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Hsp90 is a ubiquitous, ATP-dependent chaperone, essential
for eukaryotes. It possesses a broad spectrum of substrates,
among which is the p53 transcription factor, encoded by a
tumor-suppressor gene. Here, we elucidate the role of the ade-
nine nucleotide in the Hsp90 chaperone cycle, by taking advan-
tage of a unique in vitro assay measuring Hsp90-dependent p53
binding to the promoter sequence. E42A and D88N Hsp90�
variants bind but do not hydrolyze ATP, whereas E42A has
increased and D88N decreased ATP affinity, compared with
WT Hsp90�. Nevertheless, both of these mutants interact with
WT p53 with a similar affinity. Surprisingly, in the case of WT,
but also E42A Hsp90�, the presence of ATP stimulates dissoci-
ation of Hsp90-p53 complexes and results in p53 binding to the
promoter sequence. D88N Hsp90� is not efficient in both of
these reactions. Using a trap version of the chaperonin GroEL,
which irreversibly captures unfolded proteins, we show that
Hsp90 chaperone action onWT p53 results in a partial unfold-
ing of the substrate. The ATP-dependent dissociation of p53-
Hsp90 complex allows further folding of p53 protein to an active
conformation, able to bind to the promoter sequence. Further-
more, in support of these results, the overproduction of WT or
E42A Hsp90� stimulates transcription from the WAF1 gene
promoter inH1299 cells. Altogether, our research indicates that
ATP binding to Hsp90� is a sufficient step for effectiveWT p53
client protein chaperoning.

Hsp90 is an abundant protein in cells of all knownorganisms,
with the exception of theArchea kingdom.Although in bacteria
its presence is not required for survival (1), yeast and higher
eukaryotes are fully dependent on its activity (2, 3). In multicel-
lular organisms Hsp90 plays a key role in the activation and
stabilization of various protein substrates. Among these are
kinases (Raf1, Akt, and Src), telomerase, Rab GDP dissociation

inhibitors, glucocorticoid hormone receptors (GR),3 and tran-
scription factors such as the p53 tumor suppressor protein
(4–6). TheseHsp90 substrates belong to different protein fam-
ilies and do not share common sequence or structural motifs.
Hence,modes of interaction and chaperoningmaypossess both
common features and specific differences.
Hsp90 is functional as a dimer, each monomer consisting

of three domains connected with flexible linkers of different
length and sequence depending on organism and isoform. The
main substrate binding region is proposed to be localized in the
middle domain (7), however structural (8) and biochemical
studies (9–11) suggest that at least two distinct surfaces of
interaction should exist on Hsp90 chaperone while binding its
protein substrate. Repositioning of the domains of the Hsp90
may be translated into conformational rearrangements of a
protein substrate, changing its tertiary structure and exposing
buried residues, thus enabling interaction with other proteins
and ligands, such as hormones or nucleic acids.
Despite the initial controversy on the ATP dependence of

Hsp90 (12), it was unambiguously shown that yeast and human
Hsp90 possess an adenine nucleotide binding site localized in
theN-terminal part of the protein (13, 14). Further studies have
revealed that yeast Hsp82 is able to hydrolyze ATP and that
changes of amino acids engaged directly in ATP binding
(D79N) or Mg2� ion binding and ATP hydrolysis (E33A) in
Hsp82 are lethal (15). Finally, a low intrinsic ATPase activity of
human Hsp90� was confirmed (16).

More recently, crystal structures of full-length Hsp90 from
yeast and bacteriawere published (17, 18) aswell asmammalian
Grp96 Hsp90 endoplasmic reticulum homologue (19). Based
on these findings a model for chaperoning cycle of Hsp90 was
proposed for a bacterial HptG protein (18). Themodel assumes
that the ATP hydrolysis is the crucial step in the Hsp90 chap-
eroning cycle, providing energy for most prominent rearrange-
ments in theHsp90 protein. In contrast, new studies on confor-
mation dynamics of both HptG (20) and yeast Hsp82 (21, 22)
demonstrate that severe structural changes of Hsp90 dimers
could occur upon ATP binding and are rate-limiting for the
nucleotide hydrolysis. This suggests that at least partial influ-
ence on the substrate may be evoked before the hydrolysis step.
Additionally, the crystallographic data indicate that, although
Grp94 is an ATP-hydrolyzing enzyme (23), the decisive step in
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Grp94 client protein chaperoning cycle is possibly the ATP
binding, rather than hydrolysis (19).
In the best studied Hsp90-dependent reaction, where GR is

activated for hormone binding, Hsp90 does not work alone.
Hsp70 machinery as well as co-chaperones are required for the
efficient receptor activation (24). In our previous reports we
have established that Hsp90 rescues the WT p53 tumor sup-
pressor protein activity at physiological temperature in a single
chaperone reaction.We demonstrated thatWT p53 binding to
the specific DNA promoter sequence in vitro at physiological
temperature is Hsp90- and ATP-dependent and that the p53
transcriptional activity in cells requiresHsp90 (25, 26).WTp53
was shown to bind to Hsp90 in native or nearly native confor-
mation (27).Muller and co-workers detected theWTp53DNA
binding domain as a minimal region of the protein responsible
for Hsp90 interaction, whereas Hsp90 middle and C-terminal
domains were proposed to be engaged in p53 binding (11).
In the currentworkwe took advantage of the simplicity of the

