
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/00/$04.0010

Mar. 2000, p. 2004–2013 Vol. 20, No. 6

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Recruitment of the SWI-SNF Chromatin Remodeling Complex
as a Mechanism of Gene Activation by the Glucocorticoid

Receptor t1 Activation Domain
ANNIKA E. WALLBERG,1* KRISTEN E. NEELY,2 AHMED H. HASSAN,2 JAN-ÅKE GUSTAFSSON,1

JERRY L. WORKMAN,2 AND ANTHONY P. H. WRIGHT3

Karolinska Institute, Department of Biosciences, NOVUM, S-14157 Huddinge,1 and Södertörns högskola, S-14104
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The SWI-SNF complex has been shown to alter nucleosome conformation in an ATP-dependent manner,
leading to increased accessibility of nucleosomal DNA to transcription factors. In this study, we show that the
SWI-SNF complex can potentiate the activity of the glucocorticoid receptor (GR) through the N-terminal
transactivation domain, t1, in both yeast and mammalian cells. GR-t1 can directly interact with purified
SWI-SNF complex, and mutations in t1 that affect the transactivation activity in vivo also directly affect t1
interaction with SWI-SNF. Furthermore, the SWI-SNF complex can stimulate t1-driven transcription from
chromatin templates in vitro. Taken together, these results support a model in which the GR can directly
recruit the SWI-SNF complex to target promoters during glucocorticoid-dependent gene activation. We also
provide evidence that the SWI-SNF and SAGA complexes represent independent pathways of t1-mediated
activation but play overlapping roles that are able to compensate for one another under some conditions.

The glucocorticoid receptor (GR) belongs to a large family
of ligand-inducible nuclear receptors. When the receptor binds
its ligand, associated heat-shock proteins are released, and the
receptor can then bind to its cognate DNA response element
and either activate or repress transcription of glucocorticoid-
regulated genes. The major transactivation domain t1 (amino
acids [aa] 77 to 262 of the human GR), located in the N
terminus of the receptor, contains a smaller fragment that
represents the minimal core activation domain (t1c)(aa 187 to
244). Both t1 and t1c function efficiently in yeast and have
been functionally and structurally characterized (1–3, 12, 13,
15, 21, 26, 29, 30, 46, 47). The current working model suggests
that the GR activates transcription by concurrent or sequential
recruitment of important target factors to regulated promoters
and that the t1 domain adopts a structural conformation only
upon interaction with target factors. Consistent with this, crit-
ical hydrophobic residues have been shown to play important
roles in both gene activation in vivo (2) and target factor
interaction in vitro (3). The t1c has previously been shown to
interact with the TATA binding protein (15), CREB-binding
protein (3), and the Ada2 protein (21). Recent studies show
that the t1 can interact with the Ada2-containing histone
acetyltransferase (HAT) complex SAGA, but not with the re-
lated Ada complex (43). In addition, the Ada-independent
NuA4 HAT complex interacts with t1. Furthermore, both
SAGA and NuA4 can stimulate t1-dependent transcription of
chromatin templates in vitro (43).

Current models suggest that gene activation involves both
derepression of a repressive chromatin structure within pro-
moters and subsequent activation of transcription, involving
recruitment of the transcriptional machinery (35). There is
evidence that the GR-t1 activation domain can participate in

both of these steps (29, 30; F. Then Bergh, E. M. Flinn, J.
Svaren, A. P. Wright, and W. Hörz, unpublished data). It has
been previously shown that GR stimulates the nucleosome-
disrupting activity of SWI-SNF complex partially purified ei-
ther from HeLa cells or from rat liver tissue. The GR-mediated
stimulation of SWI-SNF nucleosome disruption depended on
the presence of a glucocorticoid response element, suggesting
that GR is able to target the nucleosome-disrupting activity of
the SWI-SNF complex (35). The SWI-SNF complex, which
contains 11 known subunits, was first found in yeast (7), and
several yeast SWI-SNF proteins have been shown to enhance
GR transactivation activity (49). A mammalian homologue of
SWI2-SNF2, hbrm, has previously been shown to potentiate
transcriptional activation by GR (32). Furthermore, it has been
demonstrated that hormone-dependent activation of the
mouse mammary tumor virus (MMTV) promoter by the GR
requires the hBRG1 complex, another mammalian SWI-SNF
homologue (16). In addition, the progesterone receptor can,
together with NF1, synergistically activate the MMTV pro-
moter assembled in minichromosomes, in a process involving
ATP-dependent ISWI-containing complexes (14). The SWI-
SNF complex has been shown to alter nucleosome conforma-
tion in an ATP-dependent manner, which leads to increased
accessibility of nucleosomal DNA to transcription factors (10,
25). The in vitro activities of the SWI-SNF complex are con-
sistent with its in vivo functions in altering chromatin structure
at promoters and enhancing the binding of transcription fac-
tors (6, 17, 48).

