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The SWI/SNF family of chromatin-remodeling complexes plays a key role in facilitating the binding of specific
transcription factors to nucleosomal DNA in diverse organisms from yeast to man. Yet the process by which
SWI/SNF and other chromatin-remodeling complexes activate specific subsets of genes is poorly understood.
We show that mammalian SWI/SNF regulates transcription from chromatin-assembled genes in a
factor-specific manner in vitro. The DNA-binding domains (DBDs) of several zinc finger proteins, including
EKLF, interact directly with SWI/SNF to generate DNase I hypersensitivity within the chromatin-assembled
B-globin promoter. Interestingly, we find that two SWI/SNF subunits (BRG1 and BAF155) are necessary and
sufficient for targeted chromatin remodeling and transcriptional activation by EKLF in vitro. Remodeling is
achieved with only the BRG1-BAF155 minimal complex and the EKLF zinc finger DBD, whereas transcription
requires, in addition, an activation domain. In contrast, the BRG1-BAF155 complex does not interact or
function with two unrelated transcription factors, TFE3 and NF-kB. We conclude that specific domains of
certain transcription factors differentially target SWI/SNF complexes to chromatin in a gene-selective manner
and that individual SWI/SNF subunits play unique roles in transcription factor-directed nucleosome

remodeling.
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The selective expression of genes that are packaged into
repressive chromatin structures is a fundamental process
that controls gene regulation during development. Ge-
netic and biochemical studies have defined several el-
egant mechanisms that relieve nucleosomal repression
and increase accessibility of DNA for protein interac-
tions that establish appropriate patterns of gene expres-
sion (for review, see Kadonaga 1998; Kingston and Nar-
likar 1999). These mechanisms often involve large enzy-
matic complexes that structurally disrupt or modify
histone-DNA contacts within nucleosomes to facilitate
transcription factor binding.

One important category of such complexes is the SWI/
SNF family of ATP-dependent chromatin-remodeling
proteins (for review, see Muchardt and Yaniv 1999). SWI/
SNF is a 2 Mda, multisubunit, DNA-dependent ATPase
that has been shown genetically to regulate subsets of
inducible genes in yeast (for review, see Winston and
Carlson 1992) and biochemically to facilitate the inter-
action of a variety of transcription factors with nucleo-
somal DNA (Utley et al. 1997; for review, see Workman
and Kingston 1998). Mammalian SWI/SNF complexes
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consist of ~15 subunits and fall into two broad classes,
depending on whether they contain hBRM or BRG1 as
the ATPase. BRG1-associated factors (BAFs) tightly bind
to either ATPase subunit to form distinct SWI/SNF com-
plexes. These complexes are subject to cell cycle control
by changes in phosphorylation (Muchardt et al. 1996; Sif
et al. 1998) and can be quite biochemically diverse,
which suggests that they may have specialized cellular
functions (Wang et al. 1996).

Current studies support the view that SWI/SNF causes
the partial unwrapping of DNA from the nucleosome
without actual loss of histones, in contrast to the histone
acetyl transferase p300 (Ito et al. 2000), and can promote
both octamer sliding and transfer to neighboring DNA
(for review, see Peterson and Workman 2000). Interest-
ingly, human SWI/SNF (hSWI/SNF) can convert nucleo-
somal structure from a base state to a remodeled struc-
ture in a reversible manner (Schnitzler et al. 1998) and
the recombinant ATPase subunit, hBRM or BRG], is suf-
ficient to disrupt histone-DNA contacts (Phelan et al.
1999).

Although considerable information is available con-
cerning the mechanism by which SWI/SNF alters
nucleosomal structure by ATP hydrolysis, little is
known about how this complex is targeted to specific
promoters to generate transcriptionally active genes. In
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this regard, SWI/SNF has been found to associate with
diverse regulators of gene activation and cell prolifera-
tion. These include the glucocorticoid receptors (GRs)
and estrogen receptors (Yoshinaga et al. 1992, Muchardt
and Yaniv 1993; Ichinose et al. 1997; Ostlund-Farrants et
al. 1997; Fryer and Archer 1998), the retinoblastoma tu-
mor suppressor protein, Rb (Dunaief et al. 1994), and
cyclin E (Shanahan et al. 1999). The ¢-MYC proto-onco-
gene and papillomavirus E1 protein can each associate
and function with SWI/SNF, further supporting the no-
tion that this complex participates in cell growth control
(Cheng et al. 1999; Lee, D. et al. 1999; for review, see
Muchardt and Yaniv 1999). Moreover, activation of the
mammalian hsp70 gene in response to certain signaling
pathways is also dependent on SWI/SNF components (de
La Serna et al. 2000). Mammalian SWI/SNF has func-
tional interactions with tissue-restricted activators such
as EKLF (Armstrong et al. 1998) and C/EBPB (Kowenz-
Leutz and Leutz 1999) and cooperates with these pro-
teins to regulate expression of B-globin and myeloid
genes, respectively. Involvement of SWI/SNF in the de-
velopmental regulation of the human B-globin locus has
been demonstrated recently in vivo (Lee, C.H. et al.
1999; O'Neill et al. 1999). Taken together, these studies
clearly show that SWI/SNF has a critical role in a wide
variety of transcriptional programs and that the specific-
ity of chromatin remodeling must be a highly regulated
process.

