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Using highly puri®ed proteins, we have identi®ed
intermediate reactions that lead to the assembly of
molecular chaperone complexes with wild-type or
mutant p53R175H protein. Hsp90 possesses higher
af®nity for wild-type p53 than for the conformational
mutant p53R175H. The presence of Hsp90 in a com-
plex with wild-type p53 inhibits the binding of Hsp40
and Hsc70 to p53, consequently preventing the forma-
tion of wild-type p53±multiple chaperone complexes.
The conformational mutant p53R175H can form a
stable heterocomplex with Hsp90 only in the presence
of Hsc70, Hsp40, Hop and ATP. The anti-apoptotic
factor Bag-1 can dissociate Hsp90 from a pre-
assembled complex wild-type p53 protein, but it
cannot dissociate a pre-assembled p53R175H±Hsp40±
Hsc70±Hop±Hsp90 heterocomplex. The results pre-
sented here provide possible molecular mechanisms
that can help to explain the observed in vivo role of
molecular chaperones in the stabilization and cellular
localization of wild-type and mutant p53 protein.
Keywords: apoptosis/cancer/degradation/localization

Introduction

Molecular chaperones take part in important cell metabol-
ism and survival reactions through dynamic interactions
with various components of these pathways. Chaperones
belonging to the Hsp70 and Hsp90 families are key players
in cellular events, such as DNA replication and transcrip-
tion, protein folding and maturation, protein translocation
through the endoplasmic reticulum and mitochondrial
membranes, proteolysis, cell signaling and the immune
response (for reviews see Mayer and Bukau, 1998; Ellis
and Hartl, 1999; Jolly and Morimoto, 2000; Zylicz et al.,
2001). Following exposure to heat and other environmen-
tal stresses, Hsp70-type chaperones participate in stabiliz-
ing native protein conformation as well as the refolding
and disaggregation of partially unfolded protein (Skowyra
et al., 1990). Hsp70 was also identi®ed recently as a potent
anti-apoptotic factor (Jaattela et al., 1998; Beere et al.,
2000; Li et al. 2000; Mosser et al., 2000; Nylandsted et al.,
2000).

The activities of Hsp70 and Hsp90 are modulated by co-
chaperones. The Hsp70 co-chaperone Hip is a 50 kDa
cytosolic protein that was found to interact with the
ATPase domain of Hsc70 and enhance Hsc70±substrate
interactions by stabilizing its ADP-bound form (Hohfeld
et al., 1995). Hop is a unique co-chaperone that has the
ability to interact with both Hsp70 and Hsp90 chaperones,
thus providing a physical link between the Hsp70 and
Hsp90 chaperone machinery in various systems, such as
the glucocorticoid and progesterone hormone receptors
(Dittmar et al., 1996; Chen and Smith, 1998). The `J'
domain, found in all Hsp40 proteins, is the primary factor
that regulates Hsp70 ATPase activity (Wall et al., 1994).
The simultaneous presence of Escherichia coli proteins
DnaJ and the nucleotide exchange factor GrpE was shown
to stimulate at least 50-fold the ATPase activity of the
bacterial Hsp70 analog, DnaK (Liberek et al., 1991). The
eukaryotic homolog of GrpE, Bag-1, was discovered
originally as a Bcl-2-associated protein (Takayama et al.,
1995), and it was shown to regulate Hsp70 nucleotide
exchange and ATPase activity in a fashion similar to GrpE
(Hohfeld et al., 1997; Sondermann et al., 2001). Members
of the Bcl-2 family are regulators of apoptosis; Bcl-2,
Bcl-XL and Mcl-1 inhibit apoptosis, whereas Bad, Bax,
Bik and Bcl-XS promote apoptosis under various condi-
tions (for a review see Hohfeld, 1998). It was shown that
Bag-1 enhances the anti-apoptotic effect of Bcl-2 family
members (Wang et al., 1996). Bag-1 also speci®cally
interacts with and stimulates the activity of the protein
kinase Raf-1, which is involved in signal transduction as
well as modulating cell growth and differentiation (Wang
et al., 1996). During stress conditions, increased levels of
Hsp70 result in the formation of Bag-1±Hsp70 complexes
that can compete against Bag-1±Raf-1 complex formation,
thus down-regulating Raf-1 kinase activity (Song et al.,
2001). Bag-1 can also modulate apoptosis by binding to
the cellular domains of either the hepatocyte growth factor
(HGF) receptor or the platelet-derived growth factor
(PDGF) receptor (Bardelli et al., 1996).

During stress conditions, apoptosis can be induced by
the p53 tumor suppressor protein. p53 is a transcription
factor that initiates the transcription not only of sets of
genes required for apoptosis but also of genes involved in
cell growth arrest and DNA repair (for a review see Oren,
1999). Mutations in the p53 gene are among the most
common genetic disorders in human cancer, including
those of breast, colon, lung and liver origin (for review see
Zylicz et al., 2001).

Several studies have found the constitutively expres-
sed Hsc70, and heat-induced Hsp70 or Hsp90 to be
associated with mutant p53 but not with wild-type
p53 protein (Pinhasi-Kimhi et al., 1986; Hinds et al.,
1987; Sturzbecher et al., 1987; Ehrhart et al., 1988;
Blagosklonny et al., 1996). Chaperones Hsc70, Hsp90,
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cyclophilin 40 and p23 have been co-immunoprecipitated
exclusively with mutant p53 from an embryo ®broblast
cell line that expresses a conformationally temperature-
sensitive, murine p53A135V protein (Whitesell et al.,
1998). Multiple chaperones were only found associated
with p53 at high temperatures, in which p53A135V
displayed a mutant conformation. Moreover, the addition
of geldanamycin, which selectively inhibits Hsp90 sub-
strate interactions (Panaretou et al., 1998; Schiebel et al.,
1998), speci®cally released Hsp90 from multiple chaper-
one complexes with mutant p53 and stimulated the
translocation of mutant p53 from the cytoplasm into the
nucleus (Whitesell et al., 1998). A recent study demon-
strated that Hsc70 plays an important role in masking the
p53 nuclear localization signal (NLS) sequence while in a
complex with the conformational mutant form of p53
(Akakura et al., 2001). Hsc70 in a complex with mutant
p53 and other chaperones, such as Hsp90, prevented the
mutant p53 NLS from accessing the nuclear import
receptor, whereas nuclear import of p53 possessing the
wild-type conformation was not affected. Cellular levels of
wild-type p53 are regulated in part by ubiquitination and
proteasome-mediated degradation (Maki et al., 1996).
Hsp90-associated multiple chaperone complexes with
mutant p53 protein have been linked to the impairment
of mutant p53 ubiquitination. Treatment of cells that
express mutant p53 protein with geldanamycin results in
the increase of mutant p53 ubiquitination and proteosome-
mediated degradation (Whitesell et al., 1997). Results from
the above studies strongly suggest that multiple chaperone
complexes are responsible for both the cytoplasmic
sequestration and stabilization of conformational mutant
p53 protein (for a review see Zylicz et al., 2001).

In this report, we utilize a reconstituted in vitro system
that consists of highly puri®ed, recombinant proteins to
gain further insight into the mechanisms of molecular
chaperone interactions with both wild-type and mutant
p53 tumor suppressor proteins. We have discovered that
wild-type and mutant p53 protein form different inter-
mediate chaperone complexes in the presence of multiple
chaperones, which can be distinguished by their ability to
resist dissociation by Bag-1.

Results

Human recombinant wild-type p53 and the conformational
mutant p53R175H tumor suppressor proteins were puri®ed
to near homogeneity using a new puri®cation procedure
(see Materials and methods). As previously described
(Hupp et al., 1992), the recombinant wild-type p53 protein
required activation by phosphorylation or protein inter-
actions in order to bind DNA speci®cally, whereas the
conformational mutant p53R175H displayed no detectable
binding to the consensus DNA sequence, derived from the
p21 promoter (data not shown). Conformational analysis
of recombinant wild-type p53 and mutant p53R175H
proteins by enzyme-linked immunosorbent assay (ELISA)
showed that wild-type p53 is recognized by the wild-type
conformational antibody Pab1620, whereas p53R175H
was not detected. Under the same conditions, mutant
p53R175H was detected by the mutant conformational
antibody Pab240, while wild-type p53 displayed a weak
response (data not shown).

Hsc70 can bind to both wild-type and mutant p53
in the presence of Hsp40 and ATP
Immunoprecipitation was used to monitor interactions
between Hsc70 and wild-type or mutant p53 protein.
Hsc70 alone with ATP was unable to form a stable
complex with mutant p53R175H (Figure 1A, lane 4).
However, the addition of Hsp40 resulted in the co-
immunoprecipitation of Hsc70 with mutant p53R175H in
a reaction that required ATP (Figure 1A, compare lanes 4,
5 and 7). For non-speci®c binding controls, we show that
p53 (lane 2) or Hsc70 and Hsp40 (lane 6) do not interact
non-speci®cally with protein A±Sepharose under the
conditions used for these experiments. Similar controls
were performed for each immunoprecipitation experiment
presented here, and non-speci®c binding to protein
A±Sepharose or p53 monoclonal antibodies was not
detected for any of the applied proteins (data not shown).

Surprisingly, in the presence of Hsp40 and ATP, Hsc70
was also detected in a stable complex with wild-type p53
(Figure 1B, lane 5). Hsp40 alone displayed the ability to
bind to both wild-type and mutant p53R175H in the
absence of Hsc70 and ATP (Figure 1B, lanes 2 and 3, and
data not shown), which suggests that Hsp40 may be the
driving factor for the formation of stable Hsc70±p53
complexes.

Hsc70 and Hsp40 interactions with p53 were also
observed through experiments performed with ELISA.
Hsp40 alone was able to bind to wild-type and mutant
p53R175H proteins in the absence of ATP (Figure 2A).

Fig. 1. Hsc70 co-immunoprecipitates with either wild-type or mutant
p53 Arg175His in the presence of Hsp40 and ATP. (A) Mutant
p53R175H (0.25 mM) was incubated alone (lane 3) or with 2 mM
Hsc70 (lanes 4±7) or 1 mM Hsp40 (lanes 5±7) in the presence
(lanes 2±6) or absence (lane 7) of 1 mM ATP for 1 h at 25°C.
p53±chaperone complexes were immunoprecipitated with monoclonal
antibody DO-1 and protein A±Sepharose as described in Materials and
methods and resolved on a 9% SDS±polyacrylamide gel. Proteins were
then transferred to nitrocellulose membrane and detected by the
appropriate antibody as indicated (right side of panel). Lane 1 contains
protein markers; lane 2 contains p53 and protein A±Sepharose but no
DO-1 antibody; and lane 6 contains Hsc70 and Hsp40 but no p53.
(B) Wild-type p53 (0.25 mM) (lanes 3, 5 and 7) or mutant p53R175H
(lanes 2, 4 and 6) was incubated with 2 mM Hsc70 (lanes 4±7) or 1 mM
Hsp40 (lanes 2±7) and ATP for 1 h at 25°C, followed by the addition
of 6 mM Bag-1 (lanes 6 and 7) and a further incubation for 30 min at
25°C. p53±chaperone complexes were immunoprecipitated as above.
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Unlike the relatively strong interactions between p53 and
Hsp40, detection of complexes between Hsc70 alone and
either wild-type p53 or mutant p53R175H protein required
cross-linking with glutaraldehyde (Figure 2B), which
indicates that Hsc70 interactions with p53 may be weak
and transient. Similarly to immunoprecipitation experi-
ments, the presence of both Hsp40 and ATP were required
for the detection of a stable complex between Hsc70 and
wild-type or mutant p53R175H (Figure 2B). The binding

af®nities of Hsc70 for wild-type p53 or mutant p53R175H
protein are of similar magnitude, which suggests that
puri®ed mutant p53R175H protein is not a partially
denatured protein. Previous studies by several laboratories
have demonstrated that Hsp70 molecular chaperones bind
more ef®ciently to denatured protein as compared with
native protein structures (for reviews see Mayer and
Bukau, 1998; Ellis and Hartl, 1999).

Results from the above experiments clearly demonstrate
that Hsc70 can form a complex with both wild-type and
mutant p53 with a minimal set of factors, Hsp40 and ATP.
The fact that previous in vivo experiments show only
mutant p53 co-immunoprecipitation with Hsc70 suggests
that other cellular proteins may be involved in regulating
chaperone interactions with wild-type p53 protein.

The anti-apoptotic factor, Bag-1, dissociates Hsc70
from pre-assembled complexes with p53
The anti-apoptotic factor Bag-1 was able to dissociate
Hsc70 completely from a pre-assembled complex with
either wild-type or mutant p53R175H (Figure 1B, lanes 6
and 7). To demonstrate the speci®city of Bag-1 for Hsc70,
we added increasing amounts of Bag-1 to reactions that
contained mutant p53R175H in a pre-assembled complex
with either Hsp40 alone or with both Hsp40 and Hsc70
(Figure 3). Bag-1 selectively displaced Hsc70 from the
mutant p53 immunocomplex in a concentration-dependent
manner, while Bag-1 was unable to release signi®cant
amounts of Hsp40 bound to mutant p53 protein. In
addition, Bag-1 was not detected in an immunocomplex
with either wild-type or mutant p53 in the absence or
presence of Hsp40 and Hsc70 (data not shown).

Fig. 2. Both Hsp40 and Hsc70 form a complex with p53 as detected by
ELISA. (A) The indicated amounts of Hsp40 were coated onto an
ELISA plate as described in Materials and methods, followed by the
addition of 50 ng of wild-type p53 or p53R175H in 50 ml of ELISA
reaction buffer and a 30 min incubation at 25°C. Hsp40±p53 complexes
were detected by p53 antibody DO-1 as described in Materials and
methods (no glutaraldehyde cross-linking was used). (B) Mutant
p53R175H or wild-type p53 (200 ng) was coated onto an ELISA plate
as described in Materials and methods. The indicated amounts of
Hsc70 in the presence or absence of 1 mM ATP or 1 mg of Hsp40
were then added in 50 ml of ELISA reaction buffer for 1 h at room
temperature, followed by cross-linking with the addition of
glutaraldehyde for 1 min. Hsc70±p53 complexes were detected by anti-
Hsc70 monoclonal antibodies as described in Materials and methods.

Fig. 3. Bag-1 speci®cally dissociates Hsc70 from a pre-assembled
complex with p53. Mutant p53R175H (0.25 mM) was incubated with
2 mM Hsc70 and 1 mM Hsp40 (lanes 1±4, A) or 1 mM Hsp40
(lanes 1±4, B) in the presence of 1 mM ATP for 1 h, followed by the
addition of 1, 2 or 5 mM Bag-1 (lanes 2±4) and a further incubation for
30 min at 25°C. p53±chaperone complexes were immunoprecipitated
with monoclonal antibody Pab421 as described in Figure 1. The
presence of Hsc70 and/or Hsp40 in the complex with p53 was detected
by densitometric analysis of western blots.

p53±chaperone complexes

6299



Hsp90 binds exclusively to p53 that possesses
wild-type conformation
Interestingly, Hsp90 alone was observed to co-immuno-
precipitate exclusively with wild-type p53, but not with
the mutant p53R175H (Figure 4A, compare lanes 2 and 3).
In addition, this complex between Hsp90 and wild-type
p53 was vulnerable to dissociation by Bag-1 (Figure 4A,
lane 4). To examine the in¯uence of Hsp90 on Hsc70
interactions with wild-type p53, we added increasing
amounts of Hsp90 to reactions that contained wild-type
p53, Hsc70 and Hsp40. In a concentration-dependent
manner, Hsp90 displayed the ability to bind to wild-type
p53 and displace both Hsc70 and Hsp40 (Figure 4B). Since
Hsp90 has not been shown previously to interact directly
with either Hsc70 or Hsp40, then it is likely that Hsp90
may interact with the same p53 domains that are required
for Hsc70 and Hsp40 binding. The speci®city of Hsp90 for
wild-type p53 protein was con®rmed by using two
additional independent methods: a modi®ed ELISA
assay (Wawrzynow and Zylicz, 1995) and the resonant
mirror biosensor Iasys plus (Af®nity Sensors) technique
(Edwards et al., 1995).

For ELISA, Hsp90 protein was ®rst coated on to the
wells of an ELISA plate, followed by the blocking of any
remaining plate surface with excess bovine serum albumin
(BSA). Wild-type p53 or mutant p53R175H was then
added in the presence of ATP and a 1000 molar excess of
BSA to prevent non-speci®c protein±protein interactions.
Following washing, the amount of p53 bound to Hsp90
was detected by anti-p53 DO-1 antibodies as described in
Materials and methods. As shown in Figure 5, Hsp90
forms a stable complex with wild-type p53 protein,
whereas the mutant p53R175H displays a much lower
af®nity for Hsp90 (Figure 5). As described by others (for a
review see Zylicz et al., 2001), the wild-type conformation

of p53 is very unstable. Following a 90 min exposure at
37°C, wild-type p53 is not detected by the wild-type p53
conformational antibody, Pab1620 (data not shown), and it
also has a drastically reduced af®nity for the Hsp90
chaperone (Figure 5), which strongly suggests that Hsp90
speci®cally recognizes the wild-type conformation of the
p53 tumor suppressor protein. Using the resonant mirror
biosensor Iasys plus (Af®nity Sensors) technique, we also
demonstrate that a speci®c Hsp90±wtp53 complex is
formed in the presence of Hop. The Hop protein was
covalently linked to a carboxymethyl dextran (CMD)
cuvette as described in Materials and methods. The
addition of increasing amounts of Hsp90 resulted in
formation of a Hop±Hsp90 complex (Figure 6A). After
reaching a state of equilibrium between the formation and
dissociation of a Hsp90±Hop±CMD complex, wild-type
p53 protein was then added to the reaction. Each
experiment was performed with the same concentration
of p53 protein in the presence of increasing amounts of
Hsp90. As Hsp90 concentrations were increased, the
amount of wild-type p53 protein bound to Hsp90±Hop±
CMD was also increased (Figure 6A), which suggests that
p53 interacts with Hop through a Hsp90±p53 complex. In
the absence of Hsp90, the af®nity of wild-type p53 protein
for Hop±CMD was reduced drastically (Figure 6A). Under
the same conditions, interactions between the conforma-
tional mutant p53R175H and the Hsp90±Hop±CMD
complex were not detected (Figure 6B), which indicates
that the observed interactions between wild-type p53
protein and Hsp90±Hop are speci®c.

In summary, the above experiments suggest that Hsp90
may be a cellular factor that can discriminate between
wild-type and mutant p53 conformations.

Fig. 4. Hsp90 forms a stable complex with wild-type p53. (A) Wild-
type p53 (0.25 mM) (lanes 3 and 4) or p53R175H (lane 2) was
incubated with 3 mM Hsp90 and 1 mM ATP (lanes 2±4) for 1 h at
25°C, followed by the addition of 4 mM Bag-1 (lane 4) and a further
incubation for 30 min at 25°C. p53±chaperone complexes were
immunoprecipitated with monoclonal antibody Pab421 as described in
Figure 1. (B) Wild-type p53 (0.25 mM) was incubated with 2 mM
Hsc70, 1 mM Hsp40 and 1 mM ATP (lane 1±4) in the absence (lane 1)
or presence of 2, 4 or 8 mM Hsp90 (lanes 2±4) for 1 h at 25°C.
p53±chaperone complexes were immunoprecipitated as above.

Fig. 5. Hsp90 binds to p53 that possesses wild-type conformation.
Hsp90 (500 ng) or BSA (500 ng) was coated onto an ELISA plate as
described in Materials and methods. The indicated amounts of wtp53,
wtp53 pre-incubated for 90 min at 37°C or mutant p53R175H protein
were then added in 50 ml of ELISA reaction buffer containing 1 mM
ATP for 1 h at 25°C, followed by detection of p53 bound to Hsp90 as
described in Materials and methods.
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Mutant p53, but not wild-type forms a stable
complex with multiple chaperones that displays
resistance to Bag-1 dissociation
Further experiments were performed to examine the
effects of multiple chaperones, including Hop and p23,
on Hsp90 and Hsc70 association with either wild-type or
mutant p53. Hsp90 was shown to co-immunoprecipitate
with mutant p53R175H in the presence of Hsc70, Hsp40,
Hop, p23 and ATP. The Hsp90 co-chaperone p23
stabilized bound Hsp90, but it was not required for
Hsp90 association with mutant p53 immunocomplexes
(Figure 7A). We show here that Hsc70, Hsp40, Hop and
ATP are all critical factors required for Hsp90 binding to
mutant p53R175H protein. Removal of any of these
chaperones or ATP resulted in little or no Hsp90 co-
immunoprecipitation with mutant p53 (Figure 7A). The
removal of Hop from the reaction resulted in no Hsp90
being detected; however, both Hsc70 and Hsp40 remained
associated with the p53 immunocomplex. Removal of
ATP inhibited both Hsc70 and Hsp90 binding, whereas
Hsp40 remained bound to mutant p53. If Hsp40 was
removed from the reaction, then no chaperones were
detected in a complex with p53R175H. These results
suggest that Hsp40 may form intermediate complexes that
act as the initial building blocks for the loading of other

chaperones onto mutant p53R175H protein. Consistent
with results from previous in vivo studies (Whitesell et al.,
1998), we also did not detect Hop in a heterocomplex with
mutant p53R175H. However, the addition of the antibiotic
geldanamycin resulted in strong detection of Hop bound to
mutant p53 immunocomplexes in the presence of multiple
chaperones (Figure 7B). As the amount of geldanamycin
was increased, Hsp90 was displaced selectively from the
mutant p53 heterocomplex. However, the amount of
bound Hsc70 and Hsp40 remained constant under the
same conditions. Reconstituted glucocorticoid receptor
heterocomplexes that were treated with geldanamycin also
showed a displacement of Hsp90 (Morishima et al., 2000),
which suggests that our in vitro reconstituted mutant
p53R175H±multiple chaperone complex is assembled
similarly to the glucocorticoid receptor±multiple chaper-
one complex.

After establishing the optimal parameters for multiple
chaperone complex formation with mutant p53R175H
protein, we then examined the fate of multiple chaperones
in a pre-assembled complex with either wild-type or

Fig. 6. Binding of wild-type or mutant p53R175H to Hop immobilized
on a biosensor chip in the presence of Hsp90. (A) The indicated
amount of Hsp90 was incubated in a Hop±CMD cuvette for 4 min,
followed by the addition of wild-type p53 (50 nM). For control
experiments, the same amount of wild-type p53 (50 nM) was incubated
with a Hop±CMD cuvette in the absence of Hsp90. (B) The Hop±CMD
cuvette was incubated with either wild-type p53 (50 nM) or mutant
p53R175H (52 nM) in the presence or absence of Hsp90.
Protein±protein binding reactions were carried out at 24°C.

Fig. 7. Chaperones required for the formation of a multiple chaperone
complex with mutant p53. (A) Mutant p53R175H (0.25 mM) was
incubated with 2 mM Hsc70, 1 mM Hsp40, 2 mM Hsp90, 0.4 mM Hop
and 1 mM ATP for 1 h at 25°C, followed by the addition of 1 mM p23
and a further incubation for 15 min at 25°C. Lane 1 contains `All' of
the components listed above, whereas lanes 2±6 have the indicated
component depleted from the reaction. p53±chaperone complexes were
immunoprecipitated with monoclonal antibody Pab421 as described in
Figure 1. (B) Mutant p53R175H (0.25 mM) was incubated with 2 mM
Hsc70, 1 mM Hsp40, 2 mM Hsp90, 0.4 mM Hop and 1 mM ATP
(lanes 1±4) in the absence (lane 1) or presence (lanes 2±4) of 5, 10 or
20 mM geldanamycin for 1 h at 25°C, followed by the addition of
1 mM p23 (lanes 1±4) and a further incubation for 15 min at 25°C.
p53±chaperone complexes were immunoprecipitated as above.
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mutant p53 protein, following the subsequent exposure to
Bag-1 protein. Following the incubation of either wild-
type p53 or mutant p53R175H with Hsc70, Hsp40, Hsp90
and Hop for 1 h at 25°C, the pro®le of chaperones bound to
either the wild-type or mutant p53 immunocomplex are
almost identical (Figure 8A, compare lanes 1 and 2).
However, following the addition of Bag-1 and a further
incubation for 30 min, apparent differences were observed
in the amount of chaperones co-immunoprecipitated with
wild-type or mutant p53R175H protein (Figure 8A, com-
pare lanes 3 and 4). Both Hsc70 and Hsp90 were displaced
from wild-type p53 by Bag-1, whereas substantial
amounts of Hsc70 and Hsp90 remained bound to the
mutant p53R175H heterocomplex. A marked reduction in
the amount of Hsp40 bound to wild-type p53 was also
observed. Next, wild-type or mutant p53 was pre-assem-
bled with Hsc70, Hsp40, Hsp90 and increasing amounts of
Hop, followed by the addition of Bag-1 (Figure 8B). As
Hop concentrations were increased, the resistance of wild-
type p53 heterocomplexes to Bag-1 dissociation was
decreased.

Results from the above experiments indicate that the
wild-type and mutant p53 form different types of
heterocomplexes in the presence of multiple chaperones.
Hop facilitates the formation of wild-type p53±chaperone
complexes that are vulnerable to Bag-1 dissociation in the
presence of Hsc70, Hsp40 and Hsp90, whereas mutant
p53R175H±multiple chaperone complexes are more
resistant to Bag-1-mediated dissociation.

Discussion

The existence of mutant p53±multiple chaperone com-
plexes in vivo has been well documented (Pinhasi-Kimhi
et al., 1986; Hinds et al., 1987; Sturzbecher et al., 1987;
Ehrhart et al., 1988; Blagosklonny et al., 1996; Whitesell
et al., 1998). Recent studies have shown that such
heterocomplexes in vivo are responsible for the cytoplas-
mic sequestration of mutant p53 (Akakura et al., 2001) as
well as the inhibition of proteasome-mediated proteolysis
of mutant p53 (Whitesell et al., 1997). In this report, we
have demonstrated for the ®rst time that the co-chaperone
Hsp40 binds directly to mutant p53R175H, forming an
p53R175H±Hsp40 complex that is an essential precursor
for the formation of an p53R175H±Hsp40±Hsc70±Hop±
Hsp90 multiple chaperone complex, which displays
resistance to Bag-1-mediated dissociation.

We have demonstrated that Bag-1 can selectively
displace Hsc70, but not Hsp40 from pre-assembled
complexes with wild-type or mutant p53 protein. Bag-1
has been shown previously to dissociate Hsc70 from pre-
assembled complexes with denatured substrate, such as
luciferase (Luders et al., 2000). The resistance of mutant
p53±multiple chaperone complexes to Bag-1-mediated
dissociation may be due to the inability of Bag-1 to release
Hsp40 from a complex with mutant p53. Even if Bag-1
was able to dissociate some chaperones from a mutant p53
heterocomplex, the presence of Bag-1-resistant mutant
p53±Hsp40 complexes could shift the equilibrium towards
multiple chaperone complex formation.

However, in the case of wild-type p53 protein, Hsp90 is
able to displace Hsp40 from a wild-type p53 complex, thus
preventing the formation of wild-type p53 multiple
chaperone complexes. The results from ®ve different
experimental methods suggest that Hsp90 selectively
binds to wild-type but not mutant p53 protein: (i) Hsp90
co-immunoprecipitates with wild-type p53 but not with
mutant p53R175H protein; (ii) Hsp90 inhibits Hsp40 and
Hsc70 binding to wild-type p53 protein in a concentration-
dependent manner; (iii) Hsp90 forms a stable complex
with wild-type p53 as detected by ELISA, whereas
p53R175H or heat-treated wild-type p53 have a much
weaker af®nity for Hsp90; (iv) the presence of Hsp90
increases the af®nity of wild-type but not mutant
p53R175H for a Hop±CMD complex as detected by the
resonant mirror biosensor Iasys plus (Af®nity Sensors)
technique; and (v) Hsp90 stabilizes wild-type p53
sequence-speci®c DNA-binding activity as detected by
the gel shift assay (our unpublished results).

As demonstrated in this report, Bag-1 can dissociate a
pre-assembled wild-type p53±Hsp90 complex. This result
may explain well documented in vivo results, which have
shown that wild-type p53 is unable to form a stable
complex with chaperones under conditions in which
mutant p53±chaperone immunocomplexes are detected.
The mechanism for Bag-1 dissociation of wild-type
p53±Hsp90 complexes is not known. The ability of
Bag-1 to regulate Hsp70 nucleotide exchange and
ATPase activity may also apply to Hsp90.

Based on the above combined results, we have
constructed a hypothetical model that explains the differ-
ent pathways taken by either wild-type or mutant p53 in
the presence of multiple chaperones (Figure 9). Under

Fig. 8. Mutant p53, but not wild-type 53 forms a complex with
multiple chaperones that displays resistance to Bag-1 dissociation.
(A) Wild-type p53 (0.25 mM) or mutant p53R175H was incubated with
2 mM Hsc70, 1 mM Hsp40, 2 mM Hsp90, 0.4 mM Hop and 1 mM ATP
(lanes 1±4) for 1 h at 25°C, followed by the addition of 4 mM Bag-1
(lanes 3 and 4) and a further incubation for 30 min at 25°C.
p53±chaperone complexes were immunoprecipitated with monoclonal
antibody Pab421 as described in Figure 1. (B) Wild-type p53 (0.25 mM)
or mutant p53R175H was incubated with 2 mM Hsc70, 1 mM Hsp40,
2 mM Hsp90, 1 mM ATP and 0.1 mM Hop (lanes 1 and 2), 0.2 mM
Hop (lanes 3 and 4) or 0.4 mM Hop (lanes 5 and 6) for 1 h at 25°C,
followed by the addition of 4 mM Bag-1 (lanes 1±6) and a further
incubation for 30 min at 25°C. p53±chaperone complexes were
immunoprecipitated as above.
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non-stress conditions, both mutant and wild-type p53
proteins can be complexed with Hsc70 and Hsp40
chaperones. Such complexes may suppress the oligomer-
ization of p53 protein in cytoplasm. Preliminary results
have shown that Hsc70, Hsp40 and ATP are required
for the in vitro dissociation of p53 oligomers (unpublished
results). In the presence of Hsp90 and Hop, wild-type p53
forms a complex with Hsp90 (Figure 9, step 1). We
propose that Hsp90 may assist wild-type p53 import
into the nucleus (Zylicz et al., 2001). The wild-type
p53±Hsp90 complex can be dissociated by Bag-1
(Figure 9, step 2), which results in free wild-type p53
that can be targeted for proteolysis. During stress condi-
tions, increased Hsp70 levels could result in the formation
of Bag-1±Hsp70 complexes (Song et al., 2001), which
may in turn lead to the sequestration of Bag-1 and the
subsequent import of wild-type p53±Hsp90 complexes
into the nucleus.

Conformational mutant p53 would follow a different
pathway. In the presence of Hsp90 and Hop, mutant p53
can form a heterocomplex with Hsc70, Hsp40, Hsp90 and
possibly Hop (Figure 9, step 1¢). Since mutant p53
displayed little or no af®nity for Hsp90, Hsp90 is not
loaded directly onto mutant p53 (Figure 9, step 2¢).
Instead, mutant p53 remains in an intermediate hetero-
complex with multiple chaperones. Chaperones bound to
mutant p53 could facilitate both the stabilization and
cytoplasmic sequestration of mutant p53 by masking p53
domains required for proteolysis and import into the
nucleus.

As we have suggested in this report, chaperones Hsc70
and Hsp90 not only associate with mutant p53, but they
also may play important roles in regulating wild-type p53
activity during normal cell growth and stress conditions.
Understanding the mechanisms of chaperone interactions
with p53 protein could help ultimately to explain how
molecular chaperones can in¯uence apoptosis, the dom-
inant-negative effect of certain p53 mutants and other
events that potentially can lead to cell transformation.

Materials and methods

Protein puri®cation
Plasmids pET-HDJ-1, pETHsc70, pETp23 and pETHop, used for the
expression of human recombinant Hsp40, Hsc70, p23 and Hop,
respectively, were generous gifts from Dr Richard Morimoto,
Northwestern University. Hsp40 (HDJ-1), p23 and Hop proteins were
overexpressed in bacteria and puri®ed as previously described (Deloche
et al., 1997; Sullivan et al., 1997; Chen and Smith, 1998). Human Bag-1
was overexpressed in Sf9 insect cells and puri®ed as previously described
(Luders et al., 2000). Hsp90 was puri®ed from bovine brain as previously
described (Sullivan et al., 1997). Hsc70 was puri®ed by a modi®ed
version of a previously published protocol (Freeman et al., 1995).
Following the elution of Hsc70 from a DEAE-cellulose (Sigma) column,
peak fractions that contained Hsc70 were pooled and precipitated with
0.35 g/ml ammonium sulfate. The precipitate was isolated by
centrifugation, resuspended in a minimum volume of buffer A [10 mM
imidazole pH 7.0, 10% sucrose, 0.1% b-mercaptoethanol, 0.5 mM
phenylmethylsulfonyl ¯uoride (PMSF) and 0.1 mM EDTA] and dialyzed
in buffer A. Following dialysis, magnesium chloride was added to a ®nal
concentration of 10 mM, and protein was applied to an ATP±agarose
column (Sigma: C8-linkage), equilibrated with buffer B (buffer A
containing 10 mM MgCl2). The column was washed with 5 column
volumes of buffer B containing 0.5 M NaCl, followed by 5 column

Fig. 9. A hypothetical model for wild-type or mutant p53 interactions with multiple chaperones (see Discussion for details).
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volumes of buffer B, and protein was eluted with buffer B containing
5 mM ATP. Fractions that contained Hsc70 were pooled, dialyzed in
buffer C (25 mM HEPES±KOH pH 7.6, 10% sucrose, 0.1% b-
mercaptoethanol and 5 mM EDTA) and applied to a Q-Sepharose
column. Protein was eluted with a 0±400 mM KCl linear gradient. Peak
fractions containing Hsc70 were pooled, precipitated with ammonium
sulfate (as above), dialyzed in buffer D [25 mM HEPES±KOH pH 7.6,
10% glycerol, 1 mM dithiothreitol (DTT), 0.1 mM EDTA and 50 mM
KCl] and stored at ±70°C. Casein kinase II was puri®ed from rabbit
muscle as previously described (Hupp and Lane, 1995).

Puri®cation of p53 protein
BL21(DE3) strain E.coli cells containing the plasmid pT7-Hup53 (a
generous gift from Dr Ted Hupp, Dundee University) were grown at 30°C
in Luria broth to an OD600 = 0.6±0.7 and then induced with 0.1 mM
isopropyl-b-D-thiogalactopyranoside (IPTG) for 3 h at 25°C. Approxim-
ately 25 g of induced E.coli cells were resuspended and incubated in
250 ml of lysis buffer (25 mM HEPES±KOH pH 7.3, 10% sucrose, 0.1%
b-mercaptoethanol, 1 mM PMSF, 0.2 mg/ml lysozyme and 150 mM KCl)
for 30 min on ice. Triton X-100 was added to a ®nal concentration of
0.1%, and cells were incubated for an additional 15 min on ice. Cells were
then disrupted by sonication and centrifuged for 1 h at 100 000 g. The
supernatant was applied to a Q-Sepharose (Sigma) column (2.5 3 12 cm)
that was equilibrated with buffer E (25 mM HEPES±KOH pH 7.3, 10%
sucrose, 0.1% b-mercaptoethanol, 1 mM PMSF, 0.1% Triton X-100 and
150 mM KCl). Flowthrough fractions (non-bound) that contained p53
protein were pooled together and applied to a P11-Phosphocellulose
(Whatman) column (2.5 3 8 cm), equilibrated with buffer E. The column
was washed with buffer E containing 250 mM KCl, and protein was
eluted by a step gradient with 1 column volume of buffer E containing
500 mM KCl, followed by buffer E containing 1.0 M KCl. All
eluted fractions that contained p53 protein were pooled, dialyzed in
buffer F (500 mM potassium phosphate pH 6.8, 10% sucrose, 0.1%
b-mercaptoethanol, 1 mM PMSF, 0.1% Triton X-100 and 200 mM KCl)
and applied to a phenyl-Sepharose (Pharmacia) column (2.5 3 6 cm). The
column was washed with buffer F that contained 400 mM potassium
phosphate, and p53 protein was eluted with buffer G (10 mM potassium
phosphate pH 6.8, 10% sucrose, 0.1% b-mercaptoethanol, 1 mM PMSF,
0.1% Triton X-100 and 200 mM KCl). All fractions containing p53
protein were pooled, dialyzed in buffer G and applied to a hydroxyapatite
(BioRad) column (1.5 3 6 cm). The column was washed with buffer G
containing 80 mM potassium phosphate, and p53 was eluted with a
80±450 mM potassium phosphate linear gradient (100 ml). Peak fractions
that contained p53 protein were dialyzed in buffer H (25 mM
HEPES±KOH pH 7.6, 10% glycerol, 5 mM DTT, 0.1% Triton X-100
and 200 mM KCl) and applied to a Q-Sepharose column (1.5 3 3 cm).
The column was washed with buffer H, and p53 protein was eluted by a
step gradient with 1 column volume of buffer H containing 500 mM KCl,
followed by buffer H containing 1.0 M KCl. All fractions containing p53
protein were pooled together, concentrated to 1±5 mg/ml with a Centricon
YM-10 concentrator (Amicon) and stored at ±80°C.

ELISA
Protein interactions were detected by a modi®ed version of an ELISA that
was described previously (Wawrzynow and Zylicz, 1995). The indicated
amount of p53, Hsp90 or Hsp40 proteins was coated onto 96-well
polystyrene plates (Costar) in 50 ml of coating buffer (25 mM
HEPES±KOH pH 7.6, 5 mM DTT and 250 mM KCl) for 1 h at room
temperature. The wells were blocked for 1 h at room temperature with
100 ml of blocking-wash buffer (25 mM HEPES±KOH pH 7.6, 5 mM
DTT, 150 mM KCl and 2 mg/ml BSA). For the detection of Hsc70±p53
interactions, the indicated amounts of Hsc70 and/or Hsp40 were then
added in 50 ml of ELISA reaction buffer (25 mM HEPES±KOH pