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Alteration of nucleosomes by ATP-dependent remodeling complexes represents a critical step in the regulation
of transcription. The human SWI/SNF (hSWI/SNF) family is composed of complexes that contain either Brg1
or hBrm as the central ATPase; however, these separate complexes have not been compared functionally. Here
we describe the establishment of cell lines that express epitope-tagged Brg1 and hBrm and a characterization
of the complexes associated with these two ATPases. We show that Brg1 fractionates into two complexes that
differ in activity and subunit composition, whereas hBrm is found in one complex with lower activity than
the Brg1 complexes. These three complexes can remodel nucleosomal arrays, increase restriction enzyme
accessibility, and hydrolyze ATP in a DNA-dependent manner. The three complexes differ markedly in their
ability to remodel mononucleosomal core particles. We also show that the hBrm complex and one of the Brg1
complexes contain components of the mammalian Sin3 (mSin3) complex. In addition, we have found that
Brg1, hBrm, and BAF155 can interact specifically with mSin3A in vitro, showing a direct association of
hSWI/SNF complexes with proteins involved in gene repression. These unexpected functional characteristics
indicate that these hSWI/SNF complexes play diverse regulatory roles.
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The mechanisms by which genomic DNA is packaged
into chromatin and is unwound during precise stages of
cell growth and development have remained obscure.
However, with the discovery of chromatin remodelers,
histone acetyl-transferases and deacetylases, and DNA
methylases and demethylases, it has become clear that
cells use a variety of cellular machines to establish and
maintain various programs of gene expression (for re-
views, see Bird and Wolffe 1999; Kingston and Narlikar
1999; Knoepfler and Eisenman 1999; Kouzarides 1999;
Wolffe et al. 1999). Among the activities that facilitate
the transition of chromatin from a closed to a more open
conformation are multisubunit complexes that use the
energy of ATP to alter nucleosome structure. All chro-
matin remodeling complexes contain a central ATPase
that has homology with the yeast SWI2/SNF2. There are
three types of ATPases that can be grouped into different
subfamilies depending on whether they contain either a
bromodomain (SWI2/SNF2 subfamily), two copies of a

chromodomain (Mi-2/CHD subfamily), or lack both do-
mains (ISWI subfamily) (Eisen et al. 1995). Members of
all three subfamilies have been shown to be part of mul-
tisubunit complexes that can remodel nucleosomes in
an ATP-dependent manner and either enhance or allevi-
ate the repressive effects of chromatin (for review, see
Vignali et al. 2000).

In humans all chromatin remodelers purified to date
contain different subunits, except the Brg1 and hBrm
complexes, which have been shown to share several
highly conserved subunits (Kwon et al. 1994; Wang et al.
1996a,b; Sif et al. 1998). Some of the shared subunits,
such as p155 and p170, which are the homologs of yeast
SWI3, have been shown to be highly related to each other
(Wang et al. 1996b). In addition, three splice variants of
p60, which is the human homolog of yeast SWP73, have
been shown to be expressed in a tissue-specific manner
and are part of different remodeling complexes (Wang et
al. 1996b). This heterogeneity of the Brg1 and hBrm com-
plexes has been proposed to be growth and developmen-
tally relevant. The theme of similarity between subunits
has also been found in the case of human nucleosome
remodeling and deacetylase complex (NuRD), which
contains Mi-2 as its central ATPase. NuRD also contains
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subunits that are highly related to each other, which
include histone deacetylases (HDACs) 1 and 2 and reti-
noblastoma associated proteins (RbA) p46 and p48 (Tong
et al. 1998; Wade et al. 1998; Xue et al. 1998; Zhang et al.
1998a). Presently, it is not clear why there are subunits
that are highly related within each complex.

The second type of modification that has been shown
to play an important role in the regulation of transcrip-
tion and to have an effect on nucleosome stability is
histone acetylation and deacetylation. Modification of
histones by acetylation has been linked to gene activa-
tion, whereas histone deacetylation has been correlated
with gene repression and silencing (for review, see Grun-
stein 1997). Recent studies have shown that HDAC1 and
2 can associate with mammalian homologs of the yeast
corepressor Sin3, mSin3A and B (Alland et al. 1997; Has-
sig et al. 1997; Laherty et al. 1997; Nagy et al. 1997). This
Sin3–histone deacetylase complex also contains RbAp46
and RbAp48, as well as the mSin3A-associated proteins,
SAP18 and SAP30, whose functions are unknown (Zhang
et al. 1997; Zhang et al. 1998b). Several reports have
shown that the Sin3 complex can be targeted by specific
transcription factors to repress gene expression. There-
fore, it was proposed that repression can be achieved by
recruiting histone deacetylase activity to specific pro-
moters. However, it was not clear how HDACs might
function in the context of chromatin. Purification of
NuRD, which lacks mSin3A subunits, provided the first
link between histone deacetylation and chromatin re-
modeling (Tong et al. 1998; Xue et al. 1998; Zhang et al.
1998a). This finding indicated that repressor proteins can
inhibit transcription by targeting complexes with dual
function, which can both alter nucleosome structure and
deacetylate histones.

To begin to understand some of the biological proper-
ties of Brg1 and hBrm, we have examined the activity of
these two ATPases across the cell cycle and found that
they are regulated differently by phosphorylation during
mitosis (Muchardt et al. 1996; Sif et al. 1998). Further-
more, Brg1 and hBrm have been implicated in the control
of cell growth and proliferation through their interaction
with the Rb family of tumor suppressor proteins (Dun-
aief et al. 1994; Strober et al. 1996; Zhang et al. 2000).
Brg1 has also been shown to be involved in the repres-
sion of the c-fos gene through a pathway that is Rb-de-
pendent (Murphy et al. 1999). These results were surpris-
ing because Brg1 and hBrm have been shown previously
to be able to stimulate transcriptional activation by vari-
ous transcription factors (Muchardt and Yaniv 1993;
Chiba et al. 1994; Singh et al. 1995). Taken together,
these results indicate that although Brg1 and hBrm are
highly related and interact with similar subunits, their
activities are regulated and targeted differently.

To shed more light on the subunit composition as well
as the chromatin remodeling activity of the Brg1 and
hBrm complexes, we have established cell lines that ex-
press either Flag-tagged Brg1 or hBrm. We report that
there are two forms of the Brg1 complex that differ by
their subunit composition and that can remodel chroma-
tin more efficiently than the hBrm complex. We also

present evidence that the Brg1 and hBrm complexes con-
tain subunits of the human Sin3 complex. These differ-
ences in mechanism, composition, and associated pro-
teins are likely to be important for the ability of Brg1 and
hBrm complexes to participate in both activation and
repression of transcription.