An important question regarding SWI-SNF function is how
the complex might be targeted to specific promoter regions in
chromatin. Recently, there have been reports about targeting
directly via transcriptional activators (33, 34, 50). The HAT
complexes SAGA and NuA4, which also can be targeted by
transcriptional activators (42, 43), alter chromatin structure by
acetylation of lysine residues on histones H3 and H4, respec-
tively (19). It has been suggested that the SWI-SNF complex
and Gcn5-containing HAT complexes may perform indepen-
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dent but overlapping functions during transcriptional activa-
tion (4, 37, 38). In previous studies, we have shown that gene
activation mechanisms, in addition to the Ada pathway, are
involved in the activity of the t1c domain (21). In this paper, we
address the question of whether the SWI-SNF complex might
participate in such a pathway. However, since we have previ-
ously shown that the SAGA complex plays an important role
specifically for the t1 activation domain of GR, we first wanted
to further characterize the interaction between GR and the
SWI-SNF complex and to determine which role t1 plays in
stimulation by SWI-SNF. In this study, we show that the SWI-
SNF complex can potentiate the activity of GR through t1 in
both yeast and mammalian cells. GR-t1 directly interacts with
purified yeast SWI-SNF complex. Mutations in t1 that affected
the transactivation activity in vivo also directly affected t1
interaction with SWI-SNF. Furthermore, the SWI-SNF com-
plex can stimulate Gal4-t1-driven transcription from chroma-
tin templates in vitro. We show that an SWI-SNF-independent
pathway of GR activation exists in yeast, suggesting that Ada-
containing HAT complexes and SWI-SNF play parallel roles in
mediating t1c activity. However, overexpression of Ada2 can
increase t1c activity, specifically in yeast cells lacking SWI-
SNF, suggesting that Ada-containing HAT complexes and the
SWI-SNF complex can have overlapping roles.

MATERIALS AND METHODS

Plasmids and strains. The plasmids pRS-315-NX (full-length human GR)
(28), pRS-315-GRDt1 (lacking GR residues 77 to 261) (21), pLGZ-2TAT (GR-
responsive lacZ reporter gene) (45), pRS-315-lexA-t1c, pRS-315-lexA-t1c mu-
tants, and pLGZ-2lexA (LexA-responsive lacZ reporter gene) (2) have been
described previously. pGEX-4T-3, and pGEX-4T-3-t1 (residues 77 to 262 of the
human GR) have also been described previously (15). The plasmids expressing
GST t1 mutants were constructed by inserting the sequence encoding t1 (resi-
dues 77 to 262 of the human GR) with different mutations as a BglII fragment
into pGEX-4T-3. The transfection plasmids pCMV-t1c-GRDBD and pCMV-
TK19luc containing the GR response element have been described previously
(2). The plasmids pCG-hbrm (4102) and hbrm-NTP-mutant (4137), and C33 and
SW13 cells were kindly provided by Moshe Yaniv and have been described
previously (32). Yeast strains CY26 (MATa SWI1 ura3-52 leu2-D1 his3-D200
trp1-D1 lys2-801 ade2-101) and CY332 (MATa snf6D ura3-52 leu2-D1 his3-D200
trp1-D1 lys2-801 ade2-101) were kindly provided by Craig Peterson. Yeast strains
FY1548 (MATa ada2D::HIS3 his3D200 leu2D1 lys2-128d ura3-52), FY1370
(MATa gcn5D::HIS3 his3D200 leu2D1 ura3-52), FY1550 (MATa ura3-52 lys2-
128d leu2D1 his3D200 ada2D::HIS3 snf2D::LEU2), and FY1352 (MATa ura3-52
lys2-173R2 leu2D1 his3D200 gcn5D::HIS3 snf2D::LEU2) were a gift from Fred
Winston. The plasmid pAda2-HA, described previously (39), was kindly provided
by Leonard Guarente.

Transactivation assays in yeast. Plasmids were transformed into WT and
mutant yeast strains by a lithium acetate method (18). Several colonies from each
transformation were checked on 5-bromo-4-chloro-3-indolyl-b-D-galactopyrano-
side (X-Gal) plates for homogeneity of transactivation activity (5). Representa-
tive transformants were grown in minimal medium with 2% galactose to an A600
of 0.2 to 0.3. Extracts were prepared and assayed for b-galactosidase activity as
described previously (45). Protein extracts for Western blot analysis were pre-
pared directly in SDS-PAGE loading buffer as described previously (22) and
were separated by SDS–18% PAGE. After transfer to nitrocellulose membrane,
the samples were incubated for 1 h with polyclonal rabbit anti-LexA antibody.
The Western blot was developed by using ECL (Amersham).