We have previously shown that a mammalian SWI/
SNF complex (E-RC1) regulates transcription of chroma-
tin-assembled human B-globin genes in combination
with the erythroid factor EKLF in vitro (Armstrong et al.
1998). SWI/SNF facilitates the targeted interaction of
EKLF to its binding site at -90 within the B-globin pro-
moter, resulting in the generation of a DNase hypersen-
sitive region, which is indicative of structurally remod-
eled chromatin. In contrast, SWI/SNF is unable to acti-
vate expression from chromatin-assembled HIV-1
promoters by the E-box binding protein, TFE3, which
indicates that remodeling and activation by SWI/SNF is
transcription factor selective in vitro. We have examined
the basis for this apparent functional selectivity and the
role of specific SWI/SNF subunits in factor-directed
nucleosomal targeting and gene activation. Here we
show that mammalian SWI/SNF cooperates with several
proteins containing zinc finger DNA-binding domains
(DBDs) to disrupt chromatin structure and to activate
transcription. Targeted remodeling by SWI/SNF results
from direct interaction with the zinc finger DBDs but
not with the activation domains (ADs) of these factors.
In contrast, SWI/SNF does not interact or function with
two non-zinc finger proteins, TFE3 and NF-kB. We have
examined the role of individual SWI/SNF subunits in
this process and found that a minimal recombinant com-
plex composed of two proteins is sufficient for factor-
directed chromatin disruption and transcription. Thus
functional selectivity by mammalian SWI/SNF occurs
by direct interactions between specific protein domains
and individual SWI/SNF subunits to achieve targeted
chromatin remodeling.
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Results

Mammalian SWI/SNF functions with several proteins
containing distinct zinc finger DBDs

To further assess the specificity of targeted chromatin
remodeling, we tested the ability of other zinc finger
DBDs in addition to EKLF (Spl, GATA-1) to cooperate
with SWI/SNF and to activate transcription from nucleo-
some-assembled human B-globin promoters in vitro. The
transcription factor Spl binds to DNA with the same
sequence specificity as EKLF, and recognizes a CACC
motif in the B-globin promoter (-90), whereas the
GATA-1 factor interacts with two different sites (at -120
and -200) within this region. Spl and EKLF share a re-
lated zinc finger DBD that is composed of three fingers,
which is quite distinct from the two-finger structure of
GATA-1 (for review, see Mackay and Crossley 1998). As
shown in Figure 1A, the native mammalian SWI/SNF
complex strongly activated transcription of the chroma-
tin-assembled B-globin gene by either EKLF (cf. lanes 3
and 5), Sp1 (cf. lanes 6-8 with lanes 9-11), or GATA-1 (cf.
lanes 12-14 with lanes 15-17). Activation by each of the
three proteins was invariably accompanied by nucleo-
some structural remodeling, as assessed by the forma-
tion of DNase I hypersensitive sites in the B-globin pro-
moter (Figure 1B). Thus SWI/SNF can cooperate with
different zinc finger-containing proteins (EKLF, Sp1, and
GATA-1) to structurally remodel the nucleosomal B-glo-
bin promoter and to activate transcription in vitro.

The zinc finger DBD of EKLF is sufficient for targeted
SWI/SNF chromatin remodeling

To identify the role of distinct EKLF protein domains in
SWI/SNF-mediated chromatin remodeling and transcrip-
tional activation, we examined a series of EKLF-mutant
proteins in vitro. As expected, mutations affecting the
EKLF AD decreased B-globin transcription (Fig. 2A, cf.
lanes 10,11,13 with lane 9), and no activity was observed
with the isolated AD (Fig. 2A, lane 12) or the zinc finger
DBD (Fig. 2A, lane 14). Importantly, however, the zinc
finger DBD was as active as full-length EKLF in its abil-
ity to support nucleosome remodeling by SWI/SNF (Fig.
2B, cf. lanes 17 and 27). In contrast, the isolated EKLF
activation domain had no ability to support SWI/SNF-
dependent remodeling (Fig. 2B, lane 23). These data show
that the zinc finger DBD of EKLF is sufficient to generate
specific nucleosome remodeling in the presence of na-
tive SWI/SNF, whereas transcriptional activation re-
quires, in addition, the EKLF activation domain.