Results

Purification of Flag-tagged Brg1- and hBrm-based
chromatin remodeling complexes

We have reported previously that we can isolate endog-
enous Brg1- and hBrm-based chromatin remodeling com-
plexes using a two-step purification scheme (Sif et al.
1998). However, using various purification strategies, we
have been unable to separate the Brg1 and hBrm com-
plexes (Kwon et al. 1994; data not shown). To separate
these two complexes, we created cell lines that express
either Flag-tagged Brg1 or hBrm. Nuclear extracts from
these cell lines were incubated with anti-Flag M2 affin-
ity gel, and after several washes with buffer containing
increasing salt concentrations, the proteins retained on
the column were eluted with buffer containing Flag pep-
tide (Fig. 1A). Analysis of equal amounts of wild-type and
mutant Fl-Brg1 and Fl-hBrm fractions by SDS-PAGE and
silver staining showed that they contain several promi-
nent bands of the same size as the hSWI/SNF subunits
(arrows, Fig. 1B, lanes 2–4). For comparison, Brg1 and
hBrm complexes purified through the Ini1 subunit are
shown (Fig. 1B, lane 1). Approximately 144 ng of each
fraction was also analyzed by Western blotting using
anti-Flag antibodies (Fig. 1C). There were similar
amounts of epitope-tagged mutant and wild-type Brg1 as
well as hBrm in the affinity-purified fractions (lanes 2–4),
indicating that the concentration of the complexes that
contain these proteins is similar in each fraction. Using
antibodies specific to cloned hSWI/SNF subunits, we
were able to determine that the Fl-Brg1 and Fl-hBrm
complexes contain common subunits such as p155 and
p60 (Fig. 1C, lanes 5–8).

Previously, endogenous Brg1 and hBrm have been
shown to exist in two distinct complexes (Wang et al.
1996b). Therefore, we wished to determine whether Fl-
Brg1 and Fl-hBrm can be found in the same complex. We
used specific antibodies to show that Fl-Brg1 and Fl-
hBrm reside in two separate complexes when isolated
from the epitope-tagged cell lines (Fig. 1C, cf. lanes 6 and
7 with lane 8).

Affinity-purified Fl-Brg1 and Fl-hBrm fractions contain
subunits of the human Sin3 complex

We noted that there were additional proteins associated
with both the Fl-hBrm and Fl-Brg1 immunopurified com-
plexes. We used antibodies to test these fractions for a
wide variety of proteins that modify chromatin structure
(see below). Surprisingly, we found that mSin3A,
HDAC1, HDAC2, and RbAp48 all copurified with Fl-
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hBrm (Fig. 1C, lane 12). All of these subunits have been
shown previously to coexist in the human Sin3 histone
deacetylase complex, which has been implicated in the
repression of transcription. Affinity-purified Fl-Brg1 frac-
tions contained mSin3A, HDAC2, and RbAp48, but did
not contain detectable levels of HDAC1 (Fig. 1C, lane
11). Mutant Fl-Brg1 fractions contained the same set of
proteins; however, their ratios appear to be different (Fig.
1C, cf. lanes 10 and 11). We also determined that
HDAC3, Mi-2� (CHD3), and Mi-2� (CHD4) were not
present in the affinity-purified hSWI/SNF complexes
(data not shown), indicating that the association of
mSin3A, HDAC1, and HDAC2 with Brg1 and hBrm
complexes is specific.

Fl-Brg1- and Fl-hBrm-based chromatin remodeling
complexes are functionally different

Brg1 and hBrm complexes were purified previously; how-
ever, their ability to remodel chromatin individually has
not been tested. Therefore, we wanted to measure and
compare the chromatin remodeling activity of these

complexes by testing their ability to disrupt nucleo-
somal core particles. We titrated equivalent amounts of
affinity-purified Fl-Brg1 and Fl-hBrm complexes into re-
actions that contained labeled mononucleosomes. The
Fl-Brg1 fractions caused an ATP-dependent change in the
DNase I digestion pattern (Fig. 2A, lanes 16–21). In con-
trast, when equal amounts of Fl-hBrm fractions were in-
cubated with core nucleosomes in the presence of ATP,
there was no noticeable change in cutting by DNase I
(Fig. 2A, lanes 22–27). As a control, fractions containing
Brg1 and hBrm complexes purified through the Ini1 sub-
unit (Fig. 2A, lanes 4–9), or mutant Fl-Brg1 (K798R),
which is unable to bind ATP (lanes 10–15), are shown.

All SWI/SNF related complexes that have been studied
have a DNA-stimulated ATPase activity. Therefore, we
measured the ability of the Fl-Brg1 and Fl-hBrm com-
plexes to hydrolyze ATP both in the presence and ab-
sence of DNA using equal amounts of protein (Fig. 2B).
Under saturating conditions of ATP and DNA, the
ATPase activity of affinity-purified Fl-Brg1, Fl-Ini1, and
Fl-hBrm complexes was stimulated fourfold by DNA
relative to ATPase activity in the absence of DNA. In
contrast, affinity-purified Fl-Brg1 (K798R), which cannot

Figure 1. Purification of proteins as-
sociated with Fl-Ini1, wild-type and
mutant Fl-Brg1, and Fl-hBrm. (A)
Scheme for purification of Brg1 and
hBrm complexes. See Materials and
Methods for details. (B) SDS-PAGE
analysis of Brg1 and hBrm complexes.
Approximately 144 ng of affinity-pu-
rified fractions from cell lines that ex-
press Fl-Ini1 (lane 1), mutant Fl-Brg1
(lane 2), wild-type Fl-Brg1 (lane 3) and
Fl-hBrm (lane 4) were analyzed by
SDS-PAGE, and the proteins were vi-
sualized by silver staining. (Arrows)
Shared subunits; (horizontal bars
alongside the hBrm gel) novel sub-
units. (C) Brg1 and hBrm fractions
contain components of the human