Bacterial protein expression and purification. Plasmids expressing GST, GST-
t1, and GST-t1 mutants were grown in XL1 cells at 37°C to an A600 of 0.5,
followed by induction with 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG)
for 3 h. Cells were collected by centrifugation, and pellets were resuspended in
a 1/20 (vol/vol) culture of phosphate-buffered saline (PBS) and 1 mM phenyl-
methylsulfonyl fluoride and frozen. Cells were thawed and sonicated. The cel-
lular debris was removed by centrifugation, and 1% Triton-X-100 was added to
the supernatant. Glutathione-sepharose beads (Pharmacia) were prewashed in
PBS, were added to the supernatant, and were incubated for 2 h at 4°C with
constant mixing. The supernatant was removed, and the beads were washed four
times with a 103 bead volume of PBS, GST, GST-t1, and GST-t1 mutants were
eluted from beads with 10 mM imidazole and were dialyzed. Protein concentra-
tions were evaluated by the Bradford assay.

Purification of SWI-SNF complex. The SWI-SNF complex was purified from
yeast (WT strain CY396 or SWI2K798A mutant strain CY397) as described (10)
with some minor variations. Elution from Ni21 agarose was at 300 mM imida-
zole. The Mono Q column was followed by a heparin sepharose and a DNA

cellulose column, with the complex eluting at 340 and 200 mM NaCl, respec-
tively. Purification was monitored by using antibodies to SWI-SNF subunits. The
purified SWI-SNF used in these experiments was tested for the presence of
SRB-mediator with antibodies against Med4 (data not shown) and against Med2
and Srb2 (33) and found to be devoid of these SRB/Mediator subunits. The
fractions were also tested for the presence of SAGA (aTAFII90, aTAFII17, and
aTra1) and RSC (remodel the structure of chromatin) components (aRsc6) and
found to be devoid of these complexes.

GST pull down. The SWI-SNF complex was incubated in PDB (150 mM NaCl,
50 mM HEPES [pH 7.5], 10% glycerol, 0.1% Tween-20, 0.5 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride) with the indicated GST-fusion protein for
2 h at 4°C while rotating on a wheel. The supernatant was removed, beads were
washed four times in PDB, and equal fractions of both supernatants and beads
were used for Western blotting. Proteins were separated by SDS–10% PAGE.
After transfer to nitrocellulose membrane, the samples were incubated for 2 h
with a polyclonal mouse anti-HA antibody. The Western blot was developed by
using ECL (Amersham).

Histone preparation and nucleosome reconstitution. Core histones and oligo-
nucleosomes were purified from HeLa cells as described (11). Long oligonucleo-
somes were used in the transcription reactions as competitor nucleosomes. Nu-
cleosomal arrays were reconstituted with core histones by step dilution as
described (40).

In vitro transcription. Transcription experiments were carried out as de-
scribed previously (24, 40, 41), except that ATP (1 mM final) and MgCl2 (3 mM
final) were added to the binding buffer (for remodeling by SWI-SNF). Acetyl
coenzyme A and sodium butyrate were not added to any reactions. Fifteen to
twenty nanograms of reconstituted G5E4 nucleosomal array (pIC-2085S/
G5E4R) or G5E4 DNA was assayed, and 1 to 5 ng of human immunodeficiency
virus type 1 (HIV-1) DNA [pHIV(D,N)] was added to each reaction as an
internal recovery control. Five hundred micrograms of competitor nucleosomes
(long oligonucleosomes) was added to each reaction containing chromatin tem-
plates. A 5- to 15-nM final concentration of the Gal4 derivative and 1 ml of
purified yeast SWI-SNF (as determined by titration) were added where indi-
cated. For primer extension analysis of the RNA, 25,000–50,000 cpm of 32P-
labeled E4 (186 to 1110) and HIV-1 (150 to 181) primers were used per
reaction.

Transient transfections. C33 or SW13 cells described previously (32) were
transiently transfected with plasmid pCMV-t1c-GRDBD, reporter plasmids
pCMV-TK19luc and pCMV-hbrm (4102), or hbrm-NTP-mutant (4137) by using
FuGENE 6 transfection reagent (Boehringer Mannheim). Cells were harvested
after 30 h, and the levels of luciferase were measured. For Western blotting, C33
cells were transfected with 20 mg of pCMV, pCMV-hbrm, or pCMV-hbrm-NTP-
mutant. After 24 h, cells were harvested in lysis buffer (0.5% NP-40, 0.7 M NaCl,
50 mM Tris-HCl [pH 8.0], and protein inhibitors) and were frozen and thawed.
Protein concentration was determined with the Bradford protein assay. Twenty
micrograms of total protein was separated by SDS–7% PAGE. After transfer to
nitrocellulose membrane, the samples were incubated overnight with an affinity-
purified polyclonal rabbit anti-hbrm antibody recognizing the amino-terminal
end of the protein (32). The Western blot was developed by using ECL (Amer-
sham).

