRM (lane
2) or MOR (lane 3), respectively. The positions of the BAPs
bound by Zeste or MOR are indicated on the left (Zeste) or right
(MOR) of the panels. (C) Mapping of the Zeste binding domain
of MOR by GST pull-down assays. GST-MOR carboxyl termi-
nus (residues 454–1174; lanes 2,10), GST-MOR amino terminus
(residues 106–410; lanes 3,11), GST-MOR (residues 171–410;
lane 8), GST-BRM (residues 230–736; lanes 4,12), or GST alone
(lanes 5,7,13) were immobilized on glutathione-Sepharose beads
and incubated with either 35S-Zeste (lanes 2–8) or 35S-MOR
(lanes 10–13). Protein complexes were washed, resolved by SDS-
PAGE and bound proteins were detected by autoradiography.
Lanes 1, 6, and 9 represent 5% of the input material used in the
binding reactions. The domain structure of MOR and its inter-
action domains with itself, BRM (asterisk indicates data from
Crosby et al. 1999) and Zeste are indicated.
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GST alone or the carboxy-terminal two thirds of MOR
involved in MOR multimerization. Although a fusion of
the DNA-binding domain with the leucine zipper bound
DNA efficiently, it failed to activate transcription, indi-
cating that additional domains of Zeste are needed for
transcriptional activation (unpubl.). We conclude that
Zeste targets the MOR subunit of the BRM complex via
its leucine zipper domain that is also required for Zeste
multimerization and DNA-binding.

Discussion

It has become evident that the modulation of chromatin
structure is a major component of the mechanism of
gene regulation. Two important unresolved questions
are the targeting of remodeling factors and their func-
tional specialization. Here, we have studied the cofactor
requirements of a specialized transcriptional regulator,
the trxG protein Zeste. Our results show that the BRM
complex is an essential coactivator for Zeste-directed
transcription on chromatin templates. Zeste can recruit
the BRM complex via direct binding to specific BAPs. In
contrast to BRM, the ISWI-containing remodelers are not
required for Zeste activation. However, the ISWI factors
are more potent spacing factors than the BRM complex.

These results support the notion that different remodel-
ing complexes perform distinct functions.

Zeste recruits the BRM coactivator complex

Our data reveal that transcriptional activation on chro-
matin by Zeste is dependent on the BRM complex. Zeste
directly targets the BRM complex via specific contacts
with selected BAPs (Fig. 8). We found that the leucine
zipper of Zeste, that is also essential for multimerization
and DNA binding, mediates binding to the MOR subunit
of the BRM complex. The relevance of the Zeste–MOR
interaction is underscored by the in vivo requirement for
MOR in normal expression of at least some genes acti-
vated by Zeste such as Ubx (Laney and Biggin 1992; Bri-
zuela and Kennison 1997). The BRM complex is not re-
quired for promoter binding by Zeste, suggesting that it
functions at a later step during the transcription cycle.
Restructuring of the local chromatin environment by the
recruited BRM complex may allow for the subsequent
recruitment of other coactivators and the transcription
machinery. In yeast cells, such an ordered recruitment
has been observed at the HO promoter (Cosma et al.
1999; Yudkovsky et al. 1999). Finally, the notion that
Zeste recruits the BRM complex is further supported by
the catalytic amounts of BRM complex needed to medi-
ate Zeste-directed transcription. We estimated a BRM-
to-nucleosome molar ratio of less than 1:50. Recently,

Figure 8. Summary and model. Our results suggest that the
core BRM complex comprise 10 subunits (light grey) including
trxG protein OSA and two putative novel BAPs of 170 and 26
kD. More loosely associated factors (dark grey) that are not part
of the core complex such as p400, are indicated. Zeste binds to
multiple sites in the promoter DNA as a large oligomer and
directly binds selective subunits within the BRM complex (in-
dicated by a bold outline). These include most significantly
MOR, BAP170, and p400, whereas somewhat less strong bind-
ing to OSA and BAP111 was observed. MOR interacts with
itself and is assembled into the complex via binding to BRM,
BAP111, BAP60, and either (the most likely candidate) BAP47 or
BAP45. Contacts between MOR and other BAPs are indicated
by a bold interface. All other contacts depicted here are specu-
lative. The results from our experiments suggest that the BRM
complex is an essential coactivator that can be recruited to spe-
cific genes by Zeste. The BRM complex may create an open
chromatin conformation, here indicated as naked DNA, that
could facilitate the docking of other transcription factors.