Hsp90-dependent reaction of p53 chaperoning and tested the
role of adenine nucleotide in this reaction. We used Hsp90�
proteins with changes in single residues, which disturb ATP
binding or hydrolysis, to demonstrate that protein substrate
binds stably to the nucleotide-freeHsp90�. Binding ofATP, but
not its hydrolysis, was required for dissociation of p53-Hsp90�
complex, and such a reaction was sufficient to rescue the p53
capability to bind to the promoter sequence in vitro. In accor-
dance, the ability to hydrolyze ATP by an overproduced
Hsp90� was not required to increase the p53 activity in cul-
tured cells.

EXPERIMENTAL PROCEDURES

Protein Purification—Human full-length Hsp90� isoform
was cloned from human cDNA library and inserted into
pBAD24 plasmid. E42A andD88N changes were introduced by
site-directed mutagenesis. Hsp90� variants were purified as
described for WT Hsp90� (26). Human MBP-Hsp90� was
purified, and the tag was removed as described previously (25).
GroEL D87K trap was overproduced in the BL21(DE3) Esche-
richia coli strain and purified using ion-exchange chromatog-
raphy onQ-Sepharose beads following heparin and ResQFPLC
columns (Amersham Biosciences).
Full-length human p23 protein was overproduced from plas-

mid pT7p23 in BL21(DE3) E. coli strain by 5-h induction with
0.1 mM isopropyl 1-thio-�-D-galactopyranoside. Bacterial cells
were harvested by centrifugation and lysed in buffer: 25 mM

Tris, pH 7.5, 50 mM KCl, 0.1% �-mercaptoethanol, 1 mg/ml
lysozyme (Sigma) followed by short sonication. The lysate was
purified using phenyl-Sepharose and ResQ FPLC columns and
dialyzed against the storage buffer: 25 mM Hepes, pH 7.6, 150
mM KCl, 20% glycerol, and 5 mM DTT.
Hsp90� ATP Binding Assay—Hsp90� variants were incu-

bated at 1 �M concentrations on ice for 30 min in a buffer A
(50-�l total): 25 mMHEPES, pH 7.9, 1 mMMgCl2, 15 mMNaCl,
0.5 mM DTT, 10% glycerol, 0.01% Triton X-100, 20 �M BSA
(20-fold excess over Hsp90) and 14 �Ci of [�-32P]ATP. After-
ward, the whole volume of the mixture was applied onto the
nitrocellulose 0.44-�mfilter andwashedwith 30ml of buffer A.
Dry nitrocellulose filters were put into scintillation vials, and

the radioactivity was measured using a scintillation counter.
The experiment was independently repeated three times.
Hsp90� ATPase Assay—ATPase activity of Hsp90� chaper-

ones was measured as described earlier (25).
Binding of Hsp90� to p23 Affinity Column—A p23 affinity

column was prepared by covalent cross-linking of the purified
proteins to the CNBr-activated Sepharose (Amersham Bio-
sciences) according to the producer’s protocol. Roughly 1mg of
the protein was conjugated to 0.5 g of the resin. Free uncoupled
groups were blocked by addition of glycine. Pull-down experi-
ments were performed by incubation of 10 �l of the prepared
affinity resin with 5 �g of the purified Hsp90WT or mutant in
the buffer: 25 mM Tris, pH 7.6, 50 mM KCl, 5 mM DTT, 10 mM

MgCl2, 5 mM ATP. Beads were washed three times in buffer
containing 150 mM KCl and eluted with Laemmli SDS-PAGE
buffer. Samples were loaded on 10% SDS-PAGE gel, after elec-
trophoresis proteins were visualized by a silver stain.
Hsp90�-p53 ELISA—Binding ofWT p53 to Hsp90� variants

was tested by ELISA, as described previously for p53-Hsp90
interaction in the presence or absence of a nucleotide (25).
In Vitro p53 DNA Binding Assay—The p53 electrophoretic

mobility shift assay (EMSA) was performed as described previ-
ously (25), with the modified reaction buffer composition: 25
mMHepes, pH 7.5, 5% glycerol, 100mMKCl, 10mMMgCl2, and
3mMDTT. GroEL trap protein was added to selected reactions
as indicated, together with the promoter DNA, during the stage
of p53 activation for DNA binding.
Hsp90� Co-immunoprecipitation—H1299 human p53-null

cells were grown to 90% confluence in 6-well plates and trans-
fected by using Lipofectamine 2000 reagent (Invitrogen) with 5
�g of pcDNA3.1 plasmids carryingWT or E42A/D88N FLAG-
HA-tagged Hsp90� coding sequences and with 100 ng of
pCMV plasmid carrying theWT p53 gene as indicated. At 24 h
post-transfection cells were washedwith PBS and scraped from
plates in ice-cold IP buffer (50 mM Tris-HCl, pH 8.0, 100 mM