Sin3 complex. The same amounts of proteins analyzed by silver staining were analyzed by Western blotting using affinity-purified
complexes from Fl-Ini1, which contain endogenous Brg1 and hBrm (lanes 1,5,9), mutant Fl-Brg1 (lanes 2,6,10), wild-type Fl-Brg1 (lanes
3,7,11), and Fl-hBrm (lanes 4,8,12). (Asterisk) Long exposure of the HDAC2 Western blot.
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Figure 2. Biochemical characterization of Flag-tagged Brg1 and hBrm complexes. (A) Mononucleosome disruption by Brg1 and hBrm
complexes. Equal amounts of affinity-purified fractions (in twofold increments from 36 ng [0.72nM] to 144 ng [2.88 nM]) containing
either Fl-Ini1 complexes (lanes 4–9), mutant Fl-Brg1 (lanes 10–15), wild-type Fl-Brg1 (lanes 16–21), or Fl-hBrm (lanes 22–27) were
incubated with nucleosome cores with or without ATP as indicated. As a control, naked DNA (N, lanes 1,28) and nucleosome cores
with and without ATP (lanes 2,3) are shown. (+) Increased DNase I cleavage; (−) decreased DNase I cleavage. (B) ATPase activity of
immunopurified Brg1 and hBrm complexes. Approximately 72 ng (3.6 nM) of either Fl-Ini1, mutant Fl-Brg1 (K798R), wild-type Fl-Brg1,
or Fl-hBrm was incubated with 20 nM naked plasmid DNA and [�-32P]ATP for the indicated times. The phosphate present at time zero
is due to the presence of [�-32P]phosphate in the [�-32P]ATP stock. The ratio of inorganic phosphate to ATP was quantitated for each
time point using a Molecular Dynamics PhosphorImager.
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bind ATP, was catalytically inactive. When we com-
pared the DNA-stimulated rate of ATP hydrolysis, we
found that Fl-Brg1 complexes have a 1.5- and 5-fold
higher specific activity than the complexes purified
through the Ini1 and hBrm, respectively.

Because the fractions that contain Fl-hBrm appear to
hydrolyze ATP but were unable to remodel mononucleo-
somes, we tested their ability to remodel chromatin
using polynucleosomal templates. First, we tested the
ability of affinity-purified Fl-Brg1 and Fl-hBrm com-
plexes to alter the topology of plasmid DNA that has
been assembled into arrays of nucleosomes using
Drosophila S190 extracts (Fig. 3A). When equal amounts
of affinity-purified Fl-Brg1 and Fl-hBrm fractions
were incubated with highly negatively supercoiled
plasmid DNA in the absence of ATP, there was no
change in topology of the DNA templates (Fig. 3A, lanes
7,9). However, when ATP was added to the reac-
tions, Fl-Brg1 and Fl-hBrm complexes were able to re-
model as shown by the increase in the amount of slowly
migrating DNA species that contain fewer negative su-
percoils (Fig. 3A, cf. lanes 8 and 10 with lane 2). For

comparison, fractions that contain a mixture of endog-
enous Brg1 and hBrm, or mutant Fl-Brg1 (K798R), which
is catalytically inactive, are shown (Fig. 3A, lanes 3–6). In
agreement with the ATPase assay, these results show
that the Fl-hBrm complex can hydrolyze ATP and re-
model chromatin.

To rule out the possibility that there are additional
factors in the Drosophila S190 extracts that might assist
Fl-hBrm complexes in remodeling chromatin templates,
we also tested Fl-Brg1 and Fl-hBrm complexes for their
ability to remodel a linear DNA template that was as-
sembled using purified components. The DNA fragment
used in this assay contains an array of 12 nucleosomes.
The middle two nucleosomes include unique restriction
sites that are located either within the nucleosome (Fig.
3B, HhaI and XbaI sites) or in the linker region between
nucleosomes (SacI site) (Neely et al. 1999). The assembly
of this template was achieved by salt dialysis using pu-
rified DNA and H1-depleted HeLa core histones. The
nucleosomal phasing was determined by restriction en-
zyme cutting (see below) and MNase/Southern blotting
(Fig. 3B).

Figure 3. Disruption of polynucleosomal templates. (A) Brg1 and hBrm complexes can alter the topology of highly negatively
supercoiled chromatin templates. Approximately 144 ng (2.88 nM) of affinity-purified Fl-Ini1 complexes (lanes 3,4), mutant Fl-Brg1
(lanes 5,6), wild-type Fl-Brg1 (lanes 7,8), and Fl-hBrm (lanes 9,10) was incubated with nucleosome-assembled plasmid DNA in the
absence or presence of ATP as indicated. (Lanes 1,2) Assembled templates without Brg1 and hBrm complexes. (N) Nicked closed
circular DNA; (L) linear DNA; (Sc) supercoiled DNA; (Sc.R) less supercoiled and relaxed DNA. (B) Analysis of the 5S polynucleosomal
array. To determine the extent of assembly of the 5S array, increasing amounts of MNase (lane 1, 1 mU; lane 2, 10 mU; lane 3, 100
mU; lane 4, 1U) were added to 2 ng of assembled template, and the 5S DNA was detected by Southern blotting as described in Materials
and Methods. (C) Brg1 and hBrm complexes can increase restriction enzyme accessibility. Equal amounts (144 ng, or 2.88 nM) of
affinity-purified Brg1 and hBrm complexes were incubated with 6 ng (0.14 nM) of 5S nucleosomal arrays. After either 10 or 30 min at
30°C, HhaI was added, and the reactions were incubated for an additional 60 min at 30°C. The percentage of HhaI-cut template
represents the ratio of cut DNA to total amount of template.
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In this assay, the chromatin remodeling activity is
measured by the ability of the immunopurified com-
plexes to either increase or decrease accessibility to re-
striction enzyme sites. When equal amounts of Fl-Brg1
and Fl-hBrm complexes were incubated with the 5S array
and accessibility to the otherwise occluded HhaI site
was measured by incubating the template with restric-
tion enzyme, we were able to see an increase in cutting
only in the presence of ATP (Fig. 3C). Similar results
were obtained when XbaI was used (data not shown).
Quantification of the amount of template digested by
HhaI after 30 min of chromatin remodeling revealed that
the Fl-Brg1 complexes increased cutting by 6.9-fold,
whereas the Fl-hBrm complex caused a 4.3-fold increase.
Furthermore, when the Ini1 fractions were tested in this
assay, there was a 6.8-fold stimulation of cutting by
HhaI. Mutant Fl-Brg1 (K798R), which lacks ATPase ac-
tivity, showed a twofold stimulation; there is no activity
of this fraction following further purification (see below).
We have also tested the ability of wild-type and mutant
Fl-Brg1, Fl-hBrm, and Fl-Ini1 complexes to remodel 5S
arrays using substoichiometric amounts of hSWI/SNF
proteins and obtained similar results (data not shown).
We conclude that the Fl-hBrm complexes have a 1.6-fold
lower specific activity than the Fl-Brg1 complexes in the
protocol that measures remodeling of arrays, but that
there is a much more significant decrease in the relative
ability of the Fl-Brm complex to remodel mononucleo-
somes.