SWI/SNF subunits interact with the distinct zinc
finger DBDs of EKLF and GATA-1

To assess whether EKLF interacts directly with SWI/
SNF, recombinant EKLF was incubated with the purified
native SWI/SNF complex and examined for associated
SWI/SNF subunits following GST pull-down and immu-
noblotting experiments (Fig. 3A). All SWI/SNF subunits
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Figure 1. Mammalian SWI/SNF selectively func-
tions with several zinc finger DNA-binding proteins
to remodel chromatin and activate transcription in
vitro. (A) In vitro transcription of chromatin-as-
sembled B-globin plasmids by zinc finger containing
transcription factors (EKLF, GATA-1, and Sp-1) in
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were recovered with full-length EKLF and GATA-1 (Fig.
3A, lanes 1,4) or the distinct zinc finger DBD of either
protein (Fig. 3A, lanes 2,5). In contrast, SWI/SNF failed to
bind the AD of either EKLF (Fig. 3A, lane 3) or GATA-1
(Fig. 3A, lane 6). Parallel experiments were carried out
with recombinant TFE3 and NF-kB (p50). These proteins
regulate the HIV-1 promoter and our previous studies
have shown that SWI/SNF does not facilitate TFE3-de-
pendent transcription in vitro (Armstrong et al. 1998).
Binding analysis of TFE3 and NF-«B (p50) revealed only a
weak interaction with one of the SWI/SNF subunits,
BAF57 (Fig. 3A, lanes 8-11), which may represent some
unincorporated subunit in our SWI/SNF preparation.
Further experiments using the chimeric transcription ac-
tivator, GAL4-VP16, showed only weak association
with BRG1 and BAF57 (Fig. 3B, lanes 4,5), but not with
the other SWI/SNF subunits. Importantly, SWI/SNF did
not bind the ADs of either EKLF (Fig. 3B, lane 8) or VP16
(Fig. 3B, lane 9). Thus three distinct activators (TFE3,
NF-«B, and GAL4-VP16) failed to interact significantly
with native mammalian SWI/SNF, whereas EKLF and
GATA-1 bound SWI/SNF avidly through structurally
distinct zinc finger DBDs. Protein overlay (far-Western)
experiments using a native flag-tagged hSWI/SNF com-
plex showed that EKLF can interact with BRG1, BAF155,

pmole of recombinant EKLF (lanes 3,5); 30 nmole, 60
nmole, and 150 nmole of an Sp1 fraction (lanes 6-11),
and 35 pmole, 45 pmole, or 65 pmole of recombinant
GATA-1 (lanes 12-17) per 1 pg of chromatin in a 100
uL of reaction volume. Triangles indicate increasing
concentrations of Spl (which was inhibitory to tran-
scription at high levels in the absence of SWI/SNF) or
GATA-1. All proteins were added to assembled chro-
matin and incubated for 30 min at 27°C. Chromatin
assembly and transcription reactions were con-
ducted as described in Materials and Methods.
Primer extension products of the B-globin promoter
and the AdLuc internal control gene are indicated by
arrows. (B) Analysis of the ability of different zinc
finger-containing DNA-binding proteins to generate
DNase I hypersensitivity within the g-globin pro-
moter in the presence of SWI/SNF. Assembled chro-
matin was incubated with SWI/SNF and either
EKLF, Spl, or GATA-1 as in A, and half of the reac-
tion was divided in two and digested with 2 U and 1
U of DNase I as described in Materials and Methods.
Triangles indicate increasing amounts of DNase 1.
Brackets show the -120-+10 region of the B-globin
promoter. A schematic diagram of the B-globin pro-
moter is shown between panels A and B.

and BAF170 (Fig. 3C, top). Moreover, full-length EKLF
and the related zinc finger DBDs of EKLF and Spl, but
not the EKLF AD, also bound to these recombinant SWI/
SNF subunits in a GST pull-down assay (Fig. 3C, bot-
tom). These results show that one critical parameter of
SWI/SNF functional selectivity is its ability to directly
interact with particular protein domains and to be tar-
geted to specific nucleosomal sites. Among the five tran-
scription factors that we have examined, the basis for
this selectivity is the presence of structurally distinct
zinc finger DBDs (found in either Sp1/EKLF or GATA-1)
rather than the other DBDs or ADs represented in this
sample.

Recombinant BRG1 and BAF155 subunits cooperate
with EKLF to activate the chromatin-assembled
B-globin promoter

Previous studies have shown that nucleosomal disrup-
tion in vitro can be achieved with only a partial SWI/SNF
complex or with the ATPase BRG1 alone (Phelan et al.
1999). To define the minimal SWI/SNF complex required
for selective regulation by transcriptional activators, we
analyzed recombinant SWI/SNF subunits in place of na-
tive SWI/SNF complex. As shown in Figure 4, incubation
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Figure 2. Distinct protein domains of EKLF are required for
SWI/SNF-dependent chromatin remodeling and transcriptional
activation. (A) Analysis of different EKLF mutant proteins in
B-globin promoter activation in the presence or absence of SWI/
SNF in vitro. Assembled chromatin templates were incubated
with either wild-type or mutant EKLF proteins (37 pmole/1 pg
of chromatin in a 100 pL reaction volume) and SWI/SNF, as
indicated for each lane. The reactions were then split, and half
was transcribed as in Figure 1A and as described in Materials
and Methods. (B) The zinc finger DNA-binding domain of EKLF
is sufficient to direct SWI/SNF-dependent DNase I hypersensi-
tivity within the B-globin promoter. After assembly, chromatin
was incubated with either wild-type or mutant EKLF protein in
the presence or absence of SWI/SNF, as indicated above each
lane. Reactions were then split and half was transcribed as
shown in A and the remaining chromatin was divided into two
tubes with 150 ng chromatin per tube and digested with 1 U and
2 U of DNase I. Triangles indicate increasing amounts of DNase
L. Brackets show the -120-+10 region of the promoter. (M) Di-
gested B-globin plasmid as a size marker. Bands represent di-
gests of Ncol (4.7 Kb), Ncol/BsaAl (841 bp) and Ncol/EcoRI (301
bp). A schematic diagram of the domain structure of EKLF is
shown between panels A and B.