NaCl, 5 mM EGTA, 1.5 mM EDTA, 0.05% Triton X-100, 1 mM

PMSF, 1 �g/ml aprotinin, 1 �g/ml leupeptin). Cells were lysed
by brief sonication, and lysates were clarified by centrifugation
at 14,000 rpmfor10minat 4 °C.Equal amountsof clarified lysates,
as determined byBradford assay, were incubatedwith 7�l of anti-
FLAG-agarose beads (Sigma) for 3 h at 4 °C, and subsequently
washed three times with IP buffer. Bound proteins were eluted
from beads with 30 �l of FLAG peptide (100 ng/�l) in IP buffer.
Eluates were resolved in SDS-PAGE system and blotted, and pro-
teins were detected with anti-Hsp90�/� (SPA-846, Stressgen),
anti-p53 (rabbit polyclonal, Moravian Biotechnology), and anti-
p23 (JJ3,AffinityBioreagents) primary antibodies and suitable sec-
ondary antibodies coupled to HRP.
Luciferase Reporter Assay, p53 mRNA, and Protein Level

Measurements—H1299 cells were grown and transfected as
described for Hsp90� co-immunoprecipitation with the fol-
lowing vectors: p21-luc, containing Firefly luciferase under
WAF1 p53-inducible promoter (350 ng), pCMV-luc with Fire-
fly luciferase under the CMV promoter (350 ng), and
pCMV-RL with Renilla luciferase under the CMV promoter
(150 ng), along with other vectors required in the experiment:
FLAG-HA-pcDNA/FLAG-HA-Hsp90� (5 �g) and pCMV-
WTp53 (50 ng). 18-h post transfection cells were detached
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using trypsin, washed 2�with PBS, and 20% of the cell number
was lysed to measure luciferase activity, 80% for the RNA iso-
lation. The luminescence of both luciferases was measured
usingDual-Luciferase ReporterAssay System (Promega) on the
LumiStar Galaxy luminometer (BMG). Promoter activity was
calculated by the division of a measured value of the Firefly
luciferase activity by the value of Renilla luciferase activity.
RNAwas isolated, cDNA synthesized, and Real-Time PCR per-
formed for TP53 and GAPDH cDNA as described previously
(25). The following antibodies were used to detect proteins on
Western blot: for Hsp90�, PA-012 (Affinity Bioreagents); for
p53, DO-1 (Moravian Biotechnology); and for GAPDH,
SC-25778 (Santa Cruz Biotechnology).

RESULTS

Characterization of Hsp90� Variants—To elucidate the role
of the adenine nucleotides in the Hsp90� chaperoning cycle

we constructed point mutants in
human HSP90� coding sequence,
which resulted, on the protein level,
in amino acid changes: E42A and
D88N. The changed residues are
strictly conserved in the whole
Hsp90 family and correspond to
positions Glu-33 and Asp-79 in
yeast Hsp82 and Glu-46 and Asp-93
in human Hsp90�. Yeast and
human Hsp90� protein variants
were described previously to have
impaired ATP cycling properties
(14, 28). By analogy to these results,
the E42A variant of human Hsp90�
protein was supposed to bind but
not hydrolyze ATP, whereas the
D88N residue change, to abolish the
binding of ATP to Hsp90�. To ver-
ify these assumptions the WT and
changed Hsp90� proteins were
overproduced in E. coli and puri-
fied to homogeneity (Fig. 1A).
They were properly folded as
judged by CD spectrum and mostly
dimeric, as judged by size-exclusion
chromatography (data not shown).
All purified proteins were tested
for ATP binding and hydrolysis
activities. As shown in Fig. 1B, the
E42A variant of Hsp90� binds
ATP more efficiently than WT
Hsp90�, whereas the binding of
ATP by D88N Hsp90� is weaker.
The D88N Hsp90� variant still
binds ATP more efficiently than
BSA (background) probably due to
the existence of the second ATP
binding site located in the C-ter-
minal domain of Hsp90 (29, 30).
Both variants, E42A and D88N, do

not catalyze the ATP hydrolysis (Fig. 1C).
To confirm that the full-lengthWTormutant variants of the

Hsp90� chaperone interact with the p23 co-chaperone (31, 32)
in a manner previously described, we prepared affinity column,
conjugating p23 to the CNBr-activated resin.We performed an
in vitro pulldown experiment to check whether the full-length
WT Hsp90� and studied E42A or D88N variants were capable
of interacting with p23. In the presence of ATP, E42A Hsp90�
interacted with p23 affinity resin more efficiently thanWT and
D88N Hsp90�. In control experiments, in the absence of ATP,
the affinity of all Hsp90 variants to p23 was at a background
level (Fig. 1D). These results are in agreement with earlier
reports of yeast p23 affinity to the yeast Hsp82 WT/E33A/
D79N variants (14).
Influence of ATP on Interaction of Hsp90� Variants withWT

p53—Tomonitor the effect of ATP on binding of Hsp90 to the
p53 tumor suppressor protein in vitro, we have used amodified