Components of the Sin3 complex cofractionate
with the Brg1 and hBrm complexes

Affinity-purified Brg1 and hBrm fractions contain sub-
units of the Sin3 complex (Fig. 1C). To determine
whether these subunits cofractionate with Brg1 and
hBrm, we separated equivalent amounts of each complex
using a glycerol gradient and analyzed each fraction by
silver staining and Western blot analysis (Figs. 4,5). Frac-
tionation of wild-type and mutant Fl-Brg1 complexes fol-
lowed by silver stain analysis revealed two different
types of complexes (labeled I and II, Fig. 4A,C). We show
below that the location of these two peaks correlates
with two different peaks of remodeling activity. Wild-
type Fl-Brg1 complex I elutes in fractions 8 through 12,
and complex II, which lacks the 50-kD subunit, and the
60-kD and 220-kD doublets, elutes in fractions 13
through 17 (Fig. 4A). The wild-type and mutant Fl-Brg1
complexes have similar polypeptide banding patterns
(Fig. 4C). By Western blotting, Brg1 was present in com-
plexes I and II; however, the mSin3A subunit was found
only in complex I (Fig. 4B, fractions 9–11 and Fig. 4D,
fractions 7–10). HDAC2 was detected in most fractions
of mutant Fl-Brg1 (K798R), and was hardly detectable in
the wild-type fractions because its levels were reduced
relative to the Fl-Ini1, mutant Fl-Brg1, and Fl-hBrm frac-
tions (Fig. 1C, lanes 9–12).

There are at least two types of complexes in the affin-
ity-purified Fl-Ini1 fractions, which differ by their sub-
unit composition (Fig. 5A). The first type of complex

coincides with the peak of anti-Brg1 and anti-hBrm ac-
tivity (Fig. 5B, fractions 8–11), whereas complex II ap-
pears to lack the subunits that migrate as 60- and 220-kD
doublets and contains substoichiometric amounts of the
47-kD subunit (Fig. 5A). There are also complexes that
lack the upper high molecular weight subunits (Fig. 5B,
fractions 15–19). Western blot analysis of the glycerol
gradient fractions revealed that endogenous Brg1 and
hBrm cofractionate in the complexes isolated using
tagged Ini1 (Fig. 5B, fractions 9–11). HDAC1 and mSin3A
cofractionate with the peak of Brg1 and hBrm complexes
(fraction 10, and data not shown). HDAC2 was also de-
tected in these gradient fractions; however, its elution
profile appeared to be more widespread than the other
components of the Sin3 complex.

Analysis of Fl-hBrm fractions showed that there is
only one major complex that elutes in fractions 9
through 11 and correlates with the activity of anti-Fl-
hBrm antibodies (Fig. 5C,D). This complex also corre-
lates with the presence of remodeling activity (see be-
low). By Western blotting, it appears that mSin3A,
HDAC1, and HDAC2 cofractionate with Fl-hBrm and its
associated hSWI/SNF subunits (Fig. 5C,D). It is impor-
tant to note that unlike Fl-Brg1, which is found in at
least two different complexes that appear to lack
HDAC1 and have reduced levels of HDAC2 (Fig. 4B),
Fl-hBrm is found in only one complex and is associated
with both HDAC1 and HDAC2 (Fig. 5D). Furthermore,
by silver staining it appears that the Fl-hBrm complex
lacks only the 220-kD doublet (Fig. 5C, fractions 9–11).
Taken together, these results show that although Fl-Brg1
and Fl-hBrm complexes contain highly conserved sub-
units, they interact differently with other proteins, and
consequently this might affect their ability to remodel
chromatin.

We have found that mSin3A cofractionates with Brg1
and with hBrm in all four cell lines that we have ana-
lyzed. In addition, there are Brg1 complexes that have
remodeling activity but do not associate with mSin3A
(complex II). Therefore, we conclude that there is a direct
association of mSin3A, which is normally involved in
gene repression, with specific Brg1- and hBrm-based
chromatin remodeling complexes.

Interaction of mSin3A with hSWI/SNF subunits
in vitro

To further study which components of hSWI/SNF com-
plexes mediate the interaction with the Sin3A complex,
we performed immunoprecipitation experiments using
in vitro translated proteins. Fl-Brg1, Fl-hBrm, BAF155,
BAF60, and Fl-Ini1 were expressed either individually
(Fig. 6A, lanes 1–5) or in combination with mSin3A (Fig.
6A, lanes 7–11) in the presence of [35S]methionine and
were subjected to immunoprecipitation with an affinity-
purified anti-mSin3A antibody (Fig. 6B, lanes 7–11). Af-
ter extensive washing of the immunoprecipitates, hSWI/
SNF subunits that interacted with mSin3A were released
by heat denaturation and subjected to a second immu-
noprecipitation using specific antibodies. Fl-Brg1,
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F-hBrm, and BAF155 were the only hSWI/SNF subunits
detected, indicating that these subunits can interact
with mSin3A. As a control, immunoprecipitations of in-
dividually translated proteins are shown (Fig. 6B, lanes
1–6). When preimmune anti-Brg1, anti-hBrm, and anti-
BAF155 antisera were used, no labeled proteins were de-
tected (data not shown). In light of these results, we con-
clude that the association of mSin3A with the Brg1 and
hBrm complexes is specific.

Brg1 complexes fractionate into two functionally
distinct complexes on glycerol gradients

To characterize further the function of the Brg1 and
hBrm complexes in chromatin remodeling, we separated
equal amounts of these complexes using glycerol gradi-
ent sedimentation and tested the resultant fractions for
remodeling activity. We assayed each fraction for its
ability to disrupt the DNase I digestion pattern of mono-

nucleosomes in the presence of ATP, and we also tested
the ability of each fraction to enhance restriction en-
zyme access to a 5S nucleosomal array. We were sur-
prised to find two different peaks of activity when we
fractionated the affinity-purified Brg1 complexes (Fig.
7A,B, Fl-Brg1 panels). In the mononucleosome remodel-
ing assay, fractions 9–11 displayed strong disruption of
the DNase I digestion pattern in regions that correspond
to the shoulder of the nucleosome, but showed less dis-
ruption near the dyad axis. In contrast, fractions 13–16
showed disruption of the DNase I digestion pattern
throughout the mononucleosome. When these fractions
were tested for activity on nucleosomal arrays using the
restriction enzyme cleavage protocol, we found maximal
activities in fractions 9 through 16 (Fig. 7C). Although all
active fractions contain Brg1 (Fig. 4B), there are differ-
ences in associated proteins that correlate with the dif-
ferences in the mononucleosome disruption assay. In all
assays, mutant Fl-Brg1 complexes had no activity (Fig.

