Downloaded from genesdev.cshlp.org on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press

The human heat shock protein hsp70
interacts with HSF, the transcription
factor that regulates heat shock

gene expression

Klara Abravaya, Michael P. Myers, Shawn P. Murphy, and Richard I. Morimoto!

Department of Biochemistry, Molecular Biology and Cell Biology, Northwestern University, Evanston, Illinois 60208 USA

Transcriptional regulation of the human hsp70 gene in response to heat shock and other forms of
physiological stress occurs through the activation of heat shock transcription factor (HSF). Exposure of cells to
a heat shock temperature of 42°C results in transient activation of HSF; its DNA-binding activity increases
rapidly, plateaus, and attenuates, during which the intracellular levels of hsp70 increase. In an effort to
understand whether HSF is regulated negatively by hsp70, we have examined whether HSF associates with
hsp70. We show that activated HSF associates with hsp70 and that the interaction is detected as the levels of
hsp70 increase in the cell. Addition of ATP and other hydrolyzable nucleotides results in the dissociation of
hsp70 from HSF while nonhydrolyzable nucleotide analogs do not disrupt the complex. We demonstrate that
exogenous recombinant wild-type hsp70 can associate with activated HSF, whereas no association is observed
with an amino-terminal or a carboxy-terminal deletion mutant of hsp70. We also show that hsp70 blocks the
in vitro activation of HSF from its cryptic non-DNA-binding state to a DNA-binding form; this inhibitory
effect of hsp70 is abolished by ATP. We suggest that hsp70 may negatively regulate the activation of HSF.
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The analysis of inducible gene expression has provided
many insights into the molecular mechanisms of tran-
scriptional control. Activation of heat shock genes in
response to elevated temperature and other environmen-
tal stresses has been studied extensively as a paradigm
for inducible gene expression. These studies have re-
vealed that induction of heat shock genes in higher eu-
karyotes is mediated by the activation of a preexisting
heat shock factor (HSF), which binds to a target se-
quence, the heat shock element {HSE), located in the
promoters of heat-induced genes (Pelham 1982; Amin et
al. 1988; Xiao and Lis 1988; for review, see Morimoto et
al. 1990; Wu et al. 1990; Sorger 1991). In higher eukary-
otes, the activation of HSF involves its conversion from
a cryptic non-DNA-binding form to a sequence-specific
DNA-binding form (for review, see Wu et al. 1990). Re-
cent studies revealed that this conversion is accompa-
nied by oligomerization of the factor (Westwood et al.
1991).

In human HeLa and K562 cells, the activation of HSF
and subsequent induction of heat shock genes occurs
only during the initial phase of a 42°C heat shock, fol-
lowing which deactivation of HSF and attenuation of
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heat shock gene transcription is observed {Mosser et al.
1988; Abravaya et al. 1991b; L. Sistonen, K. Sarger, B.
Phillips, K. Abravaya, and R. Morimoto, in prep.). Our
previous studies have revealed a tight correlation be-
tween heat shock gene transcription rates, heat-induced
HSE-binding activity as measured by in vitro binding
assays, and in vivo occupancy of the HSE on the HSP70
promoter as analyzed by genomic footprinting experi-
ments (Abravaya et al. 1991a,b; L. Sistonen, K. Sarge, B.
Phillips, K. Abravaya, and R. Morimoto, in prep.). The
mechanism of attenuation is not well understood in
higher eukaryotes, yet represents an important step in
the regulation of the heat shock response. Experiments
in Drosophila suggested a homeostatic mechanism
where hsp70 autoregulates the response (DiDomenico et
al. 1982; Solomon et al. 1991). The mechanism of auto-
regulation has been further investigated in Escherichia
coli and yeast. In E. coli, the transcriptional induction of
heat shock genes is mediated by an alternate o-factor,
a®? (Grossman et al. 1984, 1987, Straus et al. 1987). The
synthesis and stability of o2 is negatively regulated by
heat shock proteins, resulting in the shutoff of the heat
shock response (Straus et al. 1989, 1990; Tilly et al.
1989). In both E. coli and yeast, mutations in hsp70 re-
sult in overexpression of heat shock genes (Tilly et al.
1983; Craig and Jakobsen 1984; Straus et al. 1989; for
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review, see Craig and Gross 1991). One study in yeast
revealed that this phenotype was dependent on the HSE,
thus implying that HSF is a target in autoregulation
(Boorstein and Craig 1990). However a direct demonstra-
tion of negative regulation of HSF activity by hsp70 re-
mained to be demonstrated.

hsp70 belongs to a family of related proteins, the 70-
kD heat shock proteins. The 70-kD heat shock proteins
are known to interact with other proteins and maintain
or alter their conformational states (for review, see Mori-
moto et al. 1990; Pelham 1990; Gething and Sambrook
1992). They have been shown to participate in protein
folding, translocation of proteins across membranes, as-
sembly of monomeric proteins to larger macromolecular
complexes, and disassembly of protein aggregates (for re-
view, see Pelham 1990). Among proteins that are known
to interact with the 70-kD heat shock proteins are a
number of cellular and viral proteins such as SV40 large
T antigen, polyoma virus middle T antigen, mutant
forms of the cellular oncoprotein p53, and the progester-
one receptor (Pinhasi-Kimsi et al. 1986; Hinds et al.
1987; Walter et al. 1987; Clarke et al. 1988; Kost et al.
1989; Pallas et al. 1989; Sawai and Butel 1989). The func-
tional significance of these associations remains to be
established. The 70-kD heat shock proteins bind to ATP
and have a weak ATPase activity (Zylicz et al. 1983;
Welch and Feramisco 1985). Release of 70-kD heat shock
proteins from their substrates is dependent on ATP hy-
drolysis (Pelham 1986; Clarke et al. 1988; Flynn et al.
1989; Kost et al. 1989; Beckmann et al. 1990; Palleros et
al. 1991). Among the heat shock proteins, 70-kD proteins
are not unique in their participation in protein—protein
interactions; hsp90 interacts with the glucocorticoid
hormone receptor and the pp60°" oncoprotein (Catelli et
al. 1985; Sanchez et al. 1985; Brugge 1986; Picard et al.
1990). These proteins are not functionally active when
complexed with hsp90.

The ability of heat shock proteins to interact with
other proteins and, in some instances, to block their ac-
tivity, prompted us to determine whether hsp70 associ-
ates with HSF and whether hsp70 modulates the activity
of HSF. In this study we provide evidence that hsp70
associates with activated HSF and that this interaction is
disrupted by ATP and other hydrolyzable nucleotides.
The formation of this complex correlates with the level
of hsp70 in the cell and can be reconstituted by addition
of exogenous recombinant hsp70. To address whether
hsp70 interferes with activation of HSF, we have taken
advantage of an in vitro activation protocol in which
HSF is converted from its non-DNA-binding form to a
DNA-binding state. We show that addition of exogenous
hsp70 completely inhibits the in vitro activation of HSF
and that inhibition is relieved by ATP.

Results
In vivo-activated HSF associates with hsp70

To determine whether hsp70 associates with HSF, gel
mobility-shift assays were performed with an oligonu-
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Figure 1. HSF associates with hsp70. Cell extracts from K562
cells heat-shocked for 3 hr were preincubated with anti-hsp70
antibody, C92 (lane 2), or with goat anti-mouse IgG (lane 3).
Antibody was not added to the sample in lane 1. Complexes due
to nonspecific (NS} DNA-binding proteins, constitutive HSE-
binding activity (CHBA), and HSF are marked. HSF-HSE com-
plex consists of three bands: (a, b, and ¢). (S) The slower migrat-
ing, supershifted complex.

cleotide containing the HSE sequence from the human
hsp70 promoter {Mosser et al. 1988) and whole-cell ex-
tracts from human K562 cells that were preincubated
with the anti-hsp70 monoclonal antibody C92 (Welch
and Mizzen 1988). The addition of anti-hsp70 antibody
to extracts from cells heat-shocked for 3 hr resulted in
the appearance of a supershifted complex while the ad-
dition of equivalent amounts of anti-mouse IgG had no
effect on the mobility of the HSF-HSE complex (Fig. 1).
This result suggests that in cells heat-shocked for 3 hr,
some of the activated HSF is complexed with hsp70.
Other DNA-binding activities present in the extract,
such as the nonspecific and the constitutive HSE-bind-
ing activity (CHBA), present in non-heat-shocked cells
and distinct from HSF (Mosser et al. 1988; Abravaya et
al. 1991a), were not affected by the anti-hsp70 antibody
(Fig. 1). The HSF-HSE complex consists of multiple
bands, referred to as a, b, and c. The addition of anti-
hsp70 antibody, which results in the appearance of the
supershifted complex, also results in the loss of the ¢
band and a decrease in the intensity of the b band,
whereas the a band is not affected (Fig. 1). These obser-
vations led us to suggest that hsp70 is a component of
the ¢ complex and, to a lesser extent, of the b complex.

To determine whether the ability of the anti-hsp70
antibody to supershift was specific to HSF-HSE com-
plexes, anti-hsp70 antibody was examined for its effect
on the mobilities of other transcription factor-DNA
complexes. The electrophoretic mobilities of complexes
bound to oligonucleotides containing CCAAT-, Spl-,
and ATF-binding sites were unaffected by anti-hsp70 an-
tibody (data not shown).
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ATP disrupts hsp70-HSF complexes

A characteristic feature of 70-kD heat shock protein in-
teractions with protein substrates is the disruption of the
complex by the addition of ATP {Pelham 1986; Clarke et
al. 1988; Flynn et al. 1989; Kost et al. 1989; Beckmann et
al. 1990, Palleros et al. 1991}. To examine whether the
addition of exogenous ATP would cause the release of
hsp70 from HSF, we compared the HSF-HSE complexes
formed in the absence or presence of exogenous ATP.
The addition of ATP resulted in a dramatic change in the
representation of the a, b, and ¢ bands characteristic of
the HSF-HSE complexes {Fig. 2). In the presence of high
concentrations of ATP/Mg?* (10 mm each), both the b
and ¢ bands were diminished while the a band became
prominent (Fig. 2, lane 2). Addition of lower concentra-
tions of ATP (0.1 mm) had the same effect on the a and c
bands while the b band was unaffected (data not shown).
Addition of anti-hsp70 antibody to extracts treated with
ATP did not result in a supershifted complex (Fig. 2, cf.
lanes 3 and 4). These results suggest that addition of ATP
results in the disruption of the HSF-hsp70 complexes.

The lack of a supershifted complex in the presence of
anti-hsp70 antibody and ATP could also be the result of
an ATP-dependent conformational change in hsp70 that
would abolish its recognition by the antibody. To exam-
ine this possibility, immunoprecipitations were per-
formed in the presence or absence of ATP using the anti-
hsp70 antibody and extracts from 3°S-labeled cells. The
addition of ATP to the extracts had no effect on the abil-
ity of anti-hsp70 antibody to immunoprecipitate hsp70
(data not shown). This result thus eliminates the possi-
bility that ATP binding alters the epitope recognized by
the anti-hsp70 antibody. Therefore, we suggest that ATP
disrupts the HSF-hsp70 interaction and that the a band
represents the hsp70 “free’” form of HSF while hsp70 is a
component of the slower migrating complexes. It is pos-
sible that these slower migrating complexes that are dis-
rupted upon addition of ATP contain other heat shock
proteins as well. The exact composition of these com-
plexes remains to be determined.
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Figure 2. ATP disrupts the HSF/hsp70 complex. Whole-cell
extracts from Hela cells heat-shocked for 60 min were prein-
cubated with ATP (lanes 2,4,5,6), AMP(PCP) (lanes 7,8), GTP
(lanes 9,10), and GMP(PCP) (lanes 11,12), in the presence of
Mg?*. Anti-hsp70 antibody was added to samples indicated.
The three bands (a, b, c) that constitute the HSF shift are indi-
cated, and the supershift is marked S. Only the a band is ob-
served in the presence of ATP and GTP.

HSF/hsp70 interaction

Although numerous studies on 70-kD heat shock pro-
teins have demonstrated that ATP is the optimal cofac-
tor, 70-kD heat shock protein—substrate complexes have
been shown to be disrupted by other nucleotides (Sawai
and Butel 1989). Therefore, several nucleotides were
tested for their ability to disrupt the HSF-hsp70 com-
plex. As shown in Figure 2, GTP (lanes 9,10) was as ef-
fective as ATP (lanes 5 and 6) in releasing hsp70 from
HSE. The nucleotides CTP, UTP, and dATP also released
hsp70 from HSF (data not shown). The effect of nucle-
otides was tested at several concentrations {0.01-100
mM), and at a given concentration no difference was ob-
served among these nucleotides (data not shown). How-
ever, addition of the nonhydrolyzable analogs AMP(PCP)
{lanes 7,8) and GMP(PCP) (lanes 11,12} did not cause dis-
ruption of the hsp70-HSF complex, suggesting that hy-
drolysis is necessary for release.

HSF-hsp70 association correlates with the level
of hsp70 in the cell

To determine whether the formation of the HSF-hsp70
complex was correlated with intracellular levels of
hsp70, extracts from cells heat-shocked for 10 min and 3
hr were compared in the presence of anti-hsp70 antibod-
ies (Fig. 3A). While the addition of anti-hsp70 to extracts
from cells heat-shocked for 3 hr resulted in the appear-
ance of the supershifted complex as observed previously,
the presence of anti-hsp70 antibodies did not alter the
migration of HSF-HSE complex when extracts from cells
heat-shocked for 10 min were used (Fig. 3A). As shown
by Western blot analysis (Fig. 3B), hsp70 levels increase
approximately threefold in K562 cells heat-shocked for 3
hr, whereas a 10-min heat shock has no effect on the
level of hsp70. This observation suggested that forma-
tion of the supershifted complex may be driven by high
levels of hsp70. We extended this observation using 293
cells, a human embryonic kidney cell line, which con-
stitutively express high levels of hsp70 (Fig. 3B) owing to
the activation of the hsp70 gene by the adenovirus E1A
protein (Kao and Nevins 1983; Wu et al. 1986; Williams
et al. 1989). When whole-cell extracts from 10-min heat-
shocked 293 cells were preincubated with anti-hsp70 an-
tibody and analyzed by gel mobility-shift assay, the ma-
jority of the HSE-HSF complex was supershifted {Fig.
3A, lanes 7,8). These studies suggest that the formation
of the HSF-hsp70 complex correlates with increased in-
tracellular levels of hsp70.

Exogenous, wild-type hsp70 associates with HSF

Results shown in Figure 3 revealed that extracts from
K562 cells heat-shocked at 42°C for 10 min contain high
levels of in vivo-activated HSF and that the anti-hsp70
antibody had no detectable effect on the gel mobility of
the HSF-HSE complex. We examined whether this HSF-
HSE complex would associate with exogenous hsp70.
Whole-cell extracts from cells heat-shocked for 10 min
were incubated with increasing amounts of purified re-
combinant hsp70 and then subjected to gel mobility-
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Figure 3. Association of hsp70 with HSF correlates with the level of
hsp70 in the cell. (A) Gel mobility-shift analysis of HSF-HSE complex in
the presence of anti-hsp70 antibody. Gel mobility-shift assays were per-
formed with whole-cell extracts prepared from K562 cells (lanes 1-6) or
293 cells (lanes 7,8). Extracts were prepared from non-heat-shocked cells
(lanes 1,2), from cells heat-shocked for 10 min (lanes 3,4,7,8), or from
cells heat-shocked for 3 hr {lanes 5,6). K562 cells were heat-shocked at
42°C, and 293 cells were heat-shocked at 43°C. Even-numbered lanes
contain anti-hsp70 antibody C92 (+). Complexes due to nonspecific
{NS) DNA-binding proteins, constitutive HSE-binding activity (CHBA),
and HSF are marked. The S band represents the supershifted complex.
(B) Western blot analysis of hsp70 levels in K562 and 293 cells. Cell
extracts from non-heat-shocked {lane 1), 10 min heat-shocked (lane 2), 3

hr heat-shocked {lane 3) K562 cells, and 10 min heat-shocked 293 cells
(lane 4) were electrophoresed on a SDS-PAGE gel and probed with C92.

shift analysis. As shown in Figure 4, the addition of 0.2-8
ng of hsp70 decreased the mobility of the HSF-HSE com-
plex in a concentration-dependent fashion (lanes 2—6).
To determine whether exogenous hsp70 was associated
with HSF in these samples, anti-hsp70 antibody was
added (+ lanes). The addition of 0.2 ug of hsp70 was

sufficient to form an hsp70-HSF complex that was rec-
ognized by anti-hsp70 antibody {lane 9), resulting in the
formation of a supershifted complex. Addition of higher
levels of hsp70, from 2 to 4 pg, resulted in nearly com-
plete complex formation with all of the HSF because all
of the HSF-HSE complexes were supershifted in the pres-
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Figure 4. Exogenous hsp70 associates with HSF-
HSE complex. Whole-cell extracts from 10 min NS —

heat-shocked K562 cells were incubated with in-
creasing amounts (0.2-8 pg) of purified hsp70 pro-
tein (lanes 2-6). Anti-hsp70 antibody was added to
samples containing 0—4 pg of the hsp70 protein
(lanes 8-13). Anti-mouse IgG was added to the
sample containing 4 pg of hsp70 (lane 14). Binding
reactions were done in the presence of 100-fold
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excess of competitor DNA in lanes 7 and 13.
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ence of anti-hsp70 antibody (lanes 11 and 12). These results
demonstrate that exogenous hsp70 associates with HSFE.

To determine which region of hsp70 was necessary for
its association with HSF, we used two deletion mutants
of hsp70: an amino-terminal deletion that retains the
peptide-binding domain (NSB), and a carboxy-terminal
deletion that retains the ATP-binding domain (SMA; Mi-
larski and Morimoto 1989) (Fig. 5A). The ability of NSB
to bind to a peptide column and of SMA to bind to ATP
was demonstrated previously {Milarski and Morimoto
1989; M. Myers, unpubl.). Each polypeptide was overex-
pressed in E. coli and purified (Fig. 5B). To determine
whether these deletion mutants of hsp70 would interact
with HSF, 2, 8, and 20 ng of either SMA or NSB were
preincubated with whole-cell extracts and the gel mobil-
ity-shift assay was performed (Fig. 5C). Surprisingly, nei-
ther high levels of SMA nor NSB affected the mobility of
the HSF-HSE complex. As observed previously (Fig. 4),
the addition of wild-type hsp70 resulted in a noticeable
upshift of the HSF-HSE complex, whereas BSA, used as
control, did not affect the mobility of the HSF-HSE com-
plex. Because the C92 antibody failed to recognize the
deletion mutants by Western blot analysis (data not
shown), experiments with antibody for detection of a
supershifted complex were not performed.

Exogenous hsp70 interferes with the in vitro
activation of HSF

To address the potential regulatory effects of hsp70 on

HSF/hsp70 interaction

HSF activity, we took advantage of a simple in vitro as-
say in which HSF can be activated in a cytoplasmic ex-
tract subjected to elevated temperatures or treatment
with urea, 2% NP-40, or exposure to low pH (Larson et
al. 1988; Mosser et al. 1990). An S-100 extract from con-
trol HeLa cells contained no detectable HSE-binding ac-
tivity (Fig. 6, lane 2), whereas treatment with 2% NP-40
at 37°C for 1 hr resulted in appreciable levels of activated
HSF (lane 1). The addition of recombinant hsp70 to the
S-100 extract completely blocked the activation of HSF
{lanes 4,6), whereas addition of BSA (lane 5) or buffer
(lane 3) had no effect. Addition of hsp70 does not cause
HSF degradation {data not shown). Identical results were
obtained when heat was used instead of NP-40 to in
vitro-activate HSF (data not shown). The inhibitory ef-
fect of hsp70 on HSF activation was detected only if
hsp70 was depleted of ATP following its purification by
ATP agarose chromatography (data not shown). Addition
of ATP prevented the inhibitory effect of hsp70 (lane 7).
In contrast, addition of the nonhydrolyzable analog
AMP(PCP) did not reverse the inhibitory effect of hsp70
(lane 8). These results suggest that hsp70 may have a
negative regulatory role in the process of HSF activation
from a non-DNA-binding form to a DNA-binding form.

To determine whether hsp70 had any effect on the
DNA-binding activity of in vitro-activated HSF, HSF was
first activated in vitro (by heat or NP-40) and hsp70 was
then added. Exogenous hsp70 forms a complex with in
vitro-activated HSF as revealed by a change in the mo-
bility of the HSF-HSE shift but does not inhibit the
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Figure 5. HSF does not associate with carboxy-terminal
or amino-terminal deletion mutants of hsp70. (A} Sche-
matic of wild-type hsp70 and the two mutants—SMA,"
which contains a carboxy-terminal deletion from amino
acids 436-618, and NSB, which contains an amino-termi-
nal deletion from amino acids 4-415—are shown. The re-
gions corresponding to the ATP-binding domain and the
peptide-binding domain of hsp70 are indicated. {B) Silver-
stained SDS-PAGE gels of purified wild-type hsp70 (WT),
SMA, and NSB. Each protein was purified from E. coli cells,
where each construct was overexpressed. For details of the

recombinant constructs, overexpression, and purification procedure, see Materials and methods. {C) Gel mobility-shift analysis of
HSF-HSE complex in the presence of wild- type and mutant hsp70 proteins. Amounts of 2, 8, and 20 pg of wild type (lanes 1-3), NSB
(lanes 4-6), BSA (lanes 8-10), and SMA (lanes 11-13) were incubated with whole-cell extracts, and gel-shift assays were performed as
described in Materials and methods. Exogenous protein was not added to the sample in lane 7.
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Figure 6. In vitro activation of HSF is inhibited by hsp70. Cy-
toplasmic extracts (S-100) from non-heat-shocked cells were
treated with 2% NP-40 to in vitro-activate HSF and analyzed in
gel-shift assays as described. Cytoplasmic extracts from control
cells were incubated with buffer (lanes 3,9), with 6 pg of hsp70
(lanes 4,6,10), or with 6 pg of BSA {lanes 5,11), before (lanes 3-8}
or after {9—11) the in vitro activation. Six micrograms of hsp70
was added to S-100 along with 10 mM ATP/Mg>* (lane 7) or
along with 10 mm AMP({PCP)/Mg>* {lane 8) before in vitro ac-
tivation. Exogenous protein was not added to the sample in lane
1. The sample in lane 2 was not treated with NP-40.

DNA-binding activity of in vitro-activated HSF (Fig. 6,
lane 10). These results are consistent with our observa-
tion that the DNA-binding ability of the in vivo-acti-
vated HSF is not altered by hsp70 (Fig. 4). Our data sug-
gest that hsp70 interferes with the activation of HSF
from a non-DNA-binding form to a DNA-binding form;
but once the factor acquires DNA-binding activity,
hsp70 does not block its binding to DNA.

Discussion

In this study we demonstrate that in vivo-activated HSF
is found in a complex with hsp70 and that this associa-
tion is detected in cells containing high levels of hsp70.
Complexes of HSF with hsp70 can be reconstituted in
vitro with recombinant hsp70. The fact that the associ-
ation of in vivo- or in vitro-activated HSF with hsp70 is
detected by gel mobility-shift assay reveals that hsp70
does not interfere with the ability of activated HSF to
interact with DNA. However, we find that addition of
hsp70 to cytoplasmic extracts from control (non-heat-
shocked) cells prevents the in vitro conversion of HSF
from a non-DNA-binding form to a DNA-binding form.
This suggests that hsp70 may play a regulatory role in
HSF activation. The involvement of hsp70 in the activa-
tion of HSF provides a mechanism for the autoregulation
of hsp70 expression in human cells.

HSF-hsp70 complex is disrupted by ATP

Consistent with several studies where ATP has been
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shown to be necessary for the disruption of 70-kD heat
shock proteins from substrates with which they associ-
ate {Pelham 1986; Clarke et al. 1988; Flynn et al. 1989;
Kost et al. 1989; Beckmann et al. 1990; Palleros et al.
1991), we show that ATP and other hydrolyzable nucle-
otide triphosphates disrupt the HSF-hsp70 complex.
Similar to our findings, several nucleotides (ATP, GTP,
CTP, and UTP) were shown to dissociate a 70-kD heat
shock protein from SV40 large T antigen (Sawai and Bu-
tel 1989). Nonhydrolyzable analogs of ATP and GTP,
AMP(PCP) and GMP(PCP), respectively, were unable to
disrupt the HSF-hsp70 complex, suggesting that hydro-
lysis is required for the dissociation of hsp70 from HSF.

Our studies offer an explanation for the observation of
multiple HSF-HSE bands detected in a gel mobility-shift
analysis. HSF exists in distinct complexes; the faster mi-
grating a complex is free of hsp70, that is, it cannot be
disrupted with ATP or supershifted by anti-hsp70 anti-
bodies. The slower migrating bands are disrupted by
ATP; they represent HSF in association with hsp70 and
possibly other proteins.

HSF associates with wild-type recombinant hsp70

Our data demonstrate that an HSF-hsp70 complex is de-
tected in cells that accumulate high levels of hsp70. We
extended this observation by demonstrating that an
HSF-hsp70 complex would form in vitro upon addition
of exogenous recombinant hsp70. In these studies only
the intact hsp70 was capable of associating with HSF.
The carboxy-terminal region of hsp70, which was shown
to be sufficient to bind peptides in vitro (NSB polypep-
tide; M. Myers, unpubl.}, failed to associate with HSF.
An amino-terminal region that lacks the peptide-binding
domain, but retains the ATP-binding domain (SMA con-
struct), was also unable to complex with HSF. The fail-
ure of NSB mutant to form a complex with HSF suggests
that the nature of hsp70 interaction with HSF is different
than the association of hsp70 with short peptides. Bind-
ing to a native protein may necessitate multiple interac-
tions with both domains of hsp70 and/or may require a
certain conformation of hsp70 that is disrupted in the
truncated mutant forms. Although the association of 70-
kD heat shock proteins with short peptides, unfolded
proteins, and nascent polypetides has been studied
(Flynn et al. 1989, 1991; Beckmann et al. 1990; Palleros
et al. 1991), the nature of interactions between 70-kD
heat shock proteins and native proteins has not yet been
characterized.

Our data demonstrate that hsp70 association with ei-
ther in vivo- or in vitro-activated HSF does not interfere
with the DNA-binding ability of HSF. Whether the in-
teraction of hsp70 with HSF has any impact on the tran-
scriptional activity of HSF remains to be demonstrated.
Many eukaryotic transcription factors possess separate
domains for DNA-binding and transcriptional activa-
tion, and each function can often be regulated indepen-
dently (for review, see Mitchell and Tjian 1989; Frankel
and Kim 1991). Although the transcriptional activation
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domain in HSF from higher eukaryotes has not yet been
identified, it is possible that hsp70 modulates this aspect
of HSF function when present in the HSF-DNA com-
plex. Some of our observations are consistent with this
possibility. In 293 cells, HSF-mediated transcriptional
induction of the hsp70 gene is only 7-fold (B. Phillips,
unpubl.], compared with a 30-fold induction in HeLa or
K562 cells. These differences in the fold of induction
may be due in part to the fact that HSF is already asso-
ciated with hsp70 at early times of heat shock in 293
cells but not in HeLa or K562 cells (Fig. 3).

hsp70 blocks the in vitro activation of HSF

The experiments that suggest a potential role for hsp70
in the regulation of HSF are based on the ability of ex-
ogenous hsp70 to block the in vitro activation of HSF;
exogenous hsp70 prevents the non-DNA-binding form of
HSF from acquiring DN A-binding activity. Whether the
inhibitory effect of hsp70 in in vitro activation of HSF is
achieved through a direct association of hsp70 with HSF
remains to be determined. Yet the observation that ATP
and not AMP(PCP) can reverse the inhibitory effect of
hsp70, presumably by dissociating the HSF-hsp70 com-
plex, supports the possibility that the inhibition is
through direct interaction.

Our demonstration that hsp70 blocks the activation of
HSF in vitro is consistent with a hypothesis that hsp70
may maintain HSF in an inactive form in non-heat-
shocked cells. Two distinct HSF genes have been iden-
tified in human and mouse cells: HSF1 and HSF2 {Rab-
indran et al. 1991; Sarge et al. 1991; Schuetz et al. 1991).
HSF1, which is the primary component of HSE-binding
activity in heat-shocked cells, exists in a non-DNA-bind-
ing form in non-heat-shocked cells (K.D. Sarge et al,, in
prep.). Moreover, the recombinant mouse HSF1 trans-
lated in vitro in a rabbit reticulocyte lysate does not bind
to DNA unless it is heat-shocked (Sarge et al. 1991). This
failure of DNA binding is not an intrinsic property of the
HSF protein, as recombinant Drosophila, mouse, and hu-
man HSF1 proteins expressed in E. coli bind DNA con-
stitutively (Clos et al. 1990; Rabindran et al. 1991; Sarge
et al. 1991). One possible explanation for this discrep-
ancy is that eukaryotic cells contain a regulatory protein
that could hinder the DNA-binding ability of HSF. Such
a possibility has been proposed previously (Clos et al.
1990), and it was speculated that heat shock proteins
may participate in the suppression of HSF activity (Clos
et al. 1990). Our results support this view and suggest
that hsp70 may play a role in the negative regulation of
HSF. In cells that do not express hsp70 constitutively,
such as rodent cells and Drosophila, other members of
the 70-kD heat shock gene family [such as heat shock
constitutive (hsc70)] may fulfill this function.

Comparison of the predicted amino acid sequences of
cloned HSFs revealed two conserved regions: a DNA-
binding domain and an array of hydrophobic heptad re-
peats (leucine zippers) that are implicated in the oligo-
merization of HSF through the formation of coiled coil

HSF/hsp70 interaction

motifs {Sorger and Pelham 1987; Wiederrecht et al. 1988;
Sorger and Nelson 1989; Clos et al. 1990; Scharf et al.
1990; Jakobsen and Pelham 1991; Rabindran et al. 1991;
Sarge et al. 1991; Schuetz et al. 1991). Yeast HSF con-
tains three leucine zippers while HSFs from higher eu-
karyotes contain four. Because yeast HSF binds DNA
constitutively (Sorger et al. 1987; Jakobsen and Pelham
1988), it was proposed by Rabindran et al. (1991}, that the
fourth leucine zipper may be involved in maintaining
HSF in an inactive form under nonshock conditions. It
would be of great interest to determine whether hsp70
interacts with HSF through this fourth zipper.

A model for HSF activation

We propose a model for HSF activation in human cells
that incorporates the data presented here and observa-
tions from other laboratories (Fig. 7). As some of the
points are speculative, we offer this model as a means to
consolidate and unify current observations. According to
this model, HSF shown here as a monomer associates
with hsp70 in non-heat-shocked cells. This association
prevents the activation of HSF, possibly by the mainte-
nance of HSF in a non-DNA-binding state. During heat
shock, the generation of denatured and malfolded pro-
teins creates a large pool of new substrates for hsp70
(Goff and Goldberg 1985; Ananthan et al. 1986; Parsell
and Sauer 1989), which compete for hsp70 binding, re-
sulting in the release of HSF from hsp70. The released
HSF oligomerizes, binds DNA, and acquires transcrip-
tional activity. Results from our laboratory support a
multistep activation pathway for HSF (Jurivich et al.
1992). Activated HSF induces transcription of heat shock
genes, which leads to a high level of synthesis and accu-
mulation of heat shock proteins in the cell. Excess hsp70
associates with activated HSF; this association may im-
pair the transcriptional activity of HSF. hsp70 may also
resume its association with inactive HSF and prevent
further activation. Hsp70 could also participate in the
oy !
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Figure 7. A model for HSF activation. {See Discussion.)
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conversion of the hexameric HSF to its monomeric state
similar to the role dnaK (E. coli analog of hsp70} plays in
the conversion of dimeric repA protein to its monomeric
form {Wickner et al. 1991).

This model accommodates several observations in the
field and provides an autoregulatory loop for hsp70 syn-
thesis. A homeostatic mechanism in which the level of
hsp70 dictates the activation of heat shock protein syn-
thesis was originally proposed by DiDomenico et al.
(1982). Modulation of hsp70 synthesis by changes in in-
tracellular hsp70 levels was demonstrated recently in
Drosophila {Solomon et al. 1991). In both E. coli and
yeast, mutations in hsp70 result in overexpression of
heat shock genes, suggesting that hsp70 is the negative
regulator (Tilly et al. 1983; Craig and Jakobsen 1984;
Straus et al. 1989; Craig and Gross 1991). In yeast, the
target for negative regulation appears to be HSF (Boor-
stein and Craig 1990). The E. coli heat shock proteins
DnaK, DnaJ, and GrpE were shown to negatively regu-
late 032, the E. coli heat shock factor (Tilly et al. 1989,
Straus et al. 1989, 1990). We have observed that in hu-
man K562 cells, a 20-min 42°C heat shock, followed by a
3-hr recovery at 37°C to allow accumulation of heat
shock proteins, represses the activation of HSF in re-
sponse to a second 42°C heat shock; a more severe 44°C
heat shock is necessary to reactivate HSF (K. Abravaya,
unpubl.). Similarly, in 293 cells that have high levels of
hsp70 (Fig. 3], HSF cannot be activated at 42°C; a 43°C
heat shock is required (B. Phillips, unpubl.]. These re-
sults suggest that HSF activation is negatively regulated
by hsp70 in human cells. The recent demonstration that
dnaK interacts with o2 raises the possibility that the
negative regulation in E. coli occurs through direct pro-
tein—protein interaction (C. Georgopolous, pers. comm.).
Our data provide the first evidence that hsp70 interacts
with HSF in eukaryotes and offer insight into the mech-
anism by which autoregulation may be achieved.

A mechanism of negative regulation where transcrip-
tional activators form heteromeric complexes with in-
hibitory proteins has been shown to play a major role in
a number of cellular processes, including development,
differentiation, signal transduction, and malignant trans-
formation. One example is IkB, which associates with
NE-kB and prevents its translocation to the nucleus {Bae-
uerle and Baltimore 1988; Urban and Baeuerle 1990). In-
terestingly, both NF-«B and HSF can be activated in vitro
to bind DNA upon addition of detergents (Baeuerle and
Baltimore 1988). The activation of NF-xB results from
the disruption of the NF-xB—IkB complex. We hypothe-
size that activation of HSF may likewise result from the
disruption of the HSF-hsp70 complex. Other examples
of negative regulators include Id, which associates with a
number of helix—loop-helix family proteins including
MyoD, the muscle determination protein, and prevents
them from binding DNA (Benezra et al. 1990), and
I-POU, which forms a heterodimer with another POU
domain protein and prevents its binding to DNA {Treacy
et al. 1991). Likewise, the Fos and Jun oncoproteins that
form homo- and heterocomplexes through leucine zipper
regions are inhibited by IP-1 {Auwerx and Sassone-Corsi
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1991). A naturally occurring truncated form of FosB also
inhibits Fos/Jun activity (Nakabeppu and Nathans
1991), presumably by competing with wild-type Fos pro-
tein for dimerization with Jun. Although the mecha-
nisms of negative regulation in these cases may differ,
the common theme is that it is achieved through pro-
tein—protein interactions. Regulation of transcription
factors through interactions with inhibitory proteins
provides the cell with an additional level of control; and
in the case of HSF-hsp70, where the activator interacts
with the product of its target gene, this interaction may
mediate autoregulation.

Materials and methods
Cell culture and heat shock conditions

HeLa S3 cells were grown in Joklik’s medium supplemented
with 5% calf serum; growth and heat shock conditions were
described previously (Abravaya et al. 1991a,b). Erythroleukemia
cells (K562) were grown in RPMI 1640 medium supplemented
with 10% fetal calf serum in a humidified 7% CO, atmosphere
at 37°C. The 293 cells, a human embryonic kidney cell line
transformed by and expressing the El region of adenovirus 5
(Graham and Smiley 1977), were maintained as monolayers in
Dulbecco’s modified Eagle medium (DMEM), supplemented
with 5% calf serum. K562 and 293 cells were heat-shocked at
42°C and at 43°C respectively, in a water bath for various times.

Gel mobility-shift assay and addition of antibodies
and nucleotides

Conditions for the gel mobility-shift assay, the binding buffer, a
description of the 3?*P-labeled HSE oligonucleotide, and prepa-
ration of whole-cell extracts were as published previously
(Mosser et al. 1988). Anti-hsp70 antibody {C92) was purchased
from Amersham, diluted 1 : 1 in PBS containing 10% BSA and
1 ul of the dilution added to 10 wg of whole-cell extracts. The
mixture was incubated at 37°C for 10 min before addition of the
binding buffer containing the HSE oligonucleotide. Nucleotides
ATP and GTP were purchased from Sigma; AMP{PCP) and
GMP(PCP) were purchased from Boehringer Mannheim. The
nucleotides were diluted in 10 mm Tris, and the pH was ad-
justed to 7. Nucleotides were added at indicated concentrations
along with 10 mm Mg?™* to 10 pg of whole-cell extracts, incu-
bated at 37°C for 15 min before the addition of the binding
buffer. In experiments where both anti-hsp70 antibody and nu-
cleotides were added, the nucleotides were added first, incu-
bated with whole-cell extracts for 10 min at 37°C. The anti-
hsp70 antibody was then added and incubated at 37°C for an
additional 15 min before the addition of the binding buffer.
Competition reaction mixtures contained 100X excess of non-
radioactive HSE oligonucleotide.

Western blot analysis

Twenty micrograms of whole-cell extracts was electrophoresed
on a 10% SDS-PAGE gel and transferred to nitrocellulose. The
filter was blocked with PBS containing 5 mg/ml of BSA and
incubated with the C92 monoclonal anti-hsp70 antibody
{1:1000 dilution in PBS plus 5 mg/ml of BSA) for 1 hr. C92
specifically recognizes hsp70 and not the other members of the
70-kD heat shock proteins (Welch and Mizzen 1988). Following
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three 10-min washes with PBS/0.1% Tween 20, the blot was
incubated with horseradish peroxidase-conjugated goat anti-
mouse IgG secondary antibodies (Cappel). Blots were then
washed three times for 5 min with PBS/0.3% Tween 20, fol-
lowed by three times for 5 min with PBS/0.1% Tween 20. hsp70
was then detected by use of the enhanced chemiluminescence
(ECL) according to the manufacturer’s specifications (Amer-
sham).

Cloning of wild-type and mutant hsp70

The human hsp70 gene (Hunt and Morimoto 1985} was overex-
pressed in E. coli by inserting the coding sequences into the T7
expression vector pET-11a (Studier et al. 1990). The unique Scal
site in the 3'-untranslated region of the hsp70 gene in plasmid
pH 2.3 was converted to a BamHI site by digestion with Scal
and ligation to BamHI linkers. The modified pH 2.3 plasmid
was then cleaved with BamH], and the 2.1-kb BamHI fragment
containing the hsp70-coding sequences was gel-purified and
subcloned into pGEM-1 to yield pGEM~hsp70-Bam. The hu-
man hsp70 gene was then directionally cloned into pET-11a by
digesting pGEM-hsp70-Bam with Ball {located at the second
codon of hsp70) and BamHI and isolating the 2.04-kb Ball-
BamHI fragment. pET-11a was treated with Nhel, blunted with
mung bean nuclease, cleaved with BamHI, dephosphorylated
with alkaline phosphatase, gel-purified, and ligated to the
hsp70-coding sequences. This cloning scheme places the hAsp70
gene under the control of a strong T7 RNA polymerase respon-
sive promoter and results in the production of a recombinant
human hsp70 protein that does not contain any foreign amino
acids. The same cloning scheme was used to overexpress the
SMA mutant that was constructed previously in our laboratory
(Milarski and Morimoto 1989). The NSB mutant was con-
structed by sequential treatment of pGEM—hsp70-tag (Milarski
and Morimoto 1989) with Sacll, mung bean nuclease, Bcll, and
T4 DNA polymerase. The treated DNA was then recircularized
with T4 DNA ligase and transformed into DH-1. This deletion
scheme removes the nucleotide sequences encoding amino ac-
ids 5-414. The NSB mutant was expressed in E. coli as a fusion
protein with glutathione S-transferase (GST} by use of the
pGEX-2T system (Smith and Johnson 1988). pGEX-2T encodes a
thrombin cleavage site at the fusion junction. To generate the
NSB-GST fusion, the NSB mutant was cleaved with Ball and
Scal and the 0.88-kb fragment was gel-purified for insertion into
pGEX-2T. pGEX-2T was digested with BamHI, blunted with
mung bean nuclease, dephosphorylated, gel purified, and ligated
to the NSB-coding sequences.

Expression and purification of wild-type and mutant hsp70

Following the cloning, the pET-WT-hsp70 and pET-SMA
DNAs were transformed into BL21{DE3), which contains the T7
polymerase gene under IPTG-inducible control (Studier et al.
1990). Transformants of pET-WT, pET-SMA, and pGEX-INSB
were grown in LB—Amp, induced with 0.4 mM IPTG at an OD,
of 0.6, and grown at 37°C for 3 hr. Cell pellets of induced cul-
tures were resuspended in lysis buffer [20 mm HEPES (pH 8), 0.1
mM EDTA, 0.016 m NaCl, 0.5 mg/ml lysozyme, and the pro-
tease inhibitors leupeptin (1 pg/ml), pepstatin A {1 pg/ml}, and
PMSF (1 mm)j at 3 ml/g of wet cells, and incubated on ice for 30
min. Protoplasts were lysed by freeze/thawing and sonication,
and the lysate was then centrifuged for 1 hr at 123,000g. The
supernatant was supplemented with DTT {1 mm), aliquoted,
frozen in liquid nitrogen, and stored at —70°C. Both wild type
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and SMA were purified by a combination of anion-exchange
chromatography and ATP-agarose affinity chromatography.
Crude extract was loaded onto a 20-ml DEAE-Sepharose CL6B
column (Pharmacia) and eluted with a 0-0.1 M NaCl gradient
over 5 column volumes, followed by 5 column volumes at 0.1 m
NaCl, 2 column volumes at 0.1 M NaCl, followed by a0.1-0.2 m
NaCl gradient over 5 column volumes. This shallow gradient
elutes most of the recombinant human wild type and SMA be-
fore the E. coli hsp70 homolog dnaK. Fractions containing wild
type or SMA were pooled and loaded onto a 10-ml ATP—agarose
column (Sigma; C-8 linkage), washed with 0.7 M NaCl, returned
to 0.05 M NaCl, and eluted with 2 ml of column buffer contain-
ing 50 mMm Mg—ATP. Wild-type- or SMA-containing fractions
were pooled, concentrated by ultrafiltration in Centriprep-30
(Amicon), and dialyzed extensively against 50 mm HEPES (pH
7.2), 0.1 mm EDTA, and 50 mm NaCl to eliminate the ATP.

Crude extracts containing NSB-GST protein were supple-
mented to 1% Triton X-100 and loaded onto a 10-ml glutathi-
one—Sepharose column {Pharmacia). After washing with buffer
containing 0.7 M NaCl, the fusion protein was eluted with 2 ml
of buffer containing 100 mm glutathione {pH 7.2). The fusion
protein was concentrated by ultrafiltration in Centriprep-30,
and desalted over a 10-m] G-25 Sephadex column {Pharmacia) to
remove the free glutathione. The void fractions were pooled and
concentrated by ultrafiltration, and the protein concentration
was determined by use of the BCA assay {Pierce). The fusion
protein was then cleaved with thrombin (Sigma) for 15 min at
25°C [thrombin/fusion ration of 1 : 2500 (wt/wt)]. The cleaved
material was then passed over glutathione—agarose again to re-
move the GST. Flowthrough fractions containing NSB were
pooled and concentrated in Centricon-30 (Amicon).

In vitro activation of HSF

Cytoplasmic cell extracts (S-100) were prepared as described
previously (Mosser et al. 1990). Thirty micrograms of S-100 was
incubated with NP-40 to give a final concentration of 2%, at
37°C for 1 hr to activate HSF. After activation, the binding re-
action was performed and samples were electrophoresed as de-
scribed previously {Mosser et al. 1990). In samples where hsp70
was added, 6 pg of ATP-depleted recombinant hsp70, purified as
described above, was incubated with S-100 for 15 min at 37°C
before or after the activation with NP-40. As controls, 6 pg of
BSA or equivalent volume of buffer (hsp70 dialysis buffer) was
added instead of hsp70. ATP-Mg or AMP(PCP)/Mg (10 mm of
each) was added along with hsp70 to the S-100 extract.
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The human heat shock protein hsp70 interacts with HSF, the
transcription factor that regulates heat shock gene expression.
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