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1,2
AND ROBERT E. KINGSTON *
Department of Molecular Biology, Massachusetts General Hospital, Boston, Massachusetts 02114,1 and Department of
Genetics, Harvard Medical School, Boston, Massachusetts 021152
Received 12 February 2001/Returned for modification 21 March 2001/Accepted 7 June 2001

(16). AD1 and AD2 each contain residues that are important
for both transcriptional initiation and elongation. Mutations in
acidic residues in both AD1 and AD2 preferentially affect the
ability of HSF1 to stimulate transcriptional initiation, while
mutations in phenylalanine residues in both activation domains
preferentially affect stimulation of elongation (5).
In the nucleus, DNA is packaged into nucleosomes, which
frequently inhibit transcription. Remodeling complexes act to
move or alter the nucleosomes in a manner that allows for transcription. Two well-characterized classes of ATP-dependent
chromatin remodeling complexes, named for their ATPase subunits, are the SWI/SNF family of complexes and the ISWIbased complexes (reviewed in references 52 and 54). The SWI/
SNF complexes can increase DNA accessibility for activator
binding (10, 28). At the same time, studies have revealed that
SWI/SNF can be targeted to nucleosomal templates by template-bound activators in vitro (37, 40, 58). Experiments using
chromatin immunoprecipitation analysis show that recruitment
of yeast SWI/SNF (ySWI/SNF) to the HO promoter requires
the initial binding of the activator SWI5 (8). The connection of
activators to chromatin remodeling complexes is especially
pertinent when studying the activation of the human hsp70
gene. There is a promoter-proximal pause of RNA polymerase
II on the inactive Drosophila and human hsp70 genes (47), and
it has been proposed that nucleosome structure in front of the
elongating RNA polymerase contributes significantly to the
length and regulation of the pause site (3, 21). In an in vitro
transcription system, the pause is released by HSF1 more efficiently when human SWI/SNF (hSWI/SNF) is present (3).
To learn more about the role of hHSF1 in transcriptional
activation, we searched for functionally interacting proteins.
We utilized both a biochemical approach to identify physical
interaction and an in vitro assay to study the functional consequences of the interaction. We find that BRG1, the ATPase
subunit of the hSWI/SNF chromatin-remodeling complex, and
chromatin remodeling activity cofractionate with HSF1. We
also show, using a purified system, that hHSF1 will target

Efficient function of transcriptional activators requires interactions with the general transcription machinery and with complexes that alter the chromatin template. Complexes that alter
the chromatin template can be divided broadly into those that
covalently modify the template (e.g., acetyltransferases, kinases, and methylases) and those that utilize the energy of
ATP hydrolysis to “remodel” nucleosome structure and/or position (reviewed in references 22, 24, and 41). While genetic
and biochemical studies have demonstrated a role for ATPdependent chromatin remodeling complexes in transcriptional
activation (2, 24, 41), the mechanisms by which these complexes are targeted and the steps in the transcription process
that they activate are poorly understood. The heat stress-induced transcriptional activator, heat shock factor (HSF), is
responsible for coordinating the rapid transcriptional response
of many heat shock protein genes, including the well-studied
hsp70 gene (reviewed in reference 13). This transcriptional
activator has provided a good model system for understanding
mechanisms of activation.
The heat shock response is regulated via activation of HSF
(reviewed in references 30, 33, and 34). HSF1 is the primary
stress-activated member of a family of vertebrate HSFs. Prior
to heat shock, human heat shock factor 1 (hHSF1) is found
throughout the cell as an inactive monomer. Upon heat shock,
it becomes hyperphosphorylated, concentrates in the nucleus,
trimerizes, and binds DNA. Transactivation is controlled by
HSF’s regulatory domain, located in the center of the protein,
which is able to repress the two C-terminal activation domains
(AD1 and AD2) and render them heat inducible (see Fig. 1A)
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Chromatin remodeling complexes such as SWI/SNF use the energy of ATP hydrolysis to remodel nucleosomal DNA and increase transcription of nucleosomal templates. Human heat shock factor one (hHSF1) is a
tightly regulated activator that stimulates transcriptional initiation and elongation using different portions of
its activation domains. Here we demonstrate that hHSF1 associates with BRG1, the ATPase subunit of human
SWI/SNF (hSWI/SNF) at endogenous protein concentrations. We also show that hHSF1 activation domains
recruit hSWI/SNF to a chromatin template in a purified system. Mutation of hHSF1 residues responsible for
activation of transcriptional elongation has the most severe effect on recruitment of SWI/SNF and association
of hHSF1 with BRG1, suggesting that recruitment of chromatin remodeling activity might play a role in
stimulation of elongation.
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hSWI/SNF to a nucleosomal template. The association of
HSF1 with BRG1 and remodeling activity, as well as its recruitment of hSWI/SNF, depends on the transcriptional activation domains, primarily on the phenylalanine residues that
are important for stimulation of transcriptional elongation.
These studies suggest that hSWI/SNF is an important target of
the HSF1 transcriptional activation domains.
MATERIALS AND METHODS

wash salts used were 300 mM KCl, 300 mM KOAc, 300 mM NaOAc, 300 mM Na
citrate, 300 mM (NH4)2SO4, 100 mM (NH4)2SO4, and 50 mM (NH4)2SO4.
Detergents used in the washes were 0.1% NP-40 and 1 or 5 mM n-octylglucoside.
For the immunopurification in which BRG1 cofractionated with HSF1 and the
GAL4-HSF fusions, heat-shocked, non-heat-shocked, nuclear, and cytoplasmic
extracts were prepared as described previously (12). For purification, 20 mg of
protein extracts was incubated overnight (10 to 12 h) at 4°C with 100 l of
anti-FLAG M2 affinity gel (Sigma) in BC-100 (100 mM KCl, 20% glycerol, 20
mM HEPES [pH 7.9], 0.2 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride) containing 0.1% NP-40. After incubation, columns were
poured and washed with 10 column volumes of BC-100, 80 column volumes of
BC-500 (same as BC-100 except containing 500 mM KCl), and then 10 column
volumes of BC-100 (all with 0.1% NP-40). Bound protein was eluted using 0.4 mg
of the FLAG peptide (N-DYKDDDDK-C)/ml in BC-100 (0.1% NP-40).