RESULTS

The SWI-SNF complex potentiates the activity of the GR
N-terminal transactivation domain in yeast. Yamamoto’s
group has previously shown that several SWI-SNF proteins are
important for GR function in yeast (49). We wished to inves-
tigate which specific role t1, as the major N-terminal transac-
tivation domain, would play during SWI-SNF-stimulated tran-
scription. Therefore, we measured the transactivation activity
of intact GR and various GR derivatives in a yeast strain
defective in the snf6 gene. Plasmids expressing intact GR and
GR lacking the N-terminal transactivation activity, GRDt1,
were transformed together with a GR-responsive lacZ reporter
plasmid into a yeast strain which contained a deletion in the
snf6 gene and into an otherwise isogenic wild-type (WT) strain.
Strains expressing GR and GRDt1 were grown in the presence
of hormone (10 mM triamcinolone acetonide), exponentially
growing cells were harvested, and b-galactosidase levels were
measured. Figure 1A shows that the transactivation activity for
GR is substantially reduced in the snf6 mutant strain compared
to WT. The activity of the GRDt1 protein is reduced to a lesser
extent in the snf6 mutant yeast strain, indicating a profound
role of the Snf6 protein in the activity of the t1 domain. To
pursue this issue further, we expressed a protein representing
the functional core of the t1 domain (t1c), fused to the DNA-
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binding domain of the LexA protein. As shown in Fig. 1A, the
expression of b-galactosidase from a LexA-dependent lacZ
reporter gene was reduced in the snf6 mutant strain, to an even
greater extent than that seen with full-length GR. The Western
blot shown in Fig. 1B shows that the expression level of the
t1c-LexA fusion protein was similar in the WT and the snf6
mutant strain, indicating that the reduced activity of the t1c
domain in the snf6 strain was not due to a lower expression
level.

The t1 domain interacts directly with the yeast SWI-SNF
complex. While an interaction of the GR DNA-binding do-
main with SWI3 protein has been detected previously in yeast
cell extract (49), it is still unclear whether GR activation do-
mains interact directly with the SWI-SNF complex. We there-
fore tested the t1 activation domain in a “pull down” assay with
purified yeast SWI-SNF complex. The t1 domain was ex-
pressed in Escherichia coli as a fusion protein with glutathione
S-transferase (GST) and was purified. The fusion proteins
were coupled to glutathione-agarose beads and then incubated
with purified SWI-SNF complex. When interacting with the
GST fusion proteins, SWI-SNF complex was pelleted with the
glutathione-agarose beads. The presence of SWI-SNF complex
in the pellet and supernatant fractions was determined by
Western blotting with an antibody against the hemagglutinin
(HA)-tagged SWI2-subunit. The results (Fig. 2) show that the

GST protein alone does not interact with the SWI-SNF com-
plex since HA-SWI2 protein is only found in the supernatant
fraction. However, the GST-t1 protein precipitated a majority
of the SWI-SNF complex.

Binding of t1 mutants to the yeast SWI-SNF complex in
vitro correlates with their transactivation activity in vivo. To
see whether mutations that affect the activity of the t1 domain
would have an effect on binding of t1 to the SWI-SNF com-
plex, we selected two t1 mutants with different aa substitutions.
The mutant D196Y is two to three times more active than
unmutated t1c in transactivation assays in vivo, while the mu-
tant H1ala is less than 10% as active as WT t1c (Fig. 3A). As
shown in Fig. 3B, the high-activity mutant D196Y bound to the
SWI-SNF complex at least three times more strongly than WT
t1. However, there is very little binding of the SWI-SNF com-
plex to the low-activity mutant H1ala. The amounts of each t1
mutant protein used in a pull down assay is visualized by a
Coomassie-blue-stained sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) (Fig. 3C). Clearly,
there is a good correlation between the ability of these mutant
t1 proteins to bind to the SWI-SNF complex and their activi-
ties in vivo.

The SWI-SNF complex stimulates Gal4-t1-driven transcrip-
tion in vitro. Previous reports have indicated that the SWI-
SNF complex can enhance the activity of nuclear receptors, but
it has not previously been shown that this involves recruitment
of SWI-SNF to target promoters by DNA-bound receptor pro-
teins. To determine whether SWI-SNF could specifically en-
hance t1 activation potential in an in vitro chromatin-recon-
stituted system, we used a nucleosomal array template
containing five Gal4-binding sites upstream of a minimal ade-
novirus E4 promoter (Fig. 4A). The nucleosomal templates
were incubated with Gal4(1-100) or Gal4(1-100)-t1 and SWI-
SNF complex followed by transcription analysis. Transcription
reactions were performed in the presence of a 30-fold excess of
competitor nucleosomes in order to increase the demand for
SWI-SNF recruitment to the nucleosome array (Fig. 4B). Un-
der these conditions, the SWI-SNF complex needed to be
targeted to the promoter by the t1 domain in order to specif-
ically stimulate transcription. Figure 4C shows that, with com-
petitor nucleosomes present, the SWI-SNF complex alone
could not stimulate transcription (lane 3). In addition, Gal4(1-
100) alone did not stimulate transcription in the absence or
presence of SWI-SNF (lanes 7 and 8). By contrast, Gal4-t1-
driven transcription from the nucleosome array was enhanced
greater than fivefold in the presence of the SWI-SNF complex
(compare lanes 2 and 4).