Figure 7. The leucine zipper of Zeste binds MOR. Mapping of
the MOR-binding domain of Zeste by GST pull-down assays.
GST alone (lane 2), GST-MOR carboxyl terminus (lane 3), GST-
MOR amino terminus (lane 4), or GST-MOR residues 171–410
(lane 5) were immobilized on glutathione-Sepharose beads and
incubated with 35S-methionine-labeled Zeste or various Zeste
deletion mutants. Protein complexes were washed, resolved by
SDS-PAGE, and bound proteins were detected by autoradiogra-
phy. Lane 1 represents 5% of the input material used in the
binding reactions. The domain structure of Zeste and the amino
acid residues present in the various deletion mutants are indi-
cated (DBD) DNA-binding domain; (L-zip) leucine zipper; (Q/A)
region rich in glutamines and alanines; (AD) acidic domain;
(P-rich) proline rich domain.
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direct recruitment of the yeast SWI/SNF complex by an
acidic activation domain was reported (Neely et al.
1999). Because Zeste contacts the BRM complex through
different protein motives, it will be of interest to deter-
mine what subunits of the yeast SWI/SNF complex are
contacted by acidic activators. This may establish
whether different activators target distinct subunits in
SWI/SNF-type remodeling complexes.

Can we generalize the recruitment mechanism we de-
scribe here? Although the majority of PcG and trxG pro-
teins associate with specific chromosomal sites, they do
not appear to bind DNA directly. Response elements for
PcG and trxG proteins (PREs) are poorly defined se-
quences of several hundred base pairs (Pirrotta 1998;
Lyko and Paro 1999). In addition to Zeste, there are a few
candidate sequence-specific tethering factors such as
pleiohomeotic and GAGA (Strutt et al. 1997; Brown et
al. 1998; Fritsch et al. 1999). Thus far it has been impos-
sible to reduce PREs to a number of simple sequence
motives, therefore it is likely that there will be addi-
tional DNA-binding proteins that function as anchors
for PcG and trxG proteins.

A biochemical link between distinct trxG proteins

Zeste and BRM both belong to the trxG proteins that
have been identified as transregulators of homeotic gene
function in Drosophila (Kennison 1995). The majority of
BAPs are not encoded by trxG genes and several other
trxG proteins have been found to be part of separate pro-
tein complexes (Papoulas et al. 1998). Thus, it was un-
clear whether distinct trxG proteins may cooperate in a
single biochemical pathway. Our study now establishes
a direct physical interaction between four distinct trxG
proteins during transcriptional activation. Previous
analysis of osa and mor revealed a strong genetic inter-
action of these genes with brm (Brizuela and Kennison
1997; Vazquez et al. 1999). We show here that MOR and
OSA are integral constituents of the BRM complex that
are directly contacted by Zeste. While this paper was
under review, Collins et al. (1999) also reported that OSA
associates with the BRM complex. Genetic studies have
indicated that MOR, OSA, BRM, and Zeste share at least
some target genes (Biggin et al. 1988; Laney and Biggin
1992; Tamkun et al. 1992; Brizuela and Kennison 1997;
Vazquez et al. 1999). Our results now provide a bio-
chemical basis for the functional relationship between
these trxG proteins.

Purification of the BRM complex and stringent coim-
munoprecipitation experiments suggested the presence
of two novel core BAPs in addition to OSA: BAP170 and
BAP26. Moreover, it appeared that there are several less
tightly associated proteins. We favor the idea that the
interaction of the majority of these proteins with the
core BRM complex is specific, because they copurify
over several columns and remain associated during se-
lective coimmunoprecipitation. Moreover, Zeste specifi-
cally interacts with the p400 protein, supporting the no-
tion that its association with the BRM complex is func-
tional.