FIGURE 1. In vitro ATP binding, hydrolysis, and interaction with p23 by human Hsp90� variants: WT,
E42A, and D88N. A, 10% SDS-PAGE result demonstrating the purity of Hsp90� variants used in studies in vitro.
B, ATP binding efficiency by WT, E42A, and D88N Hsp90�, detected by �-radiolabeled ATP (described under
“Experimental Procedures”), shown as a fraction of WT Hsp90�. Each bar is a mean of three experiments,
standard errors are shown. **, indicates a statistical significance (p � 0.01) in one-way ANOVA test (Dunnett
post-test against the WT Hsp90� result). Bars have been corrected for background binding of ATP to 20-fold
excess of BSA, present also in the reactions containing Hsp90� variants. Background was 16% of the WT
Hsp90� result. C, ATP hydrolysis efficiency by WT, E42A, and D88N Hsp90�, shown as a fraction of a hydrolyzed
�-radiolabeled ATP, during a 3-h reaction, at 37 °C. Results were corrected for the background ATPase activity,
remaining in control samples of all Hsp90� variants after inhibition by radicicol (see “Experimental Proce-
dures”). Each bar is a mean of three experiments, and standard errors are shown. ***, indicates a statistical
significance (p � 0.001) in one-way ANOVA test (Dunnett post-test against the WT Hsp90� result). D, silver-
stained SDS-PAGE gel showing indicated Hsp90� variants eluted from the complex with p23-conjugated or
mock resin, in the presence or absence of 5 mM ATP (see “Experimental Procedures”). Mock controls contained
no p23 protein conjugated to the resin. The interaction with p23 co-chaperone is the most efficient in the case
of E42A Hsp90� in the presence of ATP.
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ELISA. In the absence of ATP all three proteins, namely WT
Hsp90�, E42A Hsp90�, and D88N Hsp90� possessed a similar
affinity toward WT p53 (Fig. 2). In all three variants, the pres-
ence of ATP shifted the equilibrium toward dissociation of
Hsp90�-p53 complex (Fig. 2). The strongest effect was
achieved in the case of E42A Hsp90�, suggesting that ATP
binding, rather than hydrolysis, was sufficient for releasing of
p53 from the Hsp90� complex (Fig. 2). Supporting this
hypothesis, the presence of ATP only mildly influenced the
binding of p53 to D88N Hsp90� (Fig. 2). In control experi-
ments we confirmed that the preincubation of p53 with
Hsp90 variants does not change the results presented in Fig.
2, suggesting that ATP can also disrupt pre-formed p53-
Hsp90 complexes (result not shown).
The efficient binding of WT p53 to D88N Hsp90� indepen-

dently of the presence of ATP was additionally supported by
results of a glycerol gradient centrifugation (supplemental
data) and glutaraldehyde cross-linking experiments (result
not shown).
NucleotideDependence ofHsp90�Variants inWTp53Chap-

eroning in Vitro—To answer the question whether the ATPase
of Hsp90� is required for rescue of the in vitroWTp53 activity
at the physiological temperature, we performed an EMSA of
p53 binding to a WAF1 (p21 encoding gene) promoter
sequence, as published before (25). p53 was able to bind the
WAF1 promoter-derived sequence in the absence or presence
of Hsp90� at a temperature �35 °C (Fig. 3, A (lane 1) and C
(lanes 1–3)). After 1-h incubation at 37 °C, p53 was not able to
bind to the promoter sequence (Fig. 3A, lane 2) unless WT
Hsp90 � or � and at least 3 mMATP concentration was present
(Fig. 3, A (lanes 3 and 4) and B (lanes 1–3 and 10–13)). In the

case of E42A Hsp90�, which can
efficiently bind, but not hydrolyze
ATP, a lower concentration of ATP
(1–2 mM) was sufficient to allow
chaperoning of the binding of p53 to
the promoter-derived sequence
(Fig. 3B, lanes 4–6 and 14–17). In
contrast, theD88NHsp90� protein,
in the presence or absence of ATP,
retained only traces of chaperoning
activity toward WT p53 (Fig. 3, A
(lane 6) and B (lanes 7–9)). Surpris-
ingly, at heat-shock conditions
(40 °C) and with a presence of 5 mM

ATP, the E42A Hsp90� variant
exhibited more pronounced chap-
erone activity toward WT p53 than
WT Hsp90� (Fig. 3C). In accord-
ance, the R249S oncogenic p53 var-
iant, which is unable to bind WAF1
sequence already at �20 °C (26),
was partially reactivated in vitro by
E42A and not by WT Hsp90� at
37 °C (Fig. 3D).
These data suggest that the in

vitro rescue of p53 activity from
thermal inactivation by Hsp90� is

dependent mainly on the ATP binding to Hsp90� and may be
increased by reducing theHsp90�ATPase activity. Notably, we
do not observe any additional supershift when Hsp90� is pres-
ent in the reaction mixture, suggesting that p53 dissociates
completely from Hsp90� complex upon interacting with the
promoter sequence. In control experiments we found that the
presence of anti-Hsp90 IgGs (SPA-842 and SPA-846, Stress-
gen) does not supershift the p53-promoter complex (result not
shown). As shown in Fig. 2, the presence of ATP is sufficient to
shift the equilibrium toward dissociation of p53-Hsp90� com-
plex that allows formation of the specific p53-DNA complex.
Hsp90 Is Not Only a Passive WT p53 Chaperone—A passive,

“holdase,” mode of Hsp90 action should be diminished in the
presence of ATP, which stimulates the dissociation of p53-
Hsp90 complexes (Fig. 2). However, the ATP binding is
required for efficient chaperone activity of Hsp90, which facil-
itates p53 binding to the promoter sequence at 37 °C (Fig. 3).
This potential discrepancy needs to be resolved. An attractive
hypothesis is that Hsp90 is also an active chaperone, that simi-
larly to Hsp100 binds to client proteins, partially unfolds them,
and, in the presence of ATP, dissociates, allowing for a sponta-
neous folding of the client protein to its active conformation
(33). To test this hypothesiswe used aGroELD87K trap protein
(34), which irreversibly binds to unfolded protein intermedi-
ates. Increasing concentration of the GroEL trap, added during
the specificDNAbindingbyWTp53, efficiently inhibitsHsp90-
dependent binding of p53 to the promoter sequence at 37 °C
(Fig. 3E). This suggests that partially unfolded WT p53 inter-
mediates are released fromHsp90. The effect of the GroEL trap
is not pronounced when the reaction is carried out in the
absence ofHsp90 at lower temperatures, such as 17 °C (Fig. 3F).

FIGURE 2. Influence of ATP on the interaction of Hsp90� variants and p53 in vitro. The ELISA test (per-
formed as described under “Experimental Procedures”) was used to study the binding of Hsp90� to increasing
amounts of WT p53, with or without 5 mM ATP, at 25 °C. ATP presence dissociates Hsp90�-WT p53 complexes,
and the effect is strongest on E42A and weakest on D88N Hsp90�. Results are means of two measurements at
each point and are corrected for the background binding of WT p53 to BSA, in the presence or absence of ATP,
respectively. Curves are fitted with a one-phase exponential association model, with all R2 values above 0.99.
The result is a representative of three independent experiments.
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Amoderate inhibition of p53 binding to the promoter sequence
at 17 °C by theGroEL trap is likely due to the presence of intrin-
sically unfolded regions of p53 (35).
Interaction of Hsp90 Variants with WT p53 in Cells—We

used a p53-null, H1299 human lung carcinoma cell line to verify
the interaction of p53 with Hsp90 variants in a cell system. We
have transiently overproduced FLAG-HA tagged variants of
Hsp90� together with WT p53. The suitability of cell-trans-
fected system for this study was ensured by showing the inter-
action of p23 protein exclusively with E42A Hsp90� mutant
(Fig. 4). This is in line with in vitro experiments (Fig. 1) and
previously published data on yeast Hsp82 (36). Results pre-

sented in Fig. 4 show that p53 co-immunoprecipitates most
efficiently with Hsp90� D88N and to a lesser extent with WT
and E42A variants. Enhanced binding of p53 to Hsp90� D88N
most probably reflects a diminished dynamics of such interac-
tion in an ATP-containing lysate as compared with p53-WT
Hsp90� or E42A interactions. It is in agreement with in vitro
WT p53-Hsp90� interaction results in the presence of ATP
(Fig. 2).
Influence of Hsp90� on WT p53 Activity in Cells—The p53

transcriptional activity in H1299 cells was monitored by a co-
transfection of a limiting amount of WT p53 vector (2� less
WT p53-encoding vector than in co-immunoprecipitation

FIGURE 3. Hsp90� variants possess a different efficiency in the in vitro chaperoning of WT and mutant p53. A, Hsp90� and variants of Hsp90� (WT, E42A,
and D88N) were used at 10 �M to rescue 0.5 �M WT p53 (concentrations estimated for monomers) from 1-h inactivation at 37 °C, in the presence of 5 mM ATP.
Following the reaction, a p53-specific DNA-binding activity to the WAF1-promoter-derived sequence was tested by EMSA assay as described under “Experi-
mental Procedures.” The main, marked band represents the p53-specific DNA complex. The D88N (lane 6) is the only Hsp90 tested with a decreased ability to
rescue WT p53. B, ATP dependence of the WT p53 rescue reactions by Hsp90� variants. Reaction conditions, protein concentrations, and EMSA procedures
were as in A. ATP was titrated as indicated. The E42A Hsp90� has an increased sensitivity to ATP in this reaction (lanes 4 – 6 and 14 –17) compared with WT
Hsp90� (lanes 1–3 and 10 –13), whereas the D88N variant is inactive regardless of the presence or absence of ATP (lanes 7–9). C, temperature dependence of the
WT p53 rescue reactions by Hsp90� variants. Protein, ATP concentrations, and EMSA procedures were as in A. WT p53 rescue reactions were carried out as
indicated, at 35/37 °C for 1 h or 40/42 °C for 30 min. The E42A Hsp90� has the increased ability to rescue WT p53 at heat-shock conditions (40 °C). D, a restoration
of the specific DNA-binding activity of R249S p53 by WT or E42A Hsp90�. p53, ATP concentrations, and EMSA procedures were as in A. Rescue reactions were
carried out at indicated temperatures, for 1 h. Hsp90� variants were titrated at 5 �M, 10 �M, and 20 �M monomer concentrations of each protein variant. E42A
but not WT Hsp90� was capable of a limited restoration of the specific DNA-binding activity by the otherwise inactive R249S p53 oncogenic variant. E, effect
of GroEL trap variant on WT p53-specific DNA-binding activity in the presence or absence of WT Hsp90� at 37 and 17 °C. In marked reactions, indicated amounts
of purified GroEL trap were added during the DNA binding stage, before being applied to the EMSA gel. The GroEL trap irreversibly bound partially unfolded
WT p53 and decreased its activity at 37 °C, also in the presence of Hsp90. At 17 °C the effect of the GroEL trap was not pronounced.
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experiments, see “Experimental Procedures”) and with the vec-
tor containing Firefly luciferase gene under the control of the
WAF1 promoter. E42A Hsp90� overexpression up-regulated
the WT p53 transcriptional activity more efficiently than WT
Hsp90� (Fig. 5A). D88N Hsp90�, similarly to in vitro experi-
ments, retained a positive p53 activity regulation when com-
pared with controls, suggesting that a part of the influence of
Hsp90 onWT p53 may be exerted by a passive, ATP-indepen-
dent chaperone mechanism. The increase in the Firefly lucifer-
ase activity by E42AHsp90�was not caused by the direct chap-
eroning of luciferase (Fig. 5B). Described effects were also not
caused by p53 mRNA level differences as tested by real-time
PCR (Fig. 5C), or difference in Hsp90� level after overexpres-
sion, as shown by Western blots (Fig. 5D). However, the limit-
ing amount of overexpressed WT p53, which allowed us to
observe p53 activity differences, revealed that Hsp90� variants
increased the amount of WT p53 protein (Fig. 5D). This sug-
gested that Hsp90� may act on p53 stability. It has been dem-
onstrated earlier that a transient overproduction of Hsp90
increases WT p53 level in U2OS cells (37).

DISCUSSION

The Hsp90 ATPase cycle has been extensively studied (15,
32, 38, 39). It was shown that functional coupling between ATP
turnover and conformational changes of Hsp90 is a general fea-
ture conserved among Hsp90 proteins (40). Recent research on
HptG protein (20) and yeast Hsp82 (21, 22) indicated that a
majority of structural transitions of these chaperones are not
tightly coupled to theATPhydrolysis. However, the coupling of
these events to a chaperone action of Hsp90 on a client protein
has remained unsolved. The situation is complicated by the fact
that, in several systems studied, Hsp90 is not working alone.
Such is the case of the GR (24) and kinases, where the kinase-
specific co-chaperone p50 (cdc37) is required for Hsp90-de-
pendent activation reaction (8, 41).
We decided to couple the ATP binding of human Hsp90�

with its chaperone activity using the p53 client protein. This
system is unique, because at the physiological temperature of
37 °C no other chaperones or co-chaperones are required for
rescue of WT p53 binding to the promoter sequence in vitro

(25). Recently, we have found that
only under heat shock conditions
other chaperones, like Hsp70-
Hsp40 machine and co-chaperone
Hop, are required for folding p53 to
the conformation capable of bind-
ing to the promoter sequence (26).
The purified Hsp90� variants

used in this work, E42A and D88N,
were both initially designed as neg-
ative controls in the p53 chaperon-
ing tests. Although D88N indeed
retained only a little activity in the in
vitro p53 rescue reactions, E42A
surprisingly possessed the activity at
least comparable to WT Hsp90�
with a higher ATP sensitivity and
efficiency at heat-shock tempera-

ture (Fig. 3). In contrast to the WT Hsp90�, it was also able to
partially reactivate the specific DNA-binding activity of the
R249S p53 oncogenic variant. This suggests that its chaperone
activity is increased to the range of Hsp70-Hsp40 system, and it
is more effective than WT Hsp90� on heat-shocked WT and
mutant p53 (26). The additional activity of E42A on p53 arises
most likely due to an increased affinity to the nucleotide (Fig. 1),
together with the fact that nucleotide hydrolysis seems dispen-
sable for the effective release of the substrate (Fig. 2 and
supplemental data) and completion of the p53 chaperoning
cycle (Fig. 3). At the same time, diminished, but not abolished,
binding of ATP by D88NHsp90� (Fig. 1) is sufficient to inhibit
ATP-dependent WT p53 release (Fig. 2) and the chaperone
activity towardWT p53 (Fig. 3). In other tests, such as a nucle-
otide hydrolysis and binding to p23, purified E42A and D88N
Hsp90� behaved as expected frompreviously published data on
yeast Hsp82 and the human � isoform (14, 36, 42). These stud-
ies focus on trapping co-chaperones and substrates with E33A/
E47A variants of yeast Hsp82/human Hsp90�, bringing little
information on D79N/D93N Hsp90 variants interactions with
various client proteins. We may therefore only speculate
whether the stable binding ofWTp53 toD88NHsp90� variant,
in the presence of ATP in vitro (Fig. 2) and in vivo (Fig. 4), is a
unique feature of p53 or a more general trait of Hsp90 sub-
strates. In the well studied case of a ligand binding domain of
the GR there are similarities (the in vitro GR binding to D93N
Hsp90� is not decreased upon ATP treatment) but also differ-
ences (ATP-dependent release of the GR is weaker in E47A
than in WT Hsp90�) (28). Our results may, however, help to
explain why WT p53 has not been previously found in stable
complexes with WT Hsp90 in cells (43).
The data presented in this paper also address a crucial ques-

tion in the chaperone field: Does the passive, holdase mode of a
molecular chaperone action, a protection of client protein by
binding, by itself explain the behavior of Hsp90? Here we show
that binding of ATP to Hsp90-p53 complex triggers its dissoci-
ation. If only the passive mode of Hsp90 action occurred, the
increaseddissociationuponATPbinding should inhibitHsp90-
dependent binding of p53 to the promoter sequence. However,
the situation is quite opposite: the Hsp90 variant that displays

FIGURE 4. Immunoprecipitation of WT p53 with Hsp90� variants. FLAG-HA-Hsp90� was immunoprecipi-
tated with anti-FLAG agarose beads and p53 and p23 proteins detected as described under “Experimental
Procedures.” Equal protein amounts were loaded as inputs as determined by the Bradford assay. Hsp90� D88N
interacted preferably with the client protein WT p53, and Hsp90� E42A with the p23 co-chaperone.
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FIGURE 5. Hsp90� variants differentially influence the WT p53 transcriptional activity in H1299 cells. A, the transcriptional activity of WT p53, 18-h post
transient transfection of H1299 cells, monitored by the luciferase reporter assay. Cells were transfected with p21-luc vector (containing Firefly luciferase coding
sequence under the control of the WAF1 gene promoter), pCMV-RL vector (Renilla luciferase coding sequence under the CMV promoter), pcDNA vectors
indicated below the graph bars encoding N-terminally FLAG-HA-tagged Hsp90� variants (F-H-Hsp90� WT, E42A, or D88N), or empty pcDNA-FLAG-HA. The
pCMV-wtp53 vector was transfected optionally, as indicated (WT p53 coding sequence under the CMV promoter). Graph bars indicate averages with standard
errors of Firefly luciferase activity ratios to Renilla luciferase, from three separate experiments, normalized to results of pcDNA-FLAG-HA. *** and *, indicate a
statistical significance (p � 0.001 and p � 0.05, respectively) in a one-way ANOVA test (Dunnett post-test against the control pcDNA-FLAG-HA result). B, the
influence of the Hsp90� E42A variant on constitutively expressed Firefly luciferase. pCMV-luc (CMV-controlled Firefly luciferase coding sequence), pCMV-RL,
and pCMV-p53 vectors were co-transfected with either pcDNA-FLAG-HA (pcDNA-F-H) or pcDNA-FLAG-HA-Hsp90� E42A (F-H-Hsp90� E42A) as indicated.
Firefly luciferase activity was measured and calculated as described in A. C, p53 mRNA levels in cells used in A measured by real-time PCR. Total RNA was
extracted from selected, representative transfection experiments from A (80% of cells were used for mRNA isolation, 20% for luciferase reporter assay). The
result in the case of the first bar (no p53 vector transfected) is above zero in p53-null cells, as in a total lack of the specific RT-PCR product for p53 mRNA,
otherwise absent unspecific products appear with limited overlap of melting temperatures to the specific product detection range. D, p53 and Hsp90� protein
level changes in transfected H1299 cells observed by Western blots. Selected protein extracts used in luciferase reporter assay in A were subjected to Western
blot: Hsp90�, p53, and GAPDH were detected as indicated under “Experimental Procedures.”
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the most efficient ATP-mediated p53 release also acts as the
most potent activator of p53 binding to the promoter sequence.
The efficient inhibition of binding of p53 to the promoter
sequence by GroEL trap variant indicates that, after ATP-de-
pendent dissociation of Hsp90-p53 complex, p53 is in a par-
tially unfolded state, exposing regions irreversibly trapped by
GroEL. In the absence ofGroEL trap, p53 spontaneously refolds
and reaches the conformation capable of specific binding to the
promoter sequence. Such an active, “unfoldase”mode of action,
previously proposed (33) and confirmed (34) forHsp100, is also
the most likely mechanism of action of Hsp90 on WT p53.
Recently, using a chromatin immunoprecipitation, we dem-

onstrated that Hsp90 was required in vivo for binding of WT
p53 to the promoter sequence (26). In agreement with those
results, here we show that overproduction of Hsp90 stimulates
the WAF1 promoter. Surprisingly, the overproduction of
Hsp90 also partially stabilizes WT p53. It had been previously
reported that the Hsp90 overproduction increased the cellular
level of WT p53 (37), but the molecular mechanism of those
reactions is under further investigation. Our preliminary re-
sults suggest that, in H1299 cells, where the level of MDM2 E3
ligase is limited,WT p53 is primarily ubiquitinated by E3-ubiq-
uitin ligase CHIP (C-terminus of Hsc70 Interacting Protein),
and in this case the overproduction of Hsp90 variants inhibit
the in vivo ubiquitination of p53.4 These findings are in agree-
ment with recently published results, that Hsp90 inhibits a
CHIP-dependent ubiquitination of neuronal nitric-oxide syn-
thase (44, 45).
In general, there is a correlation between the in vitro and in

vivo WT p53 chaperoning by the studied Hsp90� variants,

suggesting that in the presence of
ATP the same interaction and
mechanism are responsible for
effects under both conditions. On
the other hand, using E42A
Hsp90�, it was not possible to
reactivate the p53 oncogenic
R249S variant in the same cellular
background, in whichWT p53 was
additionally activated (supple-
mental data), even though a trace-
able reactivation was possible in
vitro (Fig. 3). Also, a knockdown of
Hsp90 ATPase-stimulating Aha1
co-chaperone (38) increases neither
WT nor mutant p53 activity in
H1299 cells.5 Aha1 inhibition is
advantageous in folding of a cystic
fibrosis-causing CFTR �F508 pro-
tein (46). Therefore, similar to p53,
rescue of this protein activity may
depend on a loweredHsp90ATPase
activity. The differences between
both substrates remain to be discov-
ered, and the effect of E42AHsp90�

onCFTR folding is under further investigation. Another Hsp90
client is an IRF-1 transcription factor. It is stabilized in human
cells by the WT Hsp90� overproduction, whereas E46A
Hsp90� is less effective and D93N acts in a dominant-negative
manner, destabilizing IRF-1 (47). The dominant negative effect
of D88N Hsp90� was also shown on migration of endothelial
cells (48). These results together underscore the fact that there
is a variety of Hsp90-chaperoningmechanisms, depending on a
particular substrate. Distinguishing these differences may help
to explain functional reasons behind a low intrinsic ATPase
activity of eukaryotic Hsp90 and its extensive regulation by co-
chaperones. Although some substrates require the Hsp90
ATPase (e.g. IRF-1), others, like p53 and CFTR �F508, may
depend mostly on the nucleotide binding to Hsp90, and yet
another group of protein clients could rely on the passive chap-
eroning (49). It is tempting to speculate that Hsp90 affinity
toward different substrates and interaction with other chaper-
ones are important parameters in these reactions. If the affinity
is limited and reaction is single-chaperone (like in the case of
p53 at 37 °C), ATP binding to Hsp90 is sufficient to trigger the
chaperone activity and substrate release. If the affinity is higher
and Hsp70 chaperones are engaged in the chaperoning reac-
tions (like in the case of IRF-1 or GR), ATP hydrolysis is
required for efficient client release and chaperone activity of
Hsp90.
To summarize our findings on the p53 substrate, we propose

a model of Hsp90-dependent chaperoning of p53, fueled with
the ATP nucleotide (Fig. 6). At the first stage, when Hsp90
dimer is most likely in the “open” (“apo”) conformation (50),
p53 enters the cycle and interacts with Hsp90 in a native or
near-native state (27), without a requirement for a nucleotide.
Binding of Hsp90 induces the conformational changes of p53
resulting in its partial unfolding. The D88N change in Hsp90�

4 D. Walerych, M. Gutkowska, M. P. Klejman, B. Wawrzynow, Z. Tracz, M. Wiech,
M. Zylicz, and A. Zylicz, unpublished results.

FIGURE 6. A proposed pathway of p53 chaperoning by Hsp90. The p53 client protein is captured by a
nucleotide-free Hsp90, in a native or near-native conformation. Otherwise WT p53 becomes irreversibly inac-
tivated at 37 °C. The Hsp90� D88N variant binds p53, not being able to proceed with further steps. Hsp90� WT
and E42A are both able to chaperone and release the client, indicating that necessary structural rearrange-
ments of Hsp90� must occur prior to the ATP hydrolysis (see “Discussion” for more details and references).
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stops the cycle at this stage, because this variant is unable to
bind ATP but able to trap a latent form of the client protein. In
cases ofWTor E42AHsp90�, binding of ATP causes structural
rearrangements of the Hsp90 domains sufficient for dissocia-
tion of Hsp90-p53 complex. Partially unfolded p53, free from
Hsp90, can spontaneously further refold to the active confor-
mation. This step is efficiently inhibited by the GroEL trap,
which irreversibly binds to unfolded proteins. The model does
not exclude the possibility that, in the case of other substrates
or/and stress conditions, ATP hydrolysis is required for effi-
cient dissociation of the Hsp90-client protein complexes.
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