To investigate whether the SWI-SNF complex would medi-
ate Gal4-t1 activity through its chromatin-remodeling activi-
ties, we tested an ATPase-deficient SWI-SNF complex
(K798A-Swi2) in the transcription assay. As shown in Fig. 4C,
this ATPase-deficient complex could not significantly stimulate

FIG. 1. The SWI-SNF complex is important for the GR t1 transactivation
activity. (A) Transactivation activities of the GR, GRDt1, and t1c proteins were
obtained from a WT and a snf6 mutant strain by measuring b-galactosidase
activity (nanomoles of O-nitrophenyl-b-D-galactopyranoside per milligram of
protein per minute). Strains expressing GR and GRDt1 were grown in the
presence of 10 mM triamcinolone acetonide. The graphs show mean values from
five independent experiments, where the GR derivative activities measured in
the snf6 strain are relative to their activities in the WT strain (actual WT values
are shown above the columns). (B) Western blot showing expression levels of the
t1c-LexA protein in the WT and the snf6 mutant strain.

FIG. 2. The SWI-SNF complex interacts with t1, the N-terminal transactiva-
tion domain of GR. GST pull down assays were performed with either GST-t1
or GST alone bound to gluthathione-sepharose beads and the SWI-SNF com-
plex. Supernatants (S) and beads (B) were subjected to Western blotting, and
SWI-SNF complex was detected by using an antibody against the HA-tagged
SWI2 subunit.
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transcription alone (lane 5) or in the presence of Gal4 (lane 9)
or Gal4-t1 (lane 6). The t1 activity was only increased 1.4-fold
by the mutant SWI-SNF complex (compare lane 2 to lane 6).
To further examine whether the function of the SWI-SNF
complex would be independent of its activity on nucleosomes,
we also tested if SWI-SNF could further potentiate Gal4-t1-
driven transcription from a naked DNA template. However,
neither the WT SWI-SNF complex nor the ATPase-deficient
SWI-SNF complex (K798A-Swi2) could increase Gal4-t1 ac-
tivity (Fig. 4D, compare lane 3 to lanes 6 and 9) or affect the
low levels of transcription observed in the lanes with Gal4 (Fig.
4D, compare lane 2 to lanes 5 and 8). Taken together, these
results clearly indicate that recruitment of SWI-SNF and sub-
sequent chromatin remodeling is an important mechanism by
which the GR can activate gene expression.

The human homologue of SWI2 enhances transactivation of
GR-t1c in mammalian cells. It has previously been reported
that hbrm can potentiate GR activity in mammalian cells (32).
We wanted to test whether hbrm might play a functional role
specifically for t1 during GR-mediated transcriptional activa-

tion. Figure 5 shows the results of experiments in which plas-
mids expressing the t1c-GRDBD and hbrm were cotransfected
with a GR-responsive luciferase reporter gene into C33 cells. It
has previously been shown that C33 cells do not express en-
dogenous hbrm, and most probably only low amounts of GR
(32). The level of transactivation by the t1c was enhanced
eightfold at the highest tested level of cotransfected hbrm
expression plasmid (Fig. 5A). Transfection of the reporter
plasmid or the hbrm plasmid alone did not result in any sig-
nificant activation (data not shown).

It has been previously shown that the cooperativity of hbrm
with full-length GR was potentiated by the putative ATPase
activity of hbrm (32). To determine how much the t1c contrib-
utes to this cooperativity, we also used an hbrm-nucleoside
triphosphate (NTP)-binding mutant with reduced ATPase ac-
tivity due to a mutation at aa 749 in the hbrm protein. With this
mutant, cotransfection with t1c resulted in a weaker increase
in activity (fivefold) compared to intact hbrm (eightfold) (Fig.
5A). To determine whether hbrm and the NTP mutant were
present at similar levels, Western blotting was performed on