Figure 6. mSin3A can associate specifi-
cally with hSWI/SNF subunits in vitro. (A)
hSWI/SNF subunits were in vitro translated
either individually (lanes 1–5) or in combi-
nation with mSin3A (lanes 7–11) using the
Promega TNT coupled reticulocyte lysate
system as described in Materials and Meth-
ods. TOTAL represents 33% of the total
amount of protein used in the immunopre-
cipitation assays. (B) Individual proteins
that were immunoprecipitated (IP) (lanes
1–6) were first immunoprecipitated (1° Ab)
with either anti-Flag (M2), anti-BAF155
(155), anti-BAF60 (60), or anti-mSin3A
(S3A) antibodies and then subjected to a
second immunoprecipitation (2° Ab) as in-
dicated. (Lanes 7–11) Double immunopre-
cipitations of hSWI/SNF subunits that were
cotranslated with mSin3A.
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Figure 7. Characterization of the chromatin remodeling activity of glycerol gradient-purified fractions. (A) Wild-type Fl-Brg1 com-
plexes I and II can remodel nucleosomal core particles. DNase I disruption assays were performed as described in Materials and
Methods. Mutant Fl-Brg1 (K798R) complexes were inactive. (Fr.#) Fraction number; (N) naked DNA; (arrows 1 and 2) bands used to
quantify the nucleosome remodeling activity of each fraction in arbitrary units (A.U.). (B) Quantification of bands 1 (filled squares) and
2 (open triangles) revealed that the peaks of nucleosome remodeling activity correlate with the elution profile of active Brg1 complexes.
(C) Fl-Brg1 complexes can remodel nucleosomal arrays and increase restriction enzyme accessibility. Equal amounts of each fraction
(10 µL) were incubated with the 5S array and assayed for activity by incubating the remodeled template with HhaI. The percentage of
cut template represents the ratio of cut template to total DNA.
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7A,C, Fl-Brg1/K798R panels), showing that the chroma-
tin remodeling activity of these complexes depends on
having an active Brg1 ATPase.

Fractionation of the Fl-Ini1 complexes, which contain
a mixture of Brg1 and hBrm-based complexes, resulted in
a broad peak of chromatin remodeling activity (Fig. 8).
The activity in the DNase I disruption protocol corre-
lated with the presence of Brg1 and hBrm (cf. Fig. 8, Fl-
Ini1 panels, with Fig. 5B), and displayed a disruption pat-
tern that was similar to the disruption observed with
Brg1 complexes I and II (cf. Fig. 8A with 7A). Analysis of
the Fl-hBrm complexes revealed that there is one peak of
activity in the restriction enzyme accessibility protocol
(Fig. 8C). These fractions had no activity in the DNase I
disruption protocol, as expected (Fig. 8A,B). These re-
sults indicate that the hBrm complex has less activity
than each of the two Brg1-based complexes.

Discussion

The Brg1 and hBrm complexes that we have character-
ized display significant functional differences. The two
Brg1 complexes can efficiently remodel nucleosomes as
core particles as well as arrays, whereas the hBrm com-
plex can remodel only arrays of nucleosomes. These
complexes also differ in composition. One of the Brg1
complexes and the hBrm complex associate with
mSin3A, a repressor that is involved in the mechanisms
that regulate cell growth. It had been recognized previ-
ously that there are multiple members of the SWI/SNF
family of remodeling complexes. One possibility is that
these differences cause these complexes to be targeted
differentially to different genes. The studies reported
here show that these complexes will bring different re-
modeling capabilities when they are targeted to genes
and also that they can bring, by association, proteins
involved directly in repression. The hSWI/SNF family of
complexes is therefore likely to contribute more broadly
to regulation of gene expression than previously thought.

Brg1 and hBrm complexes are functionally different

Studies that examined the levels of Brg1 and hBrm under
either growth-inhibiting or growth-inducing conditions
indicated that the levels of hBrm increase in cells that
have withdrawn from the cell cycle and decrease in cells
that are actively dividing (Muchardt et al. 1998). Based
on these results, it was proposed that hBrm negatively
regulates cell growth (Muchardt et al. 1998; Reyes et al.
1998). Other evidence that supports the notion that Brg1
and hBrm are different stems from the findings that
show that Brg1 and hBrm complexes are inactivated by
phosphorylation in vivo; however, only the hBrm com-
plex is targeted for degradation during mitosis (Muchardt
et al. 1996; Sif et al. 1998).

We have now purified complexes that contain either
Brg1 or hBrm from HeLa cells and showed that Brg1 is
associated with at least two different complexes, which
differ by their subunit composition, lack HDAC1, and

contain low levels of HDAC2. In contrast, hBrm is found
in one complex that contains both HDAC1 and HDAC2.
We have also shown that mSin3A cofractionates with
Brg1 complex I and the hBrm complex and can interact
with Brg1, hBrm, and BAF155 in vitro. The differential
ability of Brg1 and hBrm complexes to associate with
different members of the Sin3 complex might be a key
reason for the differences that these complexes play in
biological regulation.

Using different assays, we have shown that the Brg1
complexes are more active than the hBrm complex, par-
ticularly in their ability to remodel mononucleosome
templates. There are several possible explanations for
why the hBrm complex does not remodel chromatin as
efficiently as the Brg1 complexes. The possibility that
we favor is that additional subunits repress the remod-
eling activity of the hBrm complex. Add-back experi-
ments show that when immunopurified Fl-hBrm com-
plex is added in stoichiometric amounts to Fl-Brg1 com-
plexes, it can decrease the remodeling activity on
nucleosomal arrays (data not shown). In contrast, experi-
ments using baculovirus-expressed proteins show that
Fl-Brg1 and Fl-hBrm have similar specific activities (G.J.
Narlikar and R.E. Kingston, unpubl.), and addition of af-
finity-purified Fl-hBrm to Fl-Brg1 does not inhibit the
ability of Brg1 to remodel nucleosomal arrays (Phelan et
al. 1999). Thus, inhibition in these add-back experiments
requires proteins other than the ATPase. One attractive
possibility is that HDAC1 and HDAC2 directly affect
the remodeling activity of the hBrm complex; these pro-
teins are found associated predominantly with hBrm
(Figs. 1C and 5D).