Functional specialization of chromatin remodeling
factors

An intersting question is whether distinct remodeling
factors perform different functions or whether they are
redundant? A number of recent studies shed light on the
basic mechanisms by which SWI/SNF and ISWI remod-
elers catalyze nucleosome mobilization (Côté et al. 1998;
Lorch et al. 1998, 1999; Schnitzler et al. 1998; Bazett-
Jones et al. 1999; Hamiche et al. 1999; Kingston and Nar-
likar 1999; Längst et al. 1999; Travers 1999; Whitehouse
et al. 1999). However, their potential roles as regulators
of transcription are still poorly understood. Here, we pre-
sent a clear example of functional differentiation among
chromatin remodelers. The BRM complex is an essential
coactivator for Zeste, whereas the ISWI family members
are not required. Reversibly, at least some ISWI remod-
eling factors appear to be more efficient at ordering non-
periodic nucleosomal arrays than the BRM complex.
Thus, our side-by-side comparison of distinct endog-
enous Drosophila remodeling fac-tors shows that each
performs distinct specialized functions.

As shown here and in other studies, the SWI/SNF-type
remodelers appear to function in a highly selective
manner. For example, the human SWI/SNF-related
chromatin-remodeling complex, E-RC1 is required for
the activation of the b-globin gene by the activator EKLF
but does not work with another transcription factor,
TFE3. (Armstrong et al. 1998). Moreover, it is pertinent
to note that the yeast and Drosophila SWI/SNF family
members were first identified by genetic screens for
gene-specific regulators (Winston and Carlson 1992;
Tamkun 1995). Thus, studies in yeast, mammals, and
Drosophila all point to an integral and essential role for
SWI/SNF remodelers in gene-specific transcriptional
regulation. Although the ISWI remodelers are not re-
quired for Zeste function, they have been implicated in
transcriptional activation by other regulators such as
GAL4-VP16 (Ito et al. 1997; Mizuguchi et al. 1997; Le-
Roy et al. 1998; Di Croce et al. 1999). Several lines of
evidence suggest that ISWI remodelers may act by a
mechanism that is fundamentally distinct from that of
the SWI/SNF family complexes. For example, unlike
NURF, SWI/SNF does not seem to require the histone
tails for remodeling (Georgel et al. 1997; Guyon et al.
1999). Moreover, studies on NURF suggest that it remod-
els chromatin in a transient nonspecific manner, creat-
ing an opportunity for transcriptional activators to bind
DNA (Mizuguchi et al. 1997). Such a mode of action
does not involve the direct physical interactions be-
tween remodeler and activator we described here for the
BRM complex. In conclusion, all available evidence
points to an extensive functional specialization of ATP-
dependent chromatin remodeling factors. An attractive
possibility is that different genes require the action of
distinct subsets of remodeling complexes, histone acetyl
transferases, and other coactivators. Such a combinato-
rial arrangement would vastly expand a cell’s potential
for precise and coordinated regulation of individual
genes.
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Materials and methods

DNA constructs

Details of cloning procedures are available upon request. Briefly,
using a PCR-based strategy a sequence encoding the FLAG-epi-
tope was added at the end of the Zeste coding sequence and
cloned into a modified version of the shuttle vector pVL1392
(Pharmingen) to generate pAK98. pAK156, used for transcrip-
tion experiments, contains five Zeste binding sites, loosely
based on the Ubx promoter, in front of a TATA-box containing
a core promoter in a pBluescript backbone (Stratagene). For ex-
pression of GST-fusion proteins, indicated regions of MOR and
BRM were cloned in pGEX1 (Pharmacia) (see also Crosby et al.
1999). For in vitro transcripition/translation of MOR and Zeste,
their coding sequences were cloned in pBluescript and
pcDNA3.1/HisC (Invitrogen), respectively.

Protein purifications

Recombinant Zeste containing a carboxy-terminal FLAG-epit-
ope was expressed in Sf9 cells using the baculovirus expression
system and immunopurified using anti-FLAG M2 beads (Sigma)
essentially as described by Chalkley and Verrijzer (1999).