FIG. 3. Binding of t1 mutant proteins to the SWI-SNF complex. (A) Schematic representation showing the amino acid substitutions in the t1 mutants used. Boxes
indicate the locations of putative helical regions I, II, and III. Mean relative b-galactosidase activity (#) of t1-core-LexA fusion proteins are shown as percentage of
WT level (taken from reference 2). (B) Immunoblot showing coprecipitation of purified GST-t1 mutant proteins with the SWI-SNF complex, which was detected by
using an antibody raised against the HA-tagged SWI2 subunit. (C) Coomassie blue staining of GST-t1 mutant proteins used in a pull down assay with the SWI-SNF
complex.
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the total extract from C33 cells transfected with pCMV, hbrm,
or the NTP mutant, and a polyclonal antibody prepared
against the first 178 aa of hbrm was used. As shown in Fig. 5B,
hbrm and the NTP mutant seem to be expressed equally well
in the C33 cells. These data suggest that the ATPase activity of
hbrm, which is required for its nucleosome disruption activity,
contributes but is not essential for activation by GR. The de-
tected interactions of GR with SWI-SNF (above) and of SWI-
SNF with RNA polymerase holoenzyme (44) are consistent
with a potential coactivator function of the complex. Our re-
sults show that the human SWI-SNF pathway appears to play
an important role in the activity of the t1 domain during
GR-mediated gene activation in mammalian cells, involving
the putative ATPase activity of hbrm.

Additional pathways can mediate t1 activation indepen-
dently of SWI-SNF. We have shown that the SWI-SNF com-
plex can potentiate t1-mediated transactivation both in vivo
and in vitro. The residual t1 activity in snf6 strains as well as
previously published evidence suggests that t1 activity can also
be mediated by other coactivator pathways (3, 15, 21, 43), at
least some of which are affected by a set of t1 mutations that
also affected interaction with the SWI-SNF pathway. To fur-
ther characterize the nature of the pathways functioning in
SWI-SNF-defective strains, we measured the activity of a range

of t1c mutants with reduced or increased activity in a snf6
mutant yeast strain and an otherwise isogenic WT strain. Fig-
ure 6 shows the relative activities of proteins with mutations in
different segments of t1c. All of the t1c-mutants show similar
deficiencies in activity in both the WT and the snf6 mutant
strain. Furthermore, the effects of t1 mutants on t1 activity in
snf6 mutant strains parallels their ability to interact with HAT
complexes (43). It is therefore possible that at least one of the
residual activation mechanisms in snf6 strains is due to the
activity of HAT complexes.

The activity of GR-t1c is further decreased in yeast strains
with deletions in both the SWI-SNF and Ada genes. We wished
to investigate how t1-mediated activation via the SWI-SNF
complex interacts with other activation pathways, in particular
the Ada pathway investigated previously (21, 43). Thus, the
transactivation activity of the t1c-LexA was measured in yeast
strains defective in both SWI-SNF and Ada genes. A plasmid
expressing t1c-LexA was transformed together with a LexA-
responsive lacZ reporter plasmid into yeast mutant strains
ada2, gcn5, snf2, snf2-ada2, and gcn5-snf2 and into an other-
wise isogenic WT strain, exponentially growing cells were har-
vested, and b-galactosidase levels were measured. The activity
of t1c is reduced in the ada2 (6%), gcn5 (10%), and snf2 (10%)
strains compared to its activity in the WT strain (100%) (Fig.

FIG. 4. The SWI-SNF complex stimulates Gal4-t1-driven transcription from chromatin templates. (A) A diagram showing the nucleosomal 5S-G5E4 array
template. (B) A schematic representation of the in vitro transcription assay indicating the order in which the reagents were added. (C) The nucleosomal array template
was transcribed following activator binding in the presence or absence of WT SWI-SNF complex or ATPase-deficient SWI-SNF complex (K798A-Swi2) as indicated.
The HIV-1 DNA template was used as an internal recovery control. The transcripts marked E4 are subjected to regulation by the added Gal4 and Gal4-t1 proteins.
(D) Transcription of naked DNA template in the presence or absence of Gal4 or Gal4-t1 and WT or ATPase-deficient (K798A-Swi2) SWI-SNF complex. The
transcription conditions were the same as described for panel C, except for the replacement of the nucleosome array template with naked DNA and the absence of
competitor nucleosomes.
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FIG. 4—Continued.
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7A). However, the remaining activity of t1c is further de-
creased in the snf2-ada2 (1.5%) and gcn5-snf2 (2.1%) strains
compared to the single-mutation strains. The t1c protein is
expressed at the same level in all of the mutant yeast strains, as
shown by the Western blot in Fig. 7B. These results indicate
that the SWI-SNF and Ada pathways both contribute to t1-
mediated activation in complementary ways and in that sense
they represent alternative pathways.

Overlapping function for SWI-SNF and Ada proteins in GR
activation. Recent reports have suggested that the SWI-SNF
complex and HAT complexes function in overlapping path-
ways when mediating the function of some yeast activators (4,
37, 38). Since both the Ada-containing SAGA complex and the
SWI-SNF complex have been shown to interact with and po-
tentiate GR-t1 activity in vivo and in vitro, we wanted to

further investigate whether the complexes could have overlap-
ping functions when mediating t1c activity. We transformed
yeast cells defective in SWI-SNF (snf6) and an otherwise iso-
genic WT strain with plasmids expressing t1c-LexA and a
LexA-dependent lacZ reporter gene and overexpressing Ada2.
Figure 8 shows that the b-galactosidase levels measured in the
WT strain are similar when t1c-LexA is expressed alone or
together with overexpressed Ada2. Interestingly though, there
is a threefold increase in activation measured in the snf6 strain
when t1c-LexA is expressed together with overexpressed
Ada2, compared to t1c-LexA alone in the snf6 strain. The
activities measured in the WT and the snf6 mutant strain trans-
formed with LexA are similar and very low with or without
overexpressed Ada2. These results clearly indicate that over-
expression of Ada2 can compensate in part for the deficiency
in snf6. Thus, while the SWI-SNF and Ada proteins perform
distinct functions, they appear to have the ability to play over-
lapping roles in mediating GR-t1c transactivation activity.