Brg1 is the ATPase of two distinct chromatin
remodeling complexes

Purification of affinity-purified mutant and wild-type Fl-
Brg1 complexes by glycerol gradient sedimentation re-
vealed that there exist two different complexes that con-
tain Brg1 as their central ATPase. Fl-Brg1 complex I con-
tains all known hSWI/SNF subunits; however, Fl-Brg1
complex II lacks p50, and p60 and p220 doublets. It re-
mains possible that Fl-Brg1 complex II is a partial version
of complex I, but we believe that this is very unlikely
because the missing subunits are not limiting (data not
shown). Both complexes can remodel nucleosomal ar-
rays and display different mononucleosomal disrupting
activities. Complexes that were isolated through Fl-Brg1
(K798R) were inactive in all assays, indicating that Brg1
is the major ATPase in these complexes. Furthermore,
we have noticed that the levels of mSin3A and RbAp48
are reduced in mutant Brg1 affinity-purified fractions. It
is possible that these two genes might require Brg1 com-
plexes for their expression. Therefore, when mutant
Brg1, which is unable to remodel chromatin, is ex-
pressed, it partially interferes with their activation.

There are clear differences in the way Brg1 complexes
I and II alter nucleosome structure, as shown by the
mononucleosome disruption assay (Fig. 7A,B). Brg1 com-
plex I disrupts the edge of the nucleosome and shows
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Figure 8. Chromatin remodeling activity of Fl-Ini1 and Fl-hBrm complexes. (A) Fl-Ini1 and Fl-hBrm glycerol gradient fractions (10 µL
each) were incubated with nucleosome cores as described in Materials and Methods. Fl-Ini1 fractions show a single broad peak of
nucleosome-disrupting activity, which correlates with the activity of anti-Brg1 and anti-hBrm antibodies. Fl-hBrm complex did not
alter the mononucleosome 10-bp ladder. (Fr.#) Fraction number; (N) naked DNA; (arrows 1 and 2) bands used to generate the graphs
shown in B. (C) Fl-Ini1 and Fl-hBrm complexes can remodel nucleosomal arrays. Equal amounts (10 µL) of each glycerol gradient
fraction were assayed for activity as described for Fl-Brg1 complexes. The percentage of cut template represents the ratio of cut
template to total DNA.
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protection from DNase I cleavage near the dyad axis. In
contrast, Brg1 complex II induces cutting throughout the
nucleosome cores. It is likely that the lack of certain
subunits in Brg1 complex II might contribute to the
widespread disruption of the nucleosome ladder. Evi-
dence that supports this hypothesis comes from studies
by Wang et al. (1998), which show that BAF57 (p50 in our
complexes) can avidly bind four-way junction DNA
through its HMG-like DNA binding domain. Based on
this result and the studies of Quinn et al. (1996), it was
speculated that BAF57 might bind nucleosomes near the
dyad axis, where DNA enters and exits the nucleosome,
and therefore might adopt a structure that resembles a
four-way junction. Our results show that Brg1 complex I,
which contains p50 (BAF57), can induce protection over
the region that spans the dyad axis. In contrast, Brg1
complex II, which lacks p50 as well as p60 and p220
subunits, shows a different pattern of disruption of the
10-bp ladder. Therefore, it is possible that the p50 sub-
unit either alone or in combination with other hSWI/
SNF subunits is responsible for blocking remodeling at
the dyad axis.

There is ample evidence indicating that chromatin re-
modeling complexes are targeted by transcription factors
to perform specific changes at specific loci (Cosma et al.
1999; Gregory et al. 1999; Krebs et al. 1999). The nature
of the changes introduced by chromatin remodeling
complexes is still not clear, although it is likely that
these changes are going to be regulated and specific in
nature. Recent studies have shown that the yeast SWI/
SNF and RSC complexes can remodel nucleosomes by
catalyzing the transfer of the core histones in cis or in
trans (Lorch et al. 1999; Whitehouse et al. 1999; Jas-
kelioff et al. 2000). In contrast, members of the ISWI
subfamily of chromatin remodeling complexes can alter
nucleosome structure by promoting histone octamer
sliding in cis, but not in trans (Hamiche et al. 1999;
Längst et al. 1999). Therefore, different classes of tran-
scription factors might exploit the intrinsic differences
that exist between different forms of remodeling com-
plexes to induce specific alterations of nucleosome
structure. For example, Brg1 complex I might be re-
cruited to induce changes in localized regions of the
nucleosome, whereas Brg1 complex II might be targeted
to cause a more widespread disruption of chromatin. It is
also conceivable that the difference in activity between
Brg1 and hBrm complexes might be used selectively by
various transcription factors to achieve different levels of
chromatin remodeling.

Interaction of Brg1 and hBrm complexes
with components of the Sin3 complex

Several studies have shown that multisubunit chroma-
tin remodeling complexes can act in concert with his-
tone acetyl transferases to activate transcription (Cosma
et al. 1999; Gregory et al. 1999; Krebs et al. 1999). More
recently, members of the Mi-2 subfamily of ATPases
have been found in association with HDAC1 and 2, pro-
viding a link between chromatin remodeling and histone

deacetylation (Tong et al. 1998; Xue et al. 1998; Zhang et
al. 1998a). We now show that Brg1 and hBrm complexes
associate with components of the Sin3 complex, which
has been shown to be involved in the repression of tran-
scription by a wide variety of factors. Characterization of
the chromatin remodeling activity of these complexes
shows that they have different specific activities and can
alter nucleosome structure in a different manner. Taken
together, these results indicate that proteins that target
the Sin3A/histone deacetylase complex might also indi-
rectly target the Brg1 and hBrm complexes. Precedents
for such a mechanism are provided by the NuRD com-
plex, which has been shown to be targeted by factors that
can repress transcription (Kim et al. 1999; O’Neill et al.
2000).

There are several questions that remain unanswered.
For example, why is HDAC1 not present in the Brg1
complexes? Why is mSin3A found in association only
with Brg1 complex I and not with complex II? Both com-
plexes remodel nucleosomes; however, it appears that
Brg1 complex I has a different pattern of disruption of the
10-bp ladder than complex II. Does this mean that the
Sin3 complex can interact only with complexes that can
induce localized changes in nucleosome structure? Us-
ing the Brg1 and hBrm epitope-tagged cell lines, we can
begin to address these questions and elucidate the
mechanisms by which Brg1 and hBrm complexes are
regulated and targeted.