of EKLF with recombinant BRG1 (lane 5), the yeast SWI3
homolog BAF155 (lane 7), or BAF170 (lane 9) did not
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significantly activate the nucleosome-assembled B-glo-
bin gene. In contrast, the combination of BRG] and
BAF155 supported high levels of B-globin transcription
(Fig. 4, lane 13), and somewhat weaker transcription was
observed when BAF155 was replaced with BAF170 (Fig.
4, cf. lanes 18 and 21). Interestingly, addition of BAF170
into a complex with BRG1 and BAF155 did not further
increase transcription (Fig. 4, cf. lanes 13 and 15). Thus a
minimal complex composed of two recombinant SWI/
SNF subunits is sufficient to facilitate EKLF-dependent
transcriptional activation in vitro.

Native and recombinant SWI/SNF function with EKLF
but not with TFE3 or NF-kB to activate the chromatin-
assembled HIV-1 promoter

To determine whether this minimal SWI/SNF complex
still retained its ability to functionally discriminate be-
tween classes of transcription factors, we examined
whether it could cooperate with TFE3 or NF-kB to acti-
vate transcription of chromatin-assembled HIV-1 pro-
moters in vitro. As a positive control, we confirmed that
EKLF was able to cooperate with either native SWI/SNF
or recombinant BRG1-BAF155 to bind to the Spl sites at
-50 and to activate transcription from nucleosome-as-
sembled HIV-1 DNA (Fig. 5, lanes 7,8). In contrast, the
enhancer factors TFE3 and NF-kB (p50:p65) failed to
stimulate transcription from chromatin-assembled
HIV-1 templates when incubated with native or recom-
binant SWI/SNF (Fig. 5, lanes 9-13,19). TFE3 and NF-«B
strongly activate HIV-1 transcription when allowed to
bind to the template before chromatin assembly (Fig. 5,
lanes 16,17), which indicates that the proteins are tran-
scriptionally active. Thus the recombinant BRGI-
BAF155 complex retains the functional properties and
factor selectivity of the native SWI/SNF complex.

The EKLF zinc finger DBD directs chromatin
remodeling by the BRG1-BAF155 minimal complex

We next tested whether the BRG1-BAF155 complex
could direct the EKLF zinc finger DBD to specific nucleo-
somal sites to remodel chromatin in vitro. Importantly,
the EKLF DBD was as active as full-length EKLF in its
ability to cooperate with native SWI/SNF or the recom-
binant BRG1-BAF155 complex and generate DNase I hy-
persensitive sites in the B-globin promoter (Fig. 6, lanes
6,10). Partial remodeling activity was also observed with
a recombinant BRG1-BAF170 complex (Fig. 6, lane 20).
We conclude that the BRG1-BAF155 minimal complex
and a Kriippel-like Sp1/EKLF zinc finger DBD, and pre-
sumably the two zinc finger DBD of GATA-1 (Fig. 1B),
are together sufficient for targeted chromatin remodeling
in vitro.

Interaction of SWI/SNF subunits with EKLF
DBD-DNA complexes

An important issue is how the interaction of SWI/SNF
with a zinc finger DBD affects its ability to bind specific
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Figure 3. SWI/SNF subunits interact specifically with the zinc finger DNA-binding domains (DBDs) of EKLF, GATA-1, and Sp1. (A)
Mammalian SWI/SNF interacts with zinc finger DBDs. GST pull-down assays were performed with 3 ng SWI/SNF and 1 ng GST-fused
wild-type or mutant EKLF, GATA-1, TFE3, NF-kB (p50). SWI/SNF subunits were detected by Western blot analyses using the antisera
indicated on the left as described in Materials and Methods. (B) Acidic and proline-rich activation domains do not interact with
mammalian SWI/SNF. GST pull-down assays were performed using 1.5 pg of SWI/SNF and 500 ng each of GST-fused wild-type or
mutant EKLF and VP16 proteins. Histidine pull-down assays were performed using 500 ng each of wild-type EKLF, EKLF DBD,
wild-type GAL4-VP16, and GAL4 DBD as described in Materials and Methods. Proteins that were pulled down with the beads were
analyzed on a 10% SDS-PAGE gel and immunoblotted with antibodies against SWI/SNF subunits, BRG1, BAF170, BAF155, and BAF57.
(C) Specific SWI/SNF subunits interact with the EKLF zinc finger DBD. (Top panel) Flag-tagged hSWI/SNF was analyzed by SDS-PAGE,
stained with silver (lane 4), blotted onto a PVDF membrane, and processed for far-Western analysis using three different probes:
GST-EKLF, followed by anti-EKLF antibody (lane 2), 3*P-labeled GST-EKLF (lane 1), or GST-EKLF (AD) followed by anti-EKLF
antibody (lane 3) as described in Materials and Methods. The positions of SWI/SNF subunits, BRG1, BAF170, and BAF155 are indicated.
(Bottom panel) Wild-type EKLF and the EKLF DBD interact with recombinant SWI/SNF subunits. GST pull-down assays were carried
out using 200 ng of purified recombinant F-BRG1, F-BAF170, or F-BAF155 with 200 ng of GST-fused wild-type or mutant EKLF and
Spl proteins. Equal amounts of supernatants (S) and beads (B) were analyzed on a 10% SDS-PAGE gel and immunoblotted with
antibodies against SWI/SNF subunits, BRG1, BAF170, and BAF155.