DISCUSSION

The SWI-SNF complex potentiates the activity of the GR-t1
transactivation domain in yeast and mammalian cells. Previ-
ous studies from Yamamoto’s group have shown that deletion
of swi genes in yeast cells reduces the transactivation capacity
of full-length GR (49). The SWI1, SWI2, and SWI3 proteins
were found to be essential for GR function in yeast, while snf5
and snf6 mutations resulted in an approximately fourfold de-
crease in GR activity. Yamamoto’s group also showed that a
GR derivative lacking the steroid-binding domain was depen-
dent on the SWI-SNF proteins for activity (49). Since we
wished to investigate which role t1, as the major N-terminal
transactivation domain, specifically would play during SWI-

FIG. 5. hbrm potentiates GR t1 activity in mammalian C33 cells. (A) Trans-
activation activity of the t1c after cotransfection with expression plasmids t1c-
GRDBD and hbrm or hbrm-NTP mutant. The activity of the luciferase reporter
gene in each condition is expressed relative to the activity of the t1c in the
absence of cotransfected plasmid encoding hbrm. The graphs represent mean
values obtained from three independent transfections. (B) Western blot with
affinity-purified hbrm antibodies. Extracts were prepared from C33 cells trans-
fected with 20 mg of pCMV, pCMV-hbrm, or pCMV-NTP mutant.

FIG. 6. Transactivation activities of t1c mutants in the WT and a snf6 mutant
strain. The graphs show mean values from five independent experiments, where
the b-galactosidase activity (nanomoles of O-nitrophenyl-b-D-galactopyranoside
per milligram of protein per minute) was measured. The activities of the t1c
mutants are relative to unmutated t1c in the WT and the snf6 mutant strain,
respectively (actual values for unmutated t1c are shown above the columns).
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SNF-stimulated transcription, we compared the activity of t1c
to that of full-length GR in snf6 mutant yeast cells. We also saw
a four-fold decrease in the activity of full-length GR in snf6
mutant cells as compared to that in WT yeast cells. The activity
for a GR derivative lacking t1, GR-Dt1, was reduced to a much
lesser extent in snf6 as compared to WT cells, indicating that
SWI-SNF stimulates transcription by GR predominantly
through the t1 domain. This was further supported by mea-
suring the activity of t1c-LexA in snf6 and WT cells, since the
reduction of activity was even stronger than for full-length GR.
However, it is possible that other activation domains in GR,
like AF-2, may use the SWI proteins for transactivation in vivo.
Such interaction has been observed in the yeast two-hybrid
system for the estrogen receptor a-LBD, which can interact
with the human homologues of the SWI2 protein in a ligand-
dependent manner (23).

Previous results from Yaniv’s group (32) show that hbrm is
important for GR transactivation in mammalian cells involving
the ATPase activity of hbrm. The hbrm-stimulated increase in
t1 activation that we observed was almost identical to the
increase in GR activation reported by Yaniv’s group (32).
When we transfected an hbrm-NTP-binding mutant with re-
duced ATPase activity together with t1c, we saw the same
decrease in activity as reported for full-length GR. The trans-
fection experiments were repeated with another hbrm-defec-
tive mammalian cell line (SW13), from which we obtained very
similar results (data not shown). Taken together, the yeast and

mammalian cell data suggest that the t1c region of the GR is
important for SWI-SNF-mediated potentiation of GR function.

The t1 domain interacts directly with the yeast SWI-SNF
complex, and binding of t1 mutants to the yeast SWI-SNF
complex in vitro correlates with their transactivation activities
in vivo. It has previously been shown that GR-DBD can pre-
cipitate the SWI3 protein from yeast cell extract, and this
interaction required SWI1 and SWI2, perhaps indicating that a
complex of SWI proteins interacts with the receptor (49). Here
we show that GR-t1 can bind directly to purified yeast SWI-
SNF complex. We also tested GST-GRLBD in a pull down
assay with SWI-SNF complex, but in our assay the GRLBD did
not precipitate any SWI-SNF complex in the presence or ab-
sence of ligand (data not shown). To date, there have been
several reported correlations between the transcriptional ac-
tivity of activators and their binding to target factors (8, 20, 31,
39). We previously showed that the binding of t1 mutants to
the HAT complex SAGA in vitro corresponded to the activity
of the mutants in vivo and in vitro (43). Here we show that a
high-activity mutant, D196Y, interacts more strongly with the
SWI-SNF complex, while a low-activity mutant, H1ala, inter-
acts less efficiently. The relationship between the activity of the
mutants and their binding to the SWI-SNF complex further
supports our model that the t1 mutations in question affect the
ability of t1 to fold into a structured form that is competent to
interact with target proteins. Interestingly, previous results
have shown that the D196Y and H1ala mutants were affected