Materials and methods

Plasmid constructions

Plasmid pBabe/Fl-Ini1 for in vivo expression of C-terminally
Flag-tagged Ini1 was described previously (Sif et al. 1998). Plas-
mid pBS(KS+)/Fl-Ini1 was generated by subcloning a 1.2-kb
EcoRI fragment excised out of pBabe/Fl-Ini1 into the unique
EcoRI site of Bluescript. Retroviral vectors used to express C-
terminally Flag-tagged wild-type and mutant Brg1, and hBrm,
were generated using inserts from pBS(KS+)/Fl-Brg1, pBS(KS+)/
Fl-Brg1 (K798R), and pBS(KS+)/Fl-hBrm, respectively. To gener-
ate pBS(KS+)/Fl-Brg1, full-length Brg1 was excised out of pBJ5/
Brg1 (Khavari et al. 1993) as an HpaI fragment and subcloned
into EcoRV-linearized pBS(KS+). Two primers were then used to
introduce a Flag tag before the stop codon followed by SalI and
SpeI restriction sites. The 5� primer (5�-GAC CAA GAC CCT
GAT GAA CAC CAT CAT GCA GCT GCG GAA GAT CTG
CAA CCA CCC CTA CAT GTT CCA GCAC-3�) spanned the
BglII site at nucleotide position 3190, and the 3� primer (5�-GAC
TAG TCG CGT CGA CTT ATC ATT TGT CAT CGT CGT
CCT TGT AGT CGT CTT CTT CGC TGC CAC TTC CTG
AGC GGT CCT CCT CT-3�) contained the Flag-tag, SalI, and
SpeI sequences. Flag sequences are indicated in boldface, and
the restriction sites are underlined. The PCR fragment gener-
ated with these primers was then subcloned into pBS(KS+)/Brg1,
which was digested with BglII–SpeI, thereby generating
pBS(KS+)/Fl-Brg1. The full-length Flag-tagged Brg1 cDNA was
then excised out of pBS(KS+)/Fl-Brg1 as a SalI fragment and
subcloned into pBabe to generate pBabe/Fl-Brg1. To create Flag-
tagged Brg1 containing a mutation in the ATP binding site,
which substitutes a lysine at amino acid position 798 for an
arginine, an NsiI–BglII restriction fragment was isolated from
pBJ5/Brg1 (K798R) (Khavari et al. 1993) and subcloned into the
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respective sites of pBS(KS+)/Fl-Brg1. Plasmid pBabe/Fl-Brg1
(K798R) was generated by subcloning a SalI fragment from
pBS(KS+)/Fl-Brg1 (K798R) into SalI-linearized pBabe. Plasmids
pBS(KS+)/BAF155 and pBS(KS−)/BAF60 were described previ-
ously (Wang et al. 1996b; Phelan et al. 1999). Plasmid pBS(KS+)/
Fl-hBrm was constructed as follows. First, two primers were
designed so that the 5� primer (5�-CGC AGC AAC AAC AGC
AGC CGG CCC TTG TTA ACT ACA ACA GAC CAT CTG
GCC CGG GGC CGG AGC TGA GCG G-3�) spanned the in-
ternal HpaI site at nucleotide position 1070, and the 3� primer
(5�-CGG GGT ACC CGG AAT TCT TAT CAT TTG TCA TCG
TCG TCC TTG TAG TCC TCA TCA TCC GTC CCA CTT
CCT TCT GAC TGT TCA CGT-3�) encoded the Flag tag followed
by EcoRI and KpnI restriction sites. These two primers were
used to generate a PCR fragment from pCG/hBrm (Muchardt
and Yaniv 1993), which was digested with HpaI and KpnI and
cloned back into pCG/hBrm. The resulting plasmid, pCG/Fl-
hBrm, was digested subsequently with EcoRI, and the full-
length Flag-tagged hBrm cDNA was cloned as an EcoRI frag-
ment into pBabe. Plasmids pTPT and p2085S-G5E4 used to gen-
erate the DNA fragments to assemble mononucleosomal core
particles and the 5S nucleosomal arrays, respectively, were de-
scribed previously (Sif et al. 1998; Neely et al. 1999).

Establishment of cell lines

Cells were grown in Dulbecco’s modified Eagle’s media
(DMEM) supplemented with 10% fetal bovine serum (FBS). To
create cell lines that express Flag-tagged wild-type and mutant
Brg1, and hBrm, retroviral vectors for the expression of these
proteins were transfected into the Bing packaging cell line es-
sentially as described (Sif et al. 1998). Several individual colo-
nies were isolated for each construct, expanded into cell lines,
and screened for expression. Two clones for each construct were
expanded into media containing puromycin and used to im-
munopurify Brg1 and hBrm complexes.

Purification of Flag-tagged hSWI/SNF complexes

Nuclear extracts were prepared from each cell line as described
previously (Dignam et al. 1983). Affinity purification of epitope-
tagged hSWI/SNF complexes was performed as described previ-
ously (Sif et al. 1998). To further purify hSWI/SNF complexes,
approximately 4 µg of affinity-purified complexes was applied to
a 2-mL 20%–40% glycerol gradient (glycerol, 50 mM Tris-HCl
at pH 7.5, 1 mM EDTA) and centrifuged in a TLS55 rotor at
30,000 rpm for 24 h at 4°C. Fractions (∼120 µL) were collected
and analyzed as described in the figure legends.

Mononucleosome disruption and ATPase assays

Mononucleosome disruption assays were performed as de-
scribed previously (Imbalzano et al. 1996; Sif et al. 1998), except
that the core particles were assembled by octamer transfer in-
stead of by salt dilution (Rhodes and Laskey 1989). A 155-bp
EcoRI–MluI DNA fragment derived from the pTPT plasmid was
32P-labeled at the EcoRI site by Klenow treatment and as-
sembled into core particles in the presence of 80-fold molar
excess of H1-depleted HeLa nucleosomes. Assembled cores
were applied to a 5%–30% glycerol gradient and purified as
described (Sif et al. 1998). Approximately 3.3 ng (0.44 nM) of
nucleosomal core particles, which includes 0.3 ng (0.04 nM)
labeled and 3 ng (0.4 nM) unlabeled DNA, were incubated with
or without 2 mM ATP and affinity-purified Brg1 and hBrm com-
plexes in a 25-µL reaction containing 12 mM HEPES (pH 7.9), 60
mM KCl, 6 mM MgCl2, 60 µM EDTA, 2 mM DTT, 13% glyc-

erol for 30 min at 30°C. DNase I treatment and analysis were as
described (Sif et al. 1998). To measure the ATPase activity of
Brg1 and hBrm complexes, approximately 72 ng (3.6 nM) of
immunopurified complexes was incubated with or without 20
nM plasmid DNA and 100 µM ATP in a 10-µL reaction as de-
scribed (Phelan et al. 1999).

Chromatin remodeling assays

Nucleosome-assembled plasmid templates used in the super-
coiling assay were prepared as described previously (Sif et al.
1998). Nucleosome reconstitution of Lytechinus variegatus 5S
ribosomal DNA repeat sequences was performed using plasmid
p2085S-G5E4 (Neely et al. 1999). The 5S array was gel purified
following digestion of p2085S-G5E4 with Asp718, ClaI, and
DdeI, 32P-labeled at the Asp 718 site by Klenow treatment, and
used to assemble polynucleosomal templates as reported previ-
ously (Richmond et al. 1988; Carruthers et al. 1999). Briefly, a
total of 10 µg of gel-purified 5S-G5E4 fragment was incubated
with 13.1 µg of H1-depleted HeLa core histones in a 100-µL final
reaction volume containing high salt buffer (2 M NaCl, 20 mM
Tris-HCl at pH 7.8, 1 mM EDTA, 10 mM DTT, 0.5 mM benza-
midine hydrochloride) supplemented with 100 µg/mL BSA. The
reaction was transferred to a dialysis tubing and placed into 200
mL of high salt buffer (2 M NaCl, 20 mM Tris-HCl at pH 7.8, 1
mM EDTA, 10 mM DTT, 0.5 mM benzamidine hydrochloride).
Assembly of the 5S array was performed by continuous dilution
of the dialysis buffer using a low salt buffer (0.25 M NaCl, 20
mM Tris-HCl at pH 7.8, 1 mM EDTA, 10 mM DTT, 0.5 mM
benzamidine hydrochloride) and keeping the volume of the di-
alysis reaction constant. Dialysis was allowed to proceed for 48
h until the salt concentration of the dialysis buffer was lower
than 500 mM NaCl. The assembled 5S linear array was stabi-
lized by a final dialysis in 200 mL of a buffer containing 10 mM
Tris-HCl (pH 7.8) and 0.25 mM EDTA for 12–16 h at 4°C (Han-
sen et al. 1991). The amount of HeLa core histones added to the
initial reaction was determined empirically as one that resulted
in more than 50% saturated arrays as determined by EcoRI di-
gestion analysis (Carruthers et al. 1999), concomitant increases
in agarose gel electrophoretic mobility (Steger and Workman
1999), and micrococcal nuclease (MNase) digestion.

To analyze the extent of assembly of the 5S array, we treated
2 ng of unlabeled and assembled template with increasing
amounts of MNase for 2 min at room temperature. The reac-
tions were stopped with stop buffer (50 mM Tris-HCl at pH 8.0,
0.1 mM EDTA, 25% (v/v) glycerol, 3% (w/v) SDS, 0.04% (w/v)
bromophenol blue, 0.04% (w/v) xylene cyanol), which was
supplemented with 2 mg/mL proteinase K, and incubated for
45–60 min at 37°C. Samples were loaded on a 1% agarose gel
and electrophoresed for 12–15 h at 60 V. The denatured DNA
was transferred to Hybond-XL membrane (Amersham Pharma-
cia Biotech) overnight in 20× SSC (3M NaCl, 0.3M sodium cit-
rate at pH 7.0). Following UV irradiation to cross-link the DNA,
the membrane was prehybridized and hybridized using Ex-
pressHyb hybridization solution (Clontech) according to the
manufacturer’s protocol. A 5S-specific oligonucleotide (5�-GGT
ATG GTC GTA GGC TCT TGC TTG-3�) was 32P-labeled by
kinase treatment and used at 2 × 106 cpm/mL of hybridization
solution to detect the 5S DNA.

To assay for nucleosome remodeling,∼6 ng of either plasmid
chromatin (0.12 nM) or 5S nucleosomal arrays (0.14 nM) was
incubated with or without ATP and Brg1 and hBrm complexes
in a 25-µL reaction as described for the mononucleosome dis-
ruption assay. Reactions that contained plasmid chromatin
were supplemented with 0.1 unit of wheat germ topoisomerase
I (Promega) and incubated for 60–90 min at 30°C. When the 5S
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nucleosomal array was added, samples were incubated with re-
modeling complexes for either 10 or 30 min at 30°C before
adding apyrase (2.5 units per reaction). Next, HhaI was added
(15 units per reaction), and the reactions were allowed to incu-
bate for an additional 60 min at 30°C. All reactions were
stopped with stop buffer containing 2 mg/mL proteinase K and
were incubated for 45–60 min at 37°C. The samples that con-
tained plasmid DNA were analyzed on a 2% agarose gel in 1×
phosphate buffer (40 mM Tris-base, 30 mM NaPO4, 1 mM
EDTA) for 42 h at 40 V, whereas samples that contained 5S
arrays were analyzed on 1% agarose gel in 1× TAE buffer (40
mM Tris-acetate, 1 mM EDTA) for 4–5 h at 140 V.

Antibodies and Western blot analysis

Western blot analysis and anti-Brg1, anti-hBrm, and anti-hSWI3
rabbit polyclonal antisera have been described previously (Sif et
al. 1998). Anti-BAF60 rabbit polyclonal antibodies were raised
against a GST-BAF60 (amino acids 10–84). Anti-mSin3A and
anti-Flag M2 antibodies were purchased from Santa Cruz, anti-
HDAC1 and 3 were purchased from Upstate Biotechnologies,
and anti-HDAC2 and anti-RbAp48 antibodies were purchased
from Zymed.

Immunoprecipitation of in vitro translated proteins

Proteins were synthesized by incubating 1–2 µg of plasmid
DNA with 25 µL of the TNT-coupled reticulocyte lysate and 22
µCi of [35S]methionine and cysteine (NEN) according to the
manufacturers recommendations (Promega). In vitro translated
proteins were immunoprecipitated by incubating 40–50 × 103

cpm with antibodies in a 250-µL reaction containing 20 mM
Tris-HCl (pH 7.4), 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA,
0.1% NP-40, 1% Aprotinin. After a 60 min incubation on ice, 75
µL of a 50% slurry of protein A sepharose beads (Pharmacia) was
added, and the reactions were incubated overnight at 4°C with
gentle mixing. When anti-Flag M2 affinity gel was used, protein
A sepharose beads were not added. After the first immunopre-
cipitation, beads were washed three times with 0.5 mL of wash-
ing buffer (20 mM Tris-HCl at pH 7.4, 150 mM NaCl, 5 mM
MgCl2, 1 mM EDTA, 0.1% NP-40, 1% Aprotinin). The retained
proteins were then released by heat denaturation for 5 min in
the presence of 0.5% SDS, and the supernatant was used to
perform a second immunoprecipitation using specific antibod-
ies as described above. Beads were washed four times with
washing buffer and analyzed by SDS-PAGE.
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