Bacterial purification of GAL4-HSF fusion proteins. GAL4-HSF1 fusion proteins (wild type and activation domain mutants) containing amino acids 1 to 94
of the GAL4 protein fused to the C terminus of human HSF1, amino acids 201
to 529 (mutations as shown in Fig. 1A), as well as the GAL4 DNA binding
domain (1 to 94), were purified from Escherichia coli as His6-tagged proteins
using procedures described previously (5). Protein concentrations were determined by Bradford analysis, and purity was assayed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). From this, the GAL4(1-94)
protein was judged to be 85% pure at a dimer concentration of approximately 30
M, GAL4-HSF1 (wild type) was 30% pure at 7.2 M, GAL4-HSF1 (acidic
mutant) was 30% pure at 6.6 M, and GAL4-HSF1 (phenylalanine mutant) was
50% pure at 16 M. GAL4 DNA binding activity was normalized based on gel
shift analysis (data not shown).
Purification of hSWI/SNF. Human SWI/SNF was purified as described previously (17, 50) and judged to be approximately 50% pure by silver stain analysis.
Purification of nucleosomes, polynucleosomes, and histones. H1-depleted
HeLa nucleosomes were prepared and quantitated as described previously (9, 48,
53) with the exception that the nuclear pellet that resulted following extraction
by the Dignam procedure was used as the starting material (12). For the restriction enzyme accessibility assay, medium-sized polynucleosomes (average two to
six nucleosomes) were used as the competitor. HeLa histones were purified via
hydroxyapatite chromatography as described previously (56).
Reconstitution, purification, and assay of nucleosomal templates. Mononucleosomes were reconstituted and purified as previously described (17) for tailed
mononucleosomes. The mononucleosome disruption assay was carried out as
previously described (17) for tailed mononucleosomes. Reactions contained up
to 150 ng of hSWI/SNF or 15 l of M2 column fractions from the full-length
wild-type HSF-flag, GAL4-HSF-wt-flag, GAL4-HSF-ac-flag, GAL4-HSF-phflag, or HeLa cell lines for 30 min at 30°C in the presence or absence of 0.5 mM
ATP.
Labeled circular plasmid nucleosomes were reconstituted as described previously (18) using full-length histones. Plasmid supercoiling experiments were
carried out as previously described (18) with either hSWI/SNF up to 300 ng
(approximately 5 nM) or 15 l of M2 fractions from the GAL4-HSF-wt-flag,
GAL4-HSF-ac-flag, GAL4-HSF-ph-flag, or HeLa cell lines, both in the presence
or absence of 2.1 mM ATP. Reactions were incubated at 30°C for 30 to 45 min.
Assembly of linear 5S arrays. The p2085S-G5E4 plasmid containing the linear
array was the gift of J. Workman and K. Neely (Penn State University) (37). The
5S-G5E4 sequence was excised from the plasmid with the restriction enzymes
Asp718 and ClaI (Roche Molecular Biochemicals, Inc.). DdeI (NEB, Inc.) was
included in the restriction digest to facilitate band identification. The fragment
was gel purified and end labeled with [32P]dCTP with a Klenow fill-in reaction at
the Asp718 site. The linear DNA was assembled into a polynucleosomal template
by gradient dialysis as described previously (31, 42).
Restriction enzyme accessibility assay. Restriction enzyme accessibility experiments were carried out at 30°C in 50 l of reaction buffer (4 mM MgCl2, ⫾0.5
mM ATP/MgCl2, 60 mM KCl, 7% glycerol [before addition of restriction enzyme], 16 mM HEPES [pH 7.9], 10 mM Tris [pH 7.5], 0.36 mM EDTA, 0.8 mM
dithiothreitol, 0.16 mM phenylmethylsulfonyl fluoride, 20-ng/l bovine serum
albumin). Template was added to a final concentration of 0.15 ng/l, which
equaled approximately 0.08 nM linear array (12 nucleosomes/array; therefore, 1
nM nucleosomes), and reactions included 2 or 5 nM purified hSWI/SNF, ⫾200
or 600 nM polynucleosomes (expressed in mononucleosome units), ⫾2 or 5 nM
GAL4-HSF proteins (bacterially purified).
Restriction enzyme, 0.3 to 0.9 U of XbaI/l, was present throughout the
reaction. The start of the reaction was addition of the template. Aliquots were
removed to a deproteinating stop buffer (3% SDS, 100 mM EDTA, 50 mM Tris
HCl [pH 8.0], 25% glycerol, 6-mg/ml proteinase K) at 2, 10, 40, and 80 min and
allowed to incubate at 30°C for 30 min. Gel loading dye was added, and the
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Plasmids and fusion constructs. Plasmid pHSF1-flag for the expression of
carboxy-terminally FLAG-tagged hHSF1 was generated by subcloning the human HSF1-flag construct out of pCMV-HSF1-flag and into the pBABE/puro
retroviral vector (32) via the EcoRI site. pCMV-HSF1-flag was constructed in
our lab by taking pCMV-huHSF-B (kindly provided by Carl Wu, National Institutes of Health, Bethesda, Md.) and inserting the FLAG epitope
(DYKDDDDK) on the C-terminal end by PCR. pCMV-huHSF-B contains the
cDNA of human HSF1, including the 5⬘ and 3⬘ untranslated region, cloned into
the EcoRI site of the pCMV5 vector.
GAL4-HSF fusions were all created by starting with pBS108 (kindly provided
by Carl Wu) which contains the full length cDNA clone of human HSF1 in
Bluescript (SK⫹) (Stratagene). The mutations F418A, F492A, and F500A were
added consecutively via site-directed mutagenesis (27) in order to create the
phenylalanine mutant, pBS108-ph. The mutations E493A and E496A were
added consecutively via site-directed mutagenesis, and the mutation D416A was
inserted in the last step via the SacI and BstEII (partial digest) sites in order to
create the acidic mutant, pBS108-ac.
The pBABE-Flag-Gal4(1-94)HSFABC plasmids (wild type, acidic mutant, and
phenylalanine mutant) for the stable expression of amino-terminally FLAGtagged GAL4-HSF-wt, -ac, and -ph, respectively, contain the FLAG epitope
amino terminal to the GAL4 DNA binding domain (amino acids 1 to 94),
attached to the C terminus of hHSF1, (amino acids 201 to 529). This construct
was subcloned into the pBABE/puro retroviral vector via the BglII and EcoRI
sites.
The pBXFlagGal(1-94)HSFABC plasmids (wild type, acidic mutant, and phenylalanine mutant) for the transient expression of amino-terminally FLAGtagged GAL4-HSF-wt, -ac, and -ph, respectively, contain the FLAG epitope
amino terminal to the GAL4 DNA binding domain (amino acids 1 to 94),
attached to the C terminus of hHSF1 (amino acids 201 to 529). This construct
was subcloned into the pBXG1 mammalian expression plasmid (the vector is a
gift of M. Ptashne, Harvard University) via the BglII and EcoRI sites.
The pRJR-HSFABC [Gal4(1-94)] plasmids (wild type, acidic mutant, and
phenylalanine mutant) for the bacterial expression of six-histidine epitopetagged GAL4-HSF-wt, -ac, and -ph, respectively, were created by subcloning the
respective Gal4-HSF inserts from the above pBXFlagGal(1-94)HSFABC plasmids into pRJR1 (46) via the XhoI and EcoRI sites.
Cell line establishment and cell culture. The HeLa-derived, FLAG-expressing
cell lines were established using a retrovirus-mediated gene transfer technique
similar to that described previously (6, 14). The FLAG constructs were subcloned
into the retroviral vector, pBABE/puro, as described above. The retroviral vector
was transfected into Bing cells, a retroviral packaging cell line, as previously
described (1). Briefly, 10 g of plasmid DNA was used to transfect 2 ⫻ 106 Bing
cells by the calcium phosphate method. Medium containing helper-free and
replication-deficient retrovirus was harvested 36 to 72 h posttransfection, filtered
through a 0.45-m-pore-size Nalgene filter, and used to infect 2 ⫻ 106 freshly
seeded HeLa S3 cells in the presence of 8 g of polybrene/ml. Infected cells were
grown in medium containing 1 g of puromycin/ml, and individual colonies were
isolated and expanded into cell lines. Extracts were made (12), and 10 clonal cell
lines were analyzed for FLAG protein expression via Western blot analysis
(ECL-Amersham Pharmacia Biotech) using the anti-FLAG antibody, D-8 polyclonal (Santa Cruz) or M5 monoclonal (Sigma).
Both HeLa and the FLAG protein-expressing cell lines were maintained on
plates in Dulbecco modified Eagle medium supplemented with 10% fetal calf
serum (Sigma) at 37°C. For heat shock, medium warmed to 43°C was used to
replace medium in the plates prior to a 2-h incubation at 43°C and immediate
transfer to 4°C for harvesting.
Immunopurification. In the search for copurifying proteins, many conditions
were used for extract preparation and the immunopurification of HSF1 and the
GAL4-HSF proteins: extraction salts including up to 340 mM KCl, up to 300 mM
KOAc, up to 340 mM (NH4)2SO4, column sizes from 100 l to 1 ml; binding
detergents including 0.1% or 0.15% NP-40; binding times of 4 h, 5.5 h, and
overnight (10 to 12 h); and reloading the flowthrough over the column twice. The
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samples were analyzed on a 1% agarose gel in 1⫻ TBE (89 mM Tris, 89 mM
boric acid, 2 mM EDTA [pH 8.0]).
Rate constants were obtained by first-order fits to the data using Kaleidagraph.
Reactions did not go to completion but leveled off at endpoints of 30 to 55%
uncut DNA. The nonzero endpoint was similar to that observed previously in
studies measuring spontaneous restriction enzyme access (44; G. Narlikar, unpublished data).
Transient transfections and CAT assays. Transient transfections and chloramphenicol acetyltransferase (CAT) assays were carried out as previously described (5). HeLa cells were grown, and transfections were carried out as described previously (39) for heat shock experiments with 5 g of pBXG1 plasmids
expressing GAL4-HSF-wt, GAL4-HSF-ac, and GAL4-HSF-ph, 5 g of
p540CAT reporter plasmid, and 1 g of pXHG5 reference plasmid (30).

RESULTS
To identify proteins that associate with HSF1, we established cell lines that stably expressed HSF1 that had been
tagged at the C terminus with the FLAG epitope (Fig. 1A).
These cell lines were made in order to purify HSF1 and tightly
associated proteins in a single step using immunoaffinity chromatography (see below). We wished to stably express HSF1 at
levels similar to expression of the endogenous gene in order to
maximize yield of the tagged protein while avoiding any titration of associated factors that might be caused by overexpres-

sion of HSF1. We therefore inserted the tagged HSF1 construct into a retroviral vector (pBABE) that is known to result
in expression of near-endogenous levels of protein (32).
The retroviral construct was transfected into packaging cells
to produce virus, HeLa cells were infected with the resultant
recombinant virus, and infected cells were selected using puromycin (see Materials and Methods). Ten clonal cell lines
were screened for expression of tagged HSF1 via Western
analysis using an antibody specific to the FLAG epitope (Santa
Cruz). One cell line that expressed levels of tagged HSF1 that
were comparable to the levels of endogenous HSF1 was chosen
for further study. In the cell line containing tagged protein
(Fig. 1B, lanes 1 and 2), the total amount of HSF1, tagged plus
endogenous, is approximately three- to fivefold higher than
expression of HSF1 in the parental HeLa cell line (lanes 3 and
4). The tagged HSF1 protein is functional as shown by the
ability to restore HSF1 function to mouse cell lines that lack
endogenous HSF1 (L. Corey, unpublished data).
Purification of tagged HSF1. In order to purify the FLAG
epitope-tagged HSF1, we made nuclear and cytoplasmic extracts from the tagged HSF1 cell line. The cell extractions and
HSF1 immunopurifications were done under a wide range of
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FIG. 1. Development of stable HSF1-flag cell lines. (A) Schematic representation of HSF1 constructs. DBD, DNA binding domain; TD,
trimerization domain; RD, regulatory domain; AD1, activation domain I; AD2, activation domain II. (B) Expression level of total hHSF1
(HSF1-FLAG plus endogenous HSF1), nuclear (nuc) and cytoplasmic (cyto), in the HSF1-flag cell line versus the parental HeLa cell line, obtained
by Western blot analysis using the anti-HSF1 antibody (␣-HSF1) (Stressgen).
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salt and detergent conditions, including varying concentrations
of KCl, KOAc, and (NH4)2SO4 (see Materials and Methods).
All preparations resulted in substantially pure HSF1 (Fig. 2A,
lane 2). There were no proteins that copurified with HSF1 in a
stoichiometric manner under any buffer condition, regardless
of whether HSF1 was isolated from heat-stressed cells, the
nucleus, or the cytoplasm. Close inspection of silver-stained
gels revealed the presence of substoichiometric bands at the
approximate size of components of the human SWI/SNF family of chromatin remodeling complexes. We had previously
shown that the ability of HSF1 to stimulate transcriptional
elongation in vitro is enhanced by SWI/SNF (3). We used
antisera specific for BRG1, a central subunit of hSWI/SNF
complexes, and showed that this protein is present in HSF1
preparations but is not present after mock purification from
control cells that did not express tagged HSF1 (Fig. 2A).
Human SWI/SNF is an ATP-dependent remodeling complex that is able to significantly alter the structure of mononucleosomes. Therefore, we tested the purified fractions for ac-

tivity in the mononucleosome disruption assay (10, 19, 28). In
this assay, the ATP-dependent alteration of histone-DNA contacts is manifested by a disruption of the normal DNase I
cleavage pattern of a mononucleosome. If nucleosomes are
formed on DNA with rotational phasing sequences, they adopt
uniform phasing which is evidenced by a 10-bp repeat when the
nucleosome is cleaved with DNase I (Fig. 2B, compare free
DNA in lane 1 to nucleosomal DNA in lane 3). Incubation
with purified hSWI/SNF results in an ATP-dependent alteration of the DNase I pattern (lanes 3 and 4). We analyzed
immunopurified HSF1 and found that it was associated with a
low level of a qualitatively similar remodeling activity (lanes 5
and 6). This was despite the fact that the amount of BRG1
associated with the HSF1 fraction was estimated, via silver
staining, to be approximately 10-fold less than the amount in
the hSWI/SNF control reaction. We therefore performed a
series of experiments designed to verify that HSF1 specifically
associated with BRG1.
We asked first whether HSF1 associated with immunopuri-
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FIG. 2. Association of human HSF1 with human BRG1 and chromatin remodeling activity. (A) Fractions from the M2 (anti-FLAG)
purification of full-length HSF1-FLAG were resolved by SDS-PAGE and assayed by silver staining (bottom panel) or Western blot analysis using
the anti-BRG1 antibody (top panel) and the anti-FLAG antibody, D-8 polyclonal (Santa Cruz) (middle panel). BRG1 flowthroughs are
comparable to inputs. Heat shock fractions from cell lines expressing HSF1-FLAG (lane 2) and a HeLa cell line control (lane 3) were compared.
(B) The same fractions from panel A were compared (lanes 5 to 8) to purified hSWI/SNF (lanes 3 and 4) in the DNase I mononucleosome
disruption assay. Naked DNA was digested by DNase I as a control (lanes 1 and 2). Open ovals designate bands with an ATP-dependent increase
in intensity, and closed ovals designate bands with an ATP-dependent decrease in intensity. Lanes 1 and 2 are at a lighter exposure in order to
better see the bands in the highly digested lanes. (C) Fractions from an M2 (anti-FLAG) purification of INI1-flag, a hSWI/SNF subunit, were
resolved by SDS-PAGE and assayed by Western blot analysis using the anti-BRG1 antibody (top panel), the anti-HSF1 antibody (Affinity
BioReagents) (middle panel), and the anti-FLAG antibody (M5, Sigma) (bottom panel). The anti-HSF1 experiment required a longer exposure
in order to visualize the HSF bands better. (D) Fractions from an M2 (anti-FLAG) purification of INI1-flag (lane 1) and a HeLa cell line control
(lane 2) were resolved by SDS-PAGE and assayed by Western blot analysis using the anti-HSF1 anti-body (Stressgen).
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tween transcriptional initiation and transcriptional elongation,
we had shown that mutations in phenylalanine residues reduced stimulation of elongation, while mutations in acidic residues reduced stimulation of initiation (5).
We made extracts from stable HeLa cell lines that expressed
the FLAG epitope-tagged GAL4 fusion proteins and immunopurified the fusion proteins (Fig. 3A). We routinely found
that G4-HSF-ph was expressed at higher levels than G4HSF-ac and that both mutations were expressed at a higher
level than G4-HSF-wt (Fig. 3A, middle panel). We estimated
the amount of BRG1 that copurified with each GAL4 protein
by Western analysis. More BRG1 was found in the G4-HSF-wt
preparations than in G4-HSF-ac preparations, and the amount
in the G4-HSF-ac preparations was always more than in G4HSF-ph preparations (Fig. 3A, top panel, and 4B, top panel).
We conclude that mutations in the transcriptional activation
domains of HSF1 decrease interaction with BRG1.
We measured ATP-dependent nucleosome remodeling activity of the GAL4 preparations to verify that this activity
mirrored the amount of BRG1 in the preparations. We observed a characteristic ATP-dependent disruption of the
DNase I pattern when G4-HSF-wt preparations were used
(Fig. 3B, lanes 5 and 6). The remodeling activity in the G4HSF-wt fraction was more than the activity in G4-HSF-ac, and
the activity in G4-HSF-ac was still higher than the activity in
G4-HSF-ph (Fig. 3B, compare the two bands with closed ovals
in the lowest positions in lanes 6, 8, 10, and 12). Thus, the
amounts of remodeling activity correlated with the amount of
BRG1 measured by Western analysis.
We also assessed remodeling activity using a separate topology-based protocol that is thought to be specific to the SWI/
SNF family of ATP-dependent remodeling complexes (18, 28;
J. Aalfs and R. E. Kingston, unpublished data). Assembly of
closed circular plasmids into nucleosomes results in introduction of approximately one supercoil per nucleosome. This is
most easily detected by deproteinizing the template and analyzing it by native agarose gel electrophoresis. In the examples
shown (Fig. 4B, lane 1), the introduction of approximately 15
negative supercoils following removal of 15 nucleosomes
caused the template to migrate rapidly; a more supercoiled
template migrates faster than a less supercoiled template under these gel conditions. SWI/SNF family complexes dramatically alter topology in an ATP-dependent manner, resulting in
a distribution of supercoiled species (Fig. 4B, lane 2).
When tested using this protocol, the GAL4-HSF-wt fraction
altered topology when compared to a HeLa control preparation (Fig. 4A, compare lane 2 with lane 1). We tested whether
the differential effects of the activation domain mutants on the
physical association with BRG1 (Fig. 4B, top panel) would be
mirrored in this assay by using matched amounts of different
G4-HSF proteins (Fig. 4B, middle panel); the use of matched
amounts of GAL4 proteins precluded the use of G4-HSF-wt in
this experiment due to its low expression. We found that the
G4-HSF-ac preparation had discernible ATP-dependent remodeling activity (lanes 3 and 4), while the G4-HSF-ph and the
HeLa control preparations did not (lanes 5 to 8). Higher
amounts of BRG1 associate with the acidic mutant than with
the phenylalanine mutant (Fig. 4B, top panel); therefore, the
remodeling activity correlated with the amount of BRG1 in
these fractions. We thus conclude that mutations in phenylal-
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fied hSWI/SNF. We purified hSWI/SNF from HeLa cells that
contain the smallest SWI/SNF subunit, called INI1, with a
FLAG epitope tag and tested for the presence of HSF1 by
Western analysis (Fig. 2C). As reported previously, a significant portion of endogenous BRG1 copurifies with INI1 as part
of hSWI/SNF (Fig. 2C, top panel) (50). HSF1 is also present in
the purified hSWI/SNF, but not in a mock purification (Fig.
2C, middle panel and D). Examination of silver-stained gels
reveals that HSF1 is not stoichiometric with hSWI/SNF subunits in purified hSWI/SNF (data not shown; see references 48
and 50). The observed low stoichiometry of the interaction
between these two proteins suggests that they might interact
transiently (see Discussion).
Association of hSWI/SNF with the transcriptional activation domains of HSF1. We had previously shown that hSWI/
SNF augments the ability of HSF1 to stimulate transcriptional
elongation (3). Specific mutations in the HSF1 transcriptional
activation domains inhibited the ability of HSF1 to stimulate
either transcriptional initiation or elongation (5). We therefore
sought to determine whether the transcriptional activation domains of HSF1 associated with hSWI/SNF. HSF1 activates
transcription as a trimer, so it was not possible to test the
effects of mutations in the HSF1 activation domains in the
context of full-length HSF1, since the mutant protein would
trimerize with the nontagged, endogenous wild-type HSF1. We
therefore tested the effects of mutations in the transcriptional
activation domains in the context of GAL4-HSF1 fusion proteins. In these proteins the DNA binding and trimerization
domains of HSF1 are replaced by the GAL4 DNA binding
domain. Cell lines were constructed (see Materials and Methods) that constitutively expressed low levels of N-terminally
FLAG-tagged GAL4 fused to either the wild-type activation
domains, activation domains with mutations in specific acidic
amino acids, or activation domains with mutations in specific
phenylalanine residues (Fig. 1A).
We first verified that the GAL4 fusion proteins functioned in
the anticipated manner when transiently expressed in vivo. The
G4-HSF-wt construct had previously been shown to stimulate
transcription significantly and in a heat-inducible manner following transfection with a reporter construct. Acidic or hydrophobic amino acids that were critical for transcriptional activation had previously been identified using truncated portions
of the activation domains (5, 39). In the experiments reported
here, mutations that severely affected transcriptional activation
were combined and reconstructed into the full-length transcriptional activation region of HSF1 (Fig. 1A). Wild-type and
mutant fusion proteins were cotransfected with a CAT reporter construct that contained Gal4 binding sites into HeLa
cells which were subsequently heat shocked. Mutation of three
acidic residues decreased activation of CAT expression to
2.6% (⫾0.3%) of wild-type levels, while mutation of three
phenylalanine residues decreased activation to 7.2% (⫾3.5%)
of wild-type levels. Impaired activation was not caused by instability of the mutant proteins, since these proteins were expressed at higher levels than wild-type fusion proteins in HeLa
cells (see below). Thus, both sets of point mutations in the
HSF1 activation domains decreased overall transcriptional activation 10-fold or more. We anticipated that these different
sets of mutations might differentially effect interaction with
BRG1. Previously, using in vitro assays that distinguished be-
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anine residues decrease BRG1 association to a greater degree
than mutations in acidic residues. These data provide further
evidence that a SWI/SNF complex is responsible for the HSF1associated remodeling activity.
SWI/SNF complexes in humans may contain BRG1 or
hBRM as their central ATPase subunit (49). In order to assess
whether HSF1 was also found associating with hBRM, Western blotting was done with fractions from the GAL4-HSF
purifications (Fig. 4C). No association of HSF1 with hBRM
was detected, although the hBRM antibody is less sensitive
than the BRG1 antibody and may not detect very low levels of
hBRM.
Human HSF1 transcriptional activation domains target
hSWI/SNF to a chromatin template. We next wished to assess
the functional consequence of HSF1 interactions with BRG1
by determining whether HSF1 activation domains could target
remodeling activity to a template. To do this we used a completely defined system that contained purified hSWI/SNF, bacterially purified GAL4-HSF1 fusion proteins, and templates
assembled into nucleosomes by salt dialysis. We used a restriction enzyme access protocol previously developed to examine
targeting of ySWI/SNF (58). The assembly of a restriction site
into a nucleosome generally inhibits cleavage by restriction
enzymes, and SWI/SNF relieves this inhibition in an ATP-

dependent manner (Fig. 5B, lanes 1 and 2). We used a radiolabeled, linear template in which two sets of five 5S nucleosome positioning sequences flank DNA that can assemble into
two nucleosomes; this central region also contains five Gal4
binding sites and various restriction sites (Fig. 5A) (37). If
HSF1 activation domains recruit hSWI/SNF, then binding of
GAL4-HSF1 fusion proteins to the template should increase
local concentration of the remodeling complex, resulting in
increased template accessibility to restriction enzyme cleavage.
To best observe recruitment of SWI/SNF remodeling activity, we used a protocol in which the template containing Gal4
binding sites was present at low levels and an unlabeled competing nucleosomal template with no Gal4 binding sites
(polynucleosomes) was present in excess. When added to the
reaction, hSWI/SNF partitions between these templates. If
GAL4-HSF protein increased the affinity of hSWI/SNF, then
more SWI/SNF would partition to the GAL4-bound template
and we would observe an increased rate of restriction enzyme
access, reflecting an increased rate of remodeling. The remodeling rate was determined by removing aliquots from the restriction enzyme cleavage assay at various times and quenching
at each time point. Data from the 40-min time point is shown
for the different reactions (Fig. 5B and D and 6A). Fits to the
entire time course, as shown in single representative experi-

Downloaded from http://mcb.asm.org/ on November 21, 2019 by guest

FIG. 3. Human HSF1 activation domain mutants are found associating with human BRG1 and chromatin remodeling activity in a differential
manner. (A) Fractions from the M2 (anti-FLAG) purification of the GAL4-HSF-flag fusions were resolved by SDS-PAGE and assayed by silver
staining (bottom panel) or Western blot analysis using the anti-BRG1 antibody (top panel) and the anti-FLAG antibody, (M5; Sigma) (middle
panel). Heat shock fractions from cell lines expressing the GAL4-HSF wild type (lane 1), GAL4-HSF acidic mutant (lane 2), GAL4-HSF
phenylalanine mutant (lane 3), and a HeLa cell line control (lane 4) were compared. (B) The same fractions shown in panel A were compared
(lanes 5 to 12) to purified hSWI/SNF (lanes 3 and 4) in the DNase I mononucleosome disruption assay. Naked DNA was digested by DNase I
(lanes 1 and 2) as a control. Open ovals designate bands with an ATP-dependent increase in intensity, and closed ovals designate bands with an
ATP-dependent decrease in intensity. Lanes 1 to 4 are at a lighter exposure in order to better see the bands in the highly digested lanes.
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ments in Fig. 5C and E and 6B, give individual rate constants.
The ratios between the individual rate constants were highly
reproducible in repeat experiments (Fig. 6C). We thus were
able to determine the effect of different mutations in HSF1 on
the ability of GAL4-HSF fusion proteins to target remodeling
activity to the template.
In the experiment shown in Fig. 5B and C, addition of
hSWI/SNF without any cold competing template increased the
rate of restriction enzyme cleavage 11-fold in an ATP-dependent manner. Addition of a 240-fold molar excess of unlabeled
template (120-fold excess over SWI/SNF) decreased this stimulation to 3-fold. Including G4-HSF-wt in the reaction in the
presence of competing polynucleosomes increased stimulation
of cleavage to 7-fold. GAL4-HSF-wt alone did not alter restriction enzyme cleavage, as demonstrated by the comparison
between reactions lacking ATP. In this and all subsequent
experiments, restriction enzyme was present in excess. We
conclude that G4-HSF-wt is able to target remodeling activity
to a template.
To determine whether targeting by G4-HSF-wt required a
transcriptional activation domain, we compared G4-HSF-wt to
the GAL4 DNA binding domain alone (amino acids 1 to 94).
Using equal concentrations of active GAL4 protein (normalized by DNA binding), the GAL4 DNA binding domain alone
did not increase remodeling in the presence of competitor,
while, as described above, G4-HSF-wt did (Fig. 5D and E).
Increasing the concentration of the GAL4 DNA binding domain by threefold also did not lead to targeting of remodeling
activity, verifying that the results were not altered by changes
in the concentration of the GAL4 protein (data not shown).
If targeting of SWI/SNF activity correlated with the ability of
proteins to cofractionate with BRG1, then we would expect
phenylalanine mutations to significantly decrease targeting and
acidic mutations to decrease targeting to a lesser degree. This

hypothesis was confirmed by the data in Fig. 6A and B. Quantification of repeat experiments showed that when normalized
to reactions with competing polynucleosomes and no activator,
G4-HSF-wt increased remodeling by approximately threefold,
G4-HSF-ac increased remodeling less than twofold, and G4HSF-ph showed no significant stimulation of remodeling over
baseline levels (Fig. 6C). We conclude that the HSF1 transcriptional activation domains are able to target hSWI/SNF remodeling and that this recruitment is most significantly affected by
mutations in phenylalanine residues.
DISCUSSION
From the experiments above, we conclude that HSF1 associates with BRG1, the ATPase subunit of SWI/SNF, at endogenous concentrations in vivo. We demonstrate that GAL4HSF fusion proteins are able to recruit purified hSWI/SNF to
a chromatin template in vitro and that the HSF transcriptional
activation domains play a major role in this recruitment. Targeting of hSWI/SNF in this protocol is decreased by mutations
in residues necessary for stimulation of transcriptional initiation but is abolished by mutations in residues necessary for
stimulation of transcriptional elongation. Therefore, this work
suggests that targeting is involved in regulation of transcriptional elongation.
HSF1 and BRG1 associate in a substoichiometric manner
when purified from extracts. In fact, despite significant effort
under numerous conditions, we have been unable to identify
any factor or complex that interacts stoichiometrically with
HSF1 in solution. This differs from activators such as the steroid receptors and VP16 that have robust associations with
mediator/coactivator complexes which allow purification of
these complexes via affinity chromatography (20, 35, 45). The
HSF1 transcriptional activation domains are among the most
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FIG. 4. A BRG1-based SWI/SNF complex appears to be responsible for HSF1-associated remodeling activity. (A) Nuclear fractions from the
M2 (anti-FLAG) purification of a HeLa cell line control (lane 1) and GAL4-HSF wild type (lane 2) were compared in the supercoiling assay, both
plus ATP. L, linear DNA; Sc, completely supercoiled DNA. (B) Nuclear fractions from M2 (anti-FLAG) purification of the GAL4-HSF acidic
mutant, the GAL4-HSF phenylalanine mutant, and a HeLa cell line control were resolved by SDS-PAGE and assayed by Western blot analysis
using the anti-BRG1 antibody (top panel) and the anti-FLAG antibody, (M5; Sigma) (middle panel). These fractions (lanes 3 to 8) were then
compared to purified hSWI/SNF (lanes 1 and 2) in the supercoiling assay. L, linear DNA; Sc, completely supercoiled DNA. (C) Nuclear fractions
from M2 (anti-FLAG) purification of the GAL4-HSF wild type, GAL4-HSF acidic mutant, and the GAL4-HSF phenylalanine mutant were
compared to nuclear extract input. Samples were resolved by SDS-PAGE and assayed by Western blot analysis using the anti-hBRM antibody.
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FIG. 5. The HSF1 wild type activation domain is able to target SWI/SNF to a chromatin template. Results of a restriction enzyme accessibility
assay are shown. (A) Diagram of the 5S array nucleosomal template used in the restriction enzyme accessibility assay. The two central nucleosomes
are not positioned. There are five Gal4 DNA binding sites located upstream of a minimal adenovirus E4 promoter. XbaI, HaeIII, and HhaI are
three restriction enzyme cleavage sites present in the nonpositioned central region. (B) Raw data of the 40-min time point for the experiment
whose results are shown in panel C. (C) Graph shows the time course for XbaI cutting of the 5S array. All reactions contained 1 nM template
nucleosomes and 0.3 U of XbaI/l, which was present throughout the reaction. S/S, 2 nM human SWI/SNF complex; PN, 240 nM polynucleosomes
as competitor; G4-HSF-wt, 2 nM GAL4-HSF wild-type, bacterially purified protein. Rate constants (minute⫺1): Average, ⫺ATP, 7.6 ⫻ 10⫺3; S/S,
⫹ATP, 81.5 ⫻ 10⫺3; S/S, ⫹PN, ⫹ATP, 22.3 ⫻ 10⫺3; S/S, ⫹PN, ⫹G4-HSF-wt, ⫹ATP, 53.7 ⫻ 10⫺3. (D) Raw data of the 40-min time point for
the experiment whose results are shown in panel E. (E) Graph shows the time course for XbaI cutting of the 5S array. All reactions contained 1
nM concentrations of template nucleosomes and 0.9 U of XbaI/l, which was present throughout the entire reaction. S/S, 5 nM human SWI/SNF
complex; PN, 200 nM polynucleosomes as competitor; G4-DBD, 5 nM GAL4-DNA binding domain (1 to 94). G4-HSF-wt, 5 nM GAL4-HSF wild
type. All GAL4-HSF proteins were bacterially purified. Rate constants (minute⫺1): S/S, ⫹ATP, 45.4 ⫻ 10⫺3; S/S, ⫹PN, ⫺ATP, 5.8 ⫻ 10⫺3; S/S,
⫹PN, ⫹ATP, 11.2 ⫻ 10⫺3; S/S, ⫹PN, ⫹G4-DBD, ⫹ATP, 12.5 ⫻ 10⫺3; S/S, ⫹PN, ⫹G4-HSF-wt, ⫹ATP, 24.9 ⫻ 10⫺3.
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FIG. 6. GAL4-HSF activation domain mutants target hSWI/SNF in a differential manner. Restriction enzyme accessibility assay results are
shown. (A) Raw data of the 40-min time point for the experiment depicted in panel B. (B) The graph shows the time course for XbaI cutting of
the 5S array. All reactions contained 1 nM concentrations of template nucleosomes and 0.6 U of XbaI/l, which was present throughout the
reaction. S/S, 5 nM human SWI/SNF complex; PN, 200 nM polynucleosomes as competitor; G4-DBD, 5 nM GAL4-DNA binding domain (1 to
94); G4-HSF-wt, 5 nM GAL4-HSF wild type. G4-HSF-ac, 5 nM GAL4-HSF acidic mutant; G4-HSF-phe, 5 nM GAL4-HSF phenylalanine mutant.
All GAL4 proteins were bacterially purified. Rate constants (minute⫺1): S/S, ⫹ATP, 76.1 ⫻ 10⫺3; S/S, ⫹PN, ⫹ATP, 14.0 ⫻ 10⫺3; S/S,
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and that additional interactions with DNA were required to
observe targeting. Both the BRG1 protein alone and the
hSWI/SNF complex bind to nucleosomal DNA (10; Narlikar,
unpublished), and SWI/SNF complexes have been found to
cofractionate with RNA polymerase, suggesting a direct interaction between these remodelers and proteins associated with
polymerase (7, 38, 55). Thus, a combination of these binding
affinities might stabilize the association of hSWI/SNF with a
promoter region following recruitment by HSF1. Given these
considerations, the observed associations between HSF1 and
BRG1 in solution reflect the potential strength of the HSF1
recruitment of hSWI/SNF.
There are likely to be several related chromatin remodeling
complexes that contain BRG1. We do not know whether one
specific complex associates with HSF1 in the studies reported
here, or whether multiple different complexes are associated.