DNA sequences. Incubation of recombinant SWI/SNF plex (EKLF DBD-SWI/SNF) was produced by incubation

subunits with the EKLF DBD and oligonucleotides con- with BRG1 or BRG1 in combination with BAF155 or
taining consensus EKLF binding sites generated two BAF170 (Fig. 7, lanes 11-13) but not with either BAF
novel complexes in gel mobility shift assays. One com- subunit alone (Fig. 7, lanes 9,10). This complex was rec-
o BRG1
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Figure 4. A minimal recombinant SWI/SNF complex is sufficient for EKLF-dependent transcriptional activation of chromatin-
assembled B-globin genes. Recombinant BRG1 and BAF155 or BAF170 cooperate with EKLF to activate chromatin-assembled B-globin
genes in vitro. After nucleosome assembly, 100 ng of chromatin was incubated with: 3.7 pmole of EKLF as indicated, 20 ng of F-BRG1
(lanes 4,5,10-16,18-19,21-22), 140 ng of F-BAF170 (lanes 8-9,14-15,17-19), 100 ng of F-BAF155 (lanes 10-11), and 140 ng of F-BAF155
(lanes 12-15,20-22), followed by primer extension analysis of transcripts. As a positive control, an aliquot of 58 ng purified SWI/SNF
was incubated with 3.7 pmole of EKLF (lane 3).
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Figure 5. Recombinant SWI/SNF subunits do not support transcription from chromatin-assembled HIV-1 promoters by TFE3 and
NF-kB. Factor-dependent transcriptional activation by native and recombinant SWI/SNF on a chromatin-assembled HIV-1 promoter.
(Left ) an aliquot of 100 ng pHIV-1-Luc was assembled into chromatin in the absence of transcription factors (lanes 1-5), or with the
following recombinant proteins: 4 pmole EKLF (lanes 6-8) or 5 pmole TFE3 plus one pmole NF-kB subunits (p50:p65; lanes 9-13).
Where indicated, 20 ng F-BRG1, 140 ng F-BAF155, and 58 ng native SWI/SNF were added after nucleosome assembly. (Right) A mixture
of 5 pmole TFE3 and 1 pmole NF-kB (p50:p65) was incubated with 100 ng HIV-1 chromatin either before (lanes 16-17) or after (lanes
18-19) nucleosome assembly. Transcription reactions contained (lanes 15,17,19) or lacked (lanes 14,16,18) 58 ng native SWI/SNF. The
a-globin gene was included as a control for transcription and RNA recovery. A schematic diagram of the HIV-1 promoter is shown
below.

ognized by antisera to BRGI (Fig. 7, lanes 14,15; BRG1
af SWI/SNF) and to the histidine-tag within EKLF (data
not shown), indicating that EKLF can bind to DNA si-

multaneously with this SWI/SNF subunit. Another com-
plex (SWI/SNF-induced EKLF DBD-DNA) was generated
upon incubation with BRG1 that contained EKLF but
was not recognized by BRGI antisera (Fig. 7, lanes 11—
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Figure 6. The EKLF zinc finger DNA-binding domain (DBD) is
sufficient to target chromatin remodeling by the BRG1-BAF155
minimal complex. Analysis of recombinant SWI/SNF subunits
to generate DNase I hypersensitive sites within the chromatin-
assembled B-globin promoter in the presence of the EKLF DBD.
After nucleosome assembly, 300 ng of chromatin was incubated
with the following proteins as indicated: recombinant SWI/SNF
subunits (60 ng F-BRG1, 400 ng F-BAF155, 400 ng F-BAF170);
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Figure 7. Interaction of recombinant SWI/SNF subunits with

native SWI/SNF (180 ng); and EKLF DBD (11 pmole). 100 ng of
the reaction was transcribed as a control (data not shown) and
the remaining chromatin was divided in half and digested with
2 U and 1 U of DNase I as described in Materials and Methods.
Triangles indicate increasing amounts of DNase I. (M) Digested
B-globin plasmid used as a size marker. Bands represent digests
of Ncol (4.7 kb), Ncol/BsaAl (841 bp) and Ncol/EcoRI (301 bp).
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the EKLF DNA-binding domain (DBD) and DNA. A 60-bp re-
gion of the B-globin promoter containing the EKLF binding site
was incubated with the following proteins: 10 ng of EKLF DBD
(lanes 2,8-15); 20 ng F-BRGI1 (lanes 3,6-7,11-15); 140 ng of F-
BAF155 (lanes 4,6,9,12,14); 140 ng of F-BAF170 (lanes
5,7,10,13,15) and analyzed by EMSA. One microliter of undi-
luted antibodies was added as indicated.



shift conditions. The structural nature of the BRG1-as-
sociated or -induced EKLF DBD-DNA complexes is un-
known. However, these experiments show that the in-
teraction of BRG1 with the EKLF DBD does not prevent
its association with DNA, although it may change the
nature of EKLF binding.