FIG. 7. GR t1c transactivation activity is further decreased in yeast strains lacking both SWI-SNF and Ada proteins. (A) Transactivation activity of the t1c protein
was obtained from WT or ada2, gcn5, snf2, ada2-snf2, or gcn5-snf2 mutant strains by measuring b-galactosidase activity (nanomoles of O-nitrophenyl-b-D-galactopy-
ranoside per milligram of protein per minute). The graphs show mean values from three independent experiments, where the t1c activity measured in all the mutant
strains are relative to its activity in the WT strain. (B) Western blot showing expression levels of the t1c-LexA protein in the WT and the mutant strains.
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for interaction with the SAGA complex in the same way as
shown here for the SWI-SNF complex, indicating that these
complexes share a binding determinate on GR-t1.

Gal4-t1-driven transcription in vitro is stimulated by the
SWI-SNF complex. Since we found that GR-t1 could interact
directly with purified SWI-SNF complex, we wanted to know
whether this interaction could be important for the t1 trans-
activation activity. Using an in vitro system with reconstituted
chromatin templates, we have shown that SWI-SNF needs to
be targeted by the t1 activation domain in order to stimulate
transcription in this system. In the absence of activator, or in
the presence of the DNA-binding domain of Gal4 alone, the
SWI-SNF complex did not stimulate transcription. The SWI-
SNF complex could not, however, increase Gal4-t1 activity
from a naked DNA template. In addition, an ATPase-deficient
SWI-SNF complex could not stimulate transcription in the
absence or presence of Gal4-t1. These observations strongly
suggest that the yeast SWI-SNF complex can mediate Gal4-t1
activity through its chromatin-remodeling activities. Although
the capacity of the GR to recruit remodeling activity to DNA
has been shown previously (35), it has not previously been
demonstrated in the literature that GR-dependent recruitment
of SWI-SNF can lead to transcriptional activation.

Ada-containing HAT complexes and the SWI-SNF complex
represent independent but complementary functions that can
have overlapping roles in mediating GR-t1c activity. We have
previously shown that the chromatin-modifying complex
SAGA is important for GR-t1 transactivation activity (43).
However, by using yeast strains with deletions in the ada2,
ada3, or gcn5 genes, we found that the Ada proteins alone were
not solely responsible for t1 activity and that other pathways
mediating t1 activity seemed to be independent of the Ada
pathway (21). Since we did not know whether the Ada-inde-
pendent pathway would be mediated by the SWI-SNF proteins
alone or if additional unknown proteins would be involved, we
measured the t1c activity in yeast strains with deletions in both
the ada and the swi-snf genes. The activity of t1c is further
decreased in yeast strains with deletions in both the snf2 and
ada genes, compared to a single deletion in these genes. This
clearly indicates that the SAGA complex and the SWI-SNF

complex are two major pathways that can mediate t1c trans-
activation activity.

It has previously been suggested that while HAT complexes
and the SWI-SNF complex have separate activities, they might
perform overlapping functions during transcriptional activa-
tion by yeast activators (4, 37). Since both the SAGA complex
and the SWI-SNF complex have been shown to interact with
and potentiate GR-t1 activity, we tested whether components
of these two complexes would have the capability of compen-
sating for each other when mediating t1 transactivation activ-
ity. By overexpressing Ada2 in yeast cells reduced in SWI-SNF
(snf6), we found a threefold increase in activation in the snf6
strain when t1c and Ada2 were expressed together, compared
to t1c alone in the snf6 strain. In the WT strain, the activity for
t1c was similar in the presence or absence of overexpressed
Ada2. Thus, our results suggest that SWI-SNF and Ada pro-
teins play distinct but overlapping roles in stimulating GR-t1c
activity. It is possible that overexpression of the Ada histone
acetylase activity can substitute for chromatin remodeling un-
der these conditions, but the exact mechanisms involved need
to be further investigated. It is also not clear whether the
SWI-SNF and the Ada protein function together or at different
stages in t1-mediated transcription. Both the SWI-SNF com-
plex and the SAGA complex can be recruited by GR-t1 in
order to remodel chromatin, but in vivo there is most probably
an ordered pathway of this recruitment, as has been suggested
for the SWI5 activator (9, 27).
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35. Östlund-Farrants, A.-K., P. Blomquist, H. Kwon, and Ö. Wrange. 1997.
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