Details of the protein purification procedures will be provided
upon request. Briefly, all protein procedures were carried out at
4°C or on ice using HEMG buffer [25 mM HEPES-KOH (pH 7.6),
0.1 mM EDTA, 12.5 mM MgCl2, 10% glycerol, 1 mM DTT, 0.2
mM AEBSF, and 1 µM pepstatin, 0.01% Nonidet P-40 (NP-40)]
containg varying amounts of KCl. Nuclear extract derived from
500 g of Drosophila embryos (0–12 hr) were prepared and con-
centrated by POROS-Heparin (PerSeptive Biosystems) chroma-
tography essentially as described by Heberlein and Tjian (1988).
The heparin 400 mM KCl fractions (H0.4) contained the vast
majority of BRM, MOR, ISWI, and general transcription factors
present in the nuclear extract. BRM complex and ISWI was fur-
ther purified guided by Western blot analysis with antibodies
directed against these proteins using a scheme based on that
developed for the purification of RNA polymerase II general
factors (Austin and Biggin 1996). The H0.4 fraction was loaded
onto an 800 ml Sephacryl S-300 column (Ve = 300 ml) (Pharma-
cia), equilibrated and developed with HEMG 100 mM KCl. BRM
eluted in the void, whereas the majority of ISWI eluted in later
fractions. BRM and ISWI were further purified seperately on
Bioscale Q10 (BioRad) and monoS (5/5) (Pharmacia) columns,
developed with a linear salt gradient. The majority of BRM
eluted from the Q10 at 225 mM KCl and from the monoS at 270
mM KCl. ISWI eluted from the Q10 at ∼290 mM KCl and from
the monoS at ∼300 mM KCl. Western blot analysis using anti-
BRM and anti-ISWI antibodies as well as a comparison of silver
staining patterns of SDS-PAGE gels established that the BRM
fraction was free of ISWI and, likewise, the ISWI preparation did
not contain BRM. Relative protein amounts were estimated by
silver staining of SDS-PAGE gels and quantitative Western blot
analysis.

Chromatin procedures

Drosophila core histones were purified from fly embryo nuclear
extracts essentially as described by Bulger and Kadonaga (1994).
The S-190 assembly extract was prepared and used for chroma-
tin assembly as described by Bulger and Kadonaga (1994) and
Kamakaka et al. (1993). For purposes of in vitro transcription the
assembled chromatin was treated with sarkosyl (0.05% final
concentration for 5 min) prior to purification by sucrose gradi-
ent sedimentation.

For chromatin assembly by salt dialysis, 50 µg of plasmid was
mixed with 50 µg of purified Drosophila core histone proteins in
500 µl R-buffer [10 mM HEPES (pH 7.6), 1.5 mM MgCl2, 0.5 mM

EGTA, 10% glycerol, 10 mM b-glycerophosphate, 1 mM DTT,
0.2 mM PMSF] containing 2 M KCl. The salt concentration was
then reduced by three dialysis steps for 45 min against R-buffer
containing 800 mM, 150 mM, and 10 mM KCl, respectively, in a
microdialysis apparatus. Sucrose gradient sedimentation was
used to separate naked DNA from chromatin. The input mate-
rial for the spacing assay (Fig. 5) was prepared via a similar salt
dialysis procedure in which we reduced the dialysis time to
obtain arrays with a suboptimal spacing. Spacing activities of
purified ISWI and BRM complexes were analysed after 1 hr in-
cubation at 27°C under standard assembly conditions (Bulger
and Kadonaga 1994).

For purification, chromatin was loaded onto 20% to 50% su-
crose gradients followed by ultracentrifugation in a SW41 rotor
for 16 hr at 26,000 rpm at 4°C. The chromatin containing frac-
tions were collected and dialyzed against R buffer. The concen-
tration of DNA in the collected fractions was estimated by
ethidium bromide staining of agarose gels and compared with
DNA standards. No BRM or ISWI could be detected by Western
blot analysis of the chromatin template (data not shown).

The analysis of chromatin templates by partial digestion with
MNase and Southern blotting was performed essentially as de-
scribed (Bulger and Kadonaga 1994). For remodeling assays, pu-
rified Zeste protein was added to the assembled chromatin and
incubated for 30 min prior to MNase digestion. Blots were first
probed with a labeled oligonucleotide corresponding to the pro-
moter, and following radiography, stripped and reprobed with
an oligonucleotide corresponding to the ampicillin resistance
gene (distal probe). DNaseI footprinting was performed essen-
tially as described previously (Gralla 1985).