Among the SWI/SNF subunits examined, BRGI is
clearly the critical component in recognizing an EKLF
DBD-DNA complex and forming a stable association
with it or modifying its structure (Fig. 7, lanes 11-13).
BAF subunits bind to the EKLF DBD in solution (Fig. 3)
but not under gel mobility shift conditions, even in the
presence of BRG1. However, the BRG1 ATPase subunit
is still not sufficient for EKLF-dependent chromatin re-
modeling (Fig. 6) or transcription of chromatin templates
(Fig. 4) because either BAF155 or BAF170 is required for
these processes. Future studies will be directed toward
understanding the functional relationship of BRG1 to
BAF subunits within a two component SWI/SNF com-
plex in facilitating targeted nucleosome recognition and
stable protein interaction.

Discussion

Our studies show that native mammalian SWI/SNF se-
lectively regulates chromatin remodeling through direct
interaction with specific DNA-binding proteins. An ex-
amination of six transcription factors (EKLF, GATA-1,
Spl, TFE3, NF-«kB, and GAL4-VP16) revealed that mam-
malian SWI/SNF facilitates chromatin remodeling and
transcriptional activation of the subset of these factors
that contain zinc finger DBDs. Direct protein—protein
interactions were observed between mammalian SWI/
SNF subunits and the structurally distinct Kriippel-like
Spl/EKLF and GATA-1 zinc finger DBDs. Surprisingly,
none of the ADs or other DBDs in this set of six proteins
could interact or function with SWI/SNF. We further de-
fined a minimal SWI/SNF complex composed of only
two recombinant subunits as being necessary and suffi-
cient for zinc finger-DBD-directed nucleosome remodel-
ing and transcriptional activation in vitro.

We propose that one mechanism by which mamma-
lian SWI/SNF regulates specific subsets of genes is by
interacting with distinct zinc finger DBD structures,
through the BRG1 and BAF155 or BAF170 subunits, and
targeting the native complex to nucleosomal sites. This
results in extended chromatin accessibility (as measured
by DNase hypersensitivity) over ~1 nucleosome and can
be achieved in the absence of an AD. Once the critical
remodeling step occurs, the AD can recruit other com-
ponents of the transcription apparatus to promote initia-
tion. A summary of this model is shown in Figure 8. Our
experiments support the notion that SWI/SNF does not
function with all DNA-binding proteins but only the
ones with which it can directly associate. This selectiv-
ity may provide the basis for promoter-specific regula-
tion by SWI/SNF in vivo. Importantly, our studies argue
against a mechanism by which SWI/SNF transiently dis-
rupts nucleosomes to enable any protein in the vicinity
to bind. This is apparent from the inability of native or
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ﬁu‘ 155
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-—
Targeted Chromatin Remodeling

—

RNA Pol IT

Transcriptional Activation

Figure 8. Model for targeted chromatin remodeling and tran-
scriptional activation, highlighting the interaction between the
EKLF zinc finger DNA-binding domain and mammalian SWI/
SNF subunits.

recombinant mammalian SWI/SNF to facilitate tran-
scriptional activation by TFE3 or NF-kB even when it
transiently disrupts nucleosomes on the HIV-1 promoter
in vitro. Thus transcriptional regulation by SWI/SNF
may require direct association with specific proteins to
achieve nucleosome targeting and stable remodeling.
Whether SWI/SNF is recruited by proteins that are al-
ready bound to the promoter or is directed to specific
sites when it is associated with factors in solution is
unknown. Our data are consistent with either mecha-
nism because the EKLF DBD interacts with native and
recombinant SWI/SNF in solution and when bound to
DNA, although we observe negligible EKLF binding to
chromatin templates in the absence of SWI/SNF.
Through either mechanism, SWI/SNF enhances EKLF
binding and remodels adjacent chromatin over at least
one nucleosome, which may allow interaction of neigh-
boring transcription factors.

A wealth of data show that SWI/SNF can facilitate the
binding of many factors to chromatin (Imbalzano et al.
1994; Kwon et al. 1994; Burns and Peterson 1997; Utley
et al. 1997; Kingston and Narlikar 1999) and selectively
regulate gene expression (Winston and Carlson 1992;
Zhao et al. 1998; Dimova et al. 1999). Yeast SWI/SNF
complexes appear to be targeted to genes by interaction
with specific transactivation domains (Natarajan et al.
1999; Neely et al. 1999; Yudkovsky et al. 1999), similar
to chromatin-modifying complexes (Utley et al. 1998).
Mammalian SWI/SNF most likely employs several strat-
egies to target transcription factors to nucleosomal sites.
For example, recent reports indicate that SWI/SNF may
be recruited through interactions between the INI1 sub-
unit and c-MYC DBD (Cheng et al. 1999), or hBRM and
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the C/EBPB (Kowenz-Leutz and Leutz 1999) transactiva-
tion domain. Our findings highlight an important inter-
action between structurally distinct zinc finger DBDs
and two SWI/SNF subunits, BRG1 and BAF155. In sup-
port of this model, the GR zinc finger DBD has been
shown to function cooperatively with SWI/SNF in tran-
scription (Yoshinaga et al. 1992; Muchardt and Yaniv
1993), although other reports propose that SWI/SNF is
recruited through the GR AD (Wallberg et al. 2000). The
observation that chromatin remodeling can occur in the
absence of an AD (Pazin et al. 1994, Wong et al. 1997),
even though transcription itself is abolished, is consis-
tent with the idea that SWI/SNF can target nucleosome
disruption through direct interactions with specific
DBDs.

Interactions between the SWI/SNF complex and mul-
tiple activators may be important for genes in which
SWI/SNF is continuously required for transcription be-
yond the initial remodeling events (Biggar and Crabtree
1999; Sudarsanam et al. 1999). It is possible that SWI/
SNF plays a more direct role by forming a physical bridge
between the activator and the transcription machinery
that is required to maintain the active state of chromatin
(Kingston and Narlikar 1999). SWI/SNF recruitment to a
gene may induce a poised state that remains transcrip-
tionally silent, yet competent for initiation when addi-
tional cofactors are bound (Struhl 1999). Once recruited
to a template, SWI/SNF may also facilitate binding of
transcription factors that are otherwise unable to engage
remodeling complexes and the interactions may further
depend on the environment at the DNA-binding site
(Cosma et al. 1999). The observation that the HIV-1 en-
hancer factors TFE3 and NF-«B cannot bind or function
with native or recombinant SWI/SNF raises the possibil-
ity that these proteins may recruit distinct classes of
chromatin remodeling complexes or depend on other fac-
tors to direct remodeling complexes to the HIV-1 pro-
moter. The significance of BAF57 interaction with TFE3
is unclear, and the absence of remaining BAF subunits
indicates that some BAF57 may exist as a free subunit in
our native SWI/SNF complex.

Much effort is focused on understanding the processes
involved in SWI/SNF-dependent regulation using both
yeast and human complexes (for review, see Peterson
and Workman 2000). Our studies define a minimal mam-
malian SWI/SNF complex that selectively functions
with zinc finger DNA-binding proteins, such as Spl/
EKLF and GATA-1, but not with several unrelated tran-
scription factors, to provide insight on the mechanism
and requirements for targeted nucleosome disruption.
Further investigations that describe the functional prop-
erties of chromatin remodeling complexes and the basis
for specificity should help to elaborate the mechanism of
gene-selective transcription.

Materials and methods

Plasmid constructions

The B-CAT and HIV-1-Luc plasmids were constructed as de-
scribed in Jane et al. (1992) and Sheridan et al. (1995), respec-
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tively. A full-length EKLF cDNA was cloned into the Ndel and
BamHI sites of the pET-14b bacterial expression vector (Nova-
gen). GST-EKLF and EKLF mutants (A19-60, A171-272, A293—
376, DBD) were constructed as outlined in Bieker and South-
wood (1995). The construction of full-length GATA-1, GATA-1
(DBD), and GATA-1 (AD) is described in Hung et al. (1999).
Constructs containing full-length TFE3 and the DBDs of TFE3
and Spl are outlined in Sheridan et al. (1997) and Merika and
Orkin (1995), respectively. TFE3 mutants such as AAD-N and
AAD-C were cloned into the Xbal and Xhol sites of a pGEX-KG
expression vector as described (Guan and Dixon 1991) by intro-
ducing amino acids 32-326, 1-193, and 193-326 of TFE3 down-
stream from GST. NF-«B (P50) was made as described in Pazin
et al. (1996).

Protein purification

Histidine-tagged or GST-fusion wild-type and mutant proteins
were expressed in Escherichia coli BL21(DE3)pLysS or
BL21(DE3) cells, except that 100 uM ZnCl, was added to the
medium during induction for all the zinc finger transcription
factors. Histidine-tagged proteins were purified under denatur-
ing conditions on Ni**-NTA resin (Qiagen) and then renatured
by step dialysis. GST-fusion proteins were purified according to
the manufacturer’s (Pharmacia) protocol, except that 10 uM
ZnCl, was added to all buffers during purification. Human flag-
tagged SWI/SNF, F-BRG1, F-hBRM, F-BAF155, and F-BAF170
were purified as described (Phelan et al. 1999). HeLa FL-INI-1-
11 cells were grown by the National Cell Culture Center. SWI/
SNF from mouse erythroleukemia cells was purified as de-
scribed (Armstrong et al. 1998) and was functionally equivalent
to hSWI/SNF in all assays.

Chromatin assembly and transcription conditions

Chromatin was reconstituted using Drosophila embryonic ex-
tracts as described (Armstrong and Emerson 1996). Following
assembly, the chromatin template (1 pg in 100 pL) was incu-
bated with wild-type or mutant proteins and SWI/SNF, as de-
scribed in the Figure legends, for 30 min at 27°C. The reactions
were then split in half for either transcription or structural
analysis. For transcription, 25 pL nuclear HeLa extract (typi-
cally ~8 mg/mL), prepared as described (Dignam et al. 1983) was
added to 0.5 pg of chromatin and incubated on ice for 10 min.
Transcription mix was added (20 mM HEPES at pH 7.9; 50 mM
KCl; 5 mM MgCl,; 0.2 mg/mL bovine serum albumin; 0.5 mM
ATP; 0.5 mM CTP; 0.5 mM UTP; 0.5 mM GTP; 0.7 pg/mL
Adeno-luciferase control template [AdLuc]; 1 mM DTT) to a
final volume of 150 pL. Transcription proceeded at 30°C for 30
min and was stopped by the addition of 250 pL of transcription
stop buffer (1% SDS, 20 mM EDTA). The purified RNA product
was analyzed by primer extension analysis.