Immunopurified HSF1 fractions contain the characteristic nucleosome remodeling activity of BRG1-containing hSWI/SNF
complexes, and immunopurification of an epitope-tagged INI1
extract results in cofractionation of HSF1, suggesting that
HSF1 is associated with one of the hSWI/SNF family complexes that contain BRG1 and INI1. Available antisera against
other components of this family of complexes are not sufficiently sensitive to address further the nature of the associated
complex (data not shown). Studies on the precise composition
and function of BRG1-based complexes are ongoing and
should produce more information on this issue in the future.
Different domains of activators recruit SWI/SNF. Several
labs have reported an association between SWI/SNF family
chromatin remodeling complexes and activators (8, 15, 23, 25,
37, 40, 57, 58). Different domains of activators are required for
physical interaction with SWI/SNF. The zinc finger DNA binding domain of the erythroid factor EKLF, as well as other zinc
finger proteins, interacts with hSWI/SNF and recruits remodeling activity to assist in transcriptional activation (23). Other
studies have shown, similar to the observations described
above, that certain acidic transcriptional activation domains
interact with yeast SWI/SNF (37, 58). Our work is consistent
with these findings; the acidic activation domains of HSF demonstrate an ability to associate with BRG1 in vivo and target
human SWI/SNF to a nucleosomal template in vitro. It has also
been reported that hydrophobic clusters in the activation domains of GCN4 associate with SWI/SNF (36). Our results show
a requirement for phenylalanine residues in recruiting hSWI/
SNF. The effect of the mutated phenylalanine residues, shown
to be important for HSF1 activation of elongation, in recruitment of hSWI/SNF leads us to hypothesize that this recruitment is important for stimulation of transcriptional elongation.
The hsp70 gene, as well as many other mammalian genes
(reviewed in reference 51), utilizes a block in transcriptional
elongation as a key regulatory step. Nucleosome formation
increases the duration of the pause of RNA polymerase II on

⫹PN, ⫹G4-HSF-wt, ⫹ATP, 54.0 ⫻ 10⫺3; S/S, ⫹PN, ⫹G4-HSF-ac, ⫹ATP, 28.8 ⫻ 10⫺3; S/S, ⫹PN, ⫹G4-HSF-ph, ⫹ATP, 13.2 ⫻ 10⫺3. (C) Bar
graph summarizing the relative rate constants for XbaI cutting in four different experiments (experiment depicted in panel B included). All
reactions contained 1 nM template nucleosomes and 0.6 to 0.9 U of XbaI/l, which was present throughout the reaction. S/S, 5 nM human
SWI/SNF complex; PN, 200 to 600 nM polynucleosomes as the competitor; G4-DBD, 5 nM GAL4-DNA binding domain (1 to 94); G4-HSF-wt,
5 nM GAL4-HSF wild type; G4-HSF-ac, 5 nM GAL4-HSF-acidic mutant; G4-HSF-phe, 5 nM GAL4-HSF phenylalanine mutant. Each bar
represents the standard error.
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potent that have been characterized (16), yet this robust ability
to stimulate transcription does not appear to correspond with
a robust interaction in solution with any component of the
transcription machinery.
This substoichiometric association occurs whether purification relies on immunoaffinity steps directed against HSF1 (Fig.
2A), INI1 (Fig. 2C), or GAL4-HSF fusion proteins (Fig. 3A).
The association data is buttressed by two important observations. First, the ability of GAL4-HSF to recruit hSWI/SNF to
a chromatin template, as assayed by restriction enzyme accessibility, demonstrates the ability of hHSF1 to functionally interact with the SWI/SNF complex. This threefold HSF1-dependent increase in remodeling is similar to the effect that the
GR (glucocorticoid receptor) has on the stimulation of SWI/
SNF activity (40). Second, there is a differential effect of the
initiation and elongation mutants on the association of SWI/
SNF components with HSF1. This difference, seen in both the
purification and the recruitment studies, demonstrates the
specificity of the interaction.
The substoichiometric cofractionation of HSF1 and BRG1
could be indicative of an interaction that is transient or that
requires other components (DNA, proteins) to strengthen it. It
is reasonable to expect that contact between an activator and a
remodeling complex would be transient. For example, in the
elongation step of transcription, recruitment of a remodeling
complex might be required to destabilize the nucleosome
structure in front of a paused RNA polymerase. However, it
has been proposed that once activated, the elongation process
itself remodels the template, leaving it open for subsequent
elongation without further need for the remodeler (4, 29). Like
most activators, HSF1 is expected to interact with multiple
targets in the general transcription machinery and the chromatin modifying machinery. These interactions appear to take
place using the same face of the activation domain; mutations
in acidic residues of the HSF1 activation domains have different effects than do mutations in phenylalanine residues, yet the
acidic and phenylalanine residues are interspersed in the activation domains (Fig. 1A) (5). Transient interactions would
allow the same face of the activator to contact multiple targets
in a short period of time.
In a natural context, the interaction between HSF1 and
BRG1 might be stabilized by interactions with DNA or other
components of the transcription machinery. The interaction
that we have detected occurs in solution at endogenous levels
of both proteins. For this interaction to be relevant to regulation of transcription, it is anticipated that it will occur when
HSF1 is both bound to a promoter region and in the presence
of general transcription factors (RNA polymerase, TFIID,
etc.). For example, in an analysis of recruitment of yeast SWI/
SNF by GAL4 fusion proteins, successful targeting required
more than 53 bp of DNA adjacent to the Gal4 binding sites
(58). This suggests that interactions in solution were not robust
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the hsp70 gene in vitro, and addition of hSWI/SNF augments
the ability of HSF1 transcriptional activation domains to stimulate release of the pause (3). Phenylalanine residues in the
HSF1 activation domains are required for full stimulation of
transcriptional elongation in vitro (5). We propose that the
transcriptional activation domains of hHSF1 directly recruit a
BRG1-based chromatin remodeling complex to the hsp70 gene
and that this complex alters the inhibiting nucleosome structure, thereby aiding in transcriptional elongation. Such a mechanism might play a role in the transcriptional control of other
genes, especially genes that are regulated by promoter-proximal pausing, such as c-myc, c-fos, and some HIV genes (11, 26,
43).
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