In vitro transcription

Transcription reactions and primer extension analysis were car-
ried out essentially as described by Kadonaga (1990). The tem-
plate was plasmid pAK156 that contained five Zeste binding
sites upstream of a consensus TATA box and Inr element. Tran-
scription reactions were performed in a total volume of 25 µl
and contained 100 ng of template DNA (in the form of either
S-190 chromatin, salt dialysis chromatin or naked DNA), 40 mM

HEPES-KOH (pH 7.6), 40 mM KCl, 1% polyvinyl alcohol (mo-
lecular mass 10.000), 0.1 µl RNase inhibitor, 0.8 mM DTT. The
transcription machinery and remodeling factors were provided
by addition of 2 µl H0.4 or immunodepleted H0.4. Upon addi-
tion of Zeste and/or 0.6 mM ATP, reactions were incubated for
20 min at room temperature prior to the start of transcription by
the addition of 0.6 mM each of CTP, GTP, and UTP. After 30
min at 30°C transcription was stopped by the addition of 100 µl
stop buffer (20 mM EDTA, 1% SDS, 0.2 M NaCl, 0.25 mg/ml
yeast RNA, 50 µg/ml Proteinase K). The RNA transcripts were
visualized by primer extension using a radiolabeled primer
(PV313) and analyzed on an 8% denaturing polyacrylamide gel.

Antibodies, immunoprecipitations, and immunodepletions

All immunologic procedures were performed essentially as
described previously (Harlow and Lane 1988). The anti-BRM
and anti-ISWI antisera were generated by immunization of
rabbits with peptides corresponding to either BRM (MASP-
SPANSPMPPPQ) or to ISWI (MSKTDTAAVEATEEN) protein
sequences, coupled to keyhole limpet haemocyanin (KLH).
Western blots and immunoprecipitations were confirmed with
antibodies directed against other parts of BRM or ISWI, respec-
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tively (data not shown). Antibodies were affinity purified as
described by Hancock and Evan (1998). The rabbit anti-dNAP1
antisera was generated against bacterially expressed dNAP1 (A.
Kal, unpubl.), anti-MOR antibodies (Crosby et al. 1999), and
anti-OSA monoclonal antibodies (Treisman et al. 1997) have
been described.

For immunoprecipitations and immunodepletions, affinity
purified antibodies were cross-linked to protein-A beads (Phar-
macia) using dimethylpimelimidate as described (Harlow and
Lane 1988). For immunoprecipitations, affinity resins were in-
cubated with protein fractions for 2 hr at 4°C in HEMG buffer
containing 225 mM KCl. Following extensively washes with
excess HEMG containg KCl as indicated in the text, bound pro-
teins were eluted in an SDS-sample buffer, resolved by SDS-
PAGE, and vizualized by silver staining or Western blotting. For
immunodepletions, the H0.4 or S-190 fraction was incubated
with affinity beads, equilibrated in HEMG 400 mM KCl or R-
buffer, respectivily, for 2 hr at 4°C. The beads were removed by
centrifugation and the fraction was reapplied to fresh beads for
a second round of depletion.

Protein–protein interactions

For Zeste-BRM complex interactions, Protein-A Sepharose,
anti-BRM or anti-ISWI affinity beads were incubated with the
H0.4 fraction purified for 2 hr at 4°C followed by extensive
washes with HEMG containing 0.1 M KCl. The affinity resins
were incubated for 2 hr with 35S-labeled reticulocyte expressed
Zeste, washed extensively with RIPA buffer (Jimenez et al.
1999), and analyzed by SDS-PAGE followed by autoradiography.
The GST pulldown experiments were performed essentially as
described by Jimenez et al. (1999). Far-Western analysis was
performed as described by Kaelin et al. (1992) using 35S-labeled
reticulocyte expressed Zeste or MOR. Following autoradiogra-
phy to detect bound proteins, blots were reprobed with antibod-
ies directed against MOR, BRM, or OSA to facilitate alignment
with silver-stained gels and identification of interacting BAPs.
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