DNase hypersensitivity analysis

Following incubation of assembled chromatin with transcrip-
tion factors, 100-150 ng chromatin was digested with DNase I
for 1 min at 27°C. The chromatin amounts and nuclease con-
centrations are given in the Figure legends. Reactions were
stopped by the addition of 5x nuclease stop buffer (2.5% sarko-
syl, 10 mM EDTA) to a 1x concentration. Purified DNA was
digested with Ncol and analyzed by Southern blot hybridization
(Gene Screen Plus) with a random prime-labeled 301-bp EcoRI/
Ncol fragment from the B—-CAT plasmid.



Protein—protein interactions

GST pull-down assays were carried out as described (Garber et
al. 1999). Reactions containing 1 pg of wild-type or mutant
GST-fusion proteins were incubated with 3 pg of SWI/SNF in
100 pL of binding buffer (50 mM Tris-HCI at pH 8.0, 120 mM
NaCl, 0.5% NP-40, 1 mM DTT, and 1 mM PMSF) for 30 min at
27°C. Reactions were then incubated for 1 h at 4°C with 20 puL
of glutathione beads and washed three times with binding buffer
containing 450 mM NaCl. Histidine-tag pull-down assays were
performed using 500 ng of histidine-fusion proteins incubated
with 1.5 pg of SWI/SNF in 100 pL of binding buffer (20 mM
HEPES at pH 7.9, 20% glycerol, 70 mM KCl, 0.1 mg/ml BSA,
and 0.5% Triton-X100) for 30 min at 27°C. Reactions were then
incubated with 10 uL of Ni?* resin and washed three times in
buffer (50 mM NaPO, at pH 6.0, 20% glycerol, 600 mM NaCl,
10 mM B-mercaptoethanol; 0.75% Triton X-100, and 0.75%
SDS). The beads were resuspended in 1x loading dye, electro-
phoresed on a 8% SDS-PAGE gel and blotted onto a polyvinyl-
idene difluoride (PVDF) membrane according to standard proce-
dures. Western blot analyses were carried out using a 1:1000
dilution of primary antisera [anti-BAF250, BRG1, BAF170,
BAF155, BAF60a, BAF57, and INI1(BAF47)]. Westerns were de-
veloped using Amersham enhanced chemiluminesence re-
agents.

Far-Western analysis

Far-Western analysis was carried out as described (Edmondson
and Roth 1998). Briefly, SWI/SNF was electrophoresed on an 8%
SDS-PAGE gel and blotted onto PVDF membranes (Biorad) us-
ing standard protocols. The membrane was blocked with 9%
milk in 1x TBST (20 mM Tris base at pH 7.6, 137 mM NaCl,
0.1% Tween 20) for 14 hr at 4°C. In three separate experiments,
one membrane was probed with 32P-labeled GST-EKLF, fol-
lowed by autoradiography. The other membranes were probed
with GST-EKLF or GST-EKLF (AD) and then incubated with a
1:1000 dilution of monoclonal antibodies directed against
EKLF. Western analysis was performed to facilitate alignment
with the silver-stained protein gel and identification of inter-
acting SWI/SNF subunits.

Gel shift assays

The 60-bp region of B-globin promoter DNA used for gel shift
analyses was generated by polymerase chain reaction amplifi-
cation from the plasmid B-CAT. The primers (sense 5'-tgtcat
cacttagacctca, antisense 5'-tgggagtagattggcecaa) used for amplifi-
cation were 2P end-labeled using T4 polynucleotide kinase. For
each 20 pL reaction, 10 ng of EKLF (DBD) was diluted in binding
buffer (25 mM HEPES at pH 7.5, 16 mM KCI, 50 mM NaCl, 2
BEM ZnCl,, 0.6 mM B-mercaptoethanol, 8% glycerol, 2 mM
spermidine) containing 0.25 mg/mL bovine serum albumin
(BSA, molecular biology grade, Boehringer Mannheim) and
mixed with 200 ng poly(dIdC)-poly(dIdC) competitor DNA
(Pharmacia) and 20,000 cpm of 3?P-labeled DNA probe (~0.1 ng).
Reactions were incubated for 20 min on ice and electrophoresed
on a 5% (39:1 acrylamide:bisacrylamide)/0.25x TBE gel at 150 V
(constant voltage) for 6 hr in the cold. Gels were dried and sub-
jected to autoradiography. For the supershift assays, EKLF
(DBD) was incubated with the ®2>P-labeled DNA probe for 10
min on ice, followed by the addition of recombinant SWI/SNF
subunits. After an additional 20-min incubation on ice, the
samples were electrophoresed on a 5% native polyacrylamide
gel. For antibody shift assays, EKLF (DBD) and recombinant
SWI/SNF subunits were incubated with 1 uL of undiluted anti-
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body for 30 min on ice before the addition of incubation buffer/
BSA, poly(dIdC)-poly(dIdC), and 32P-labeled DNA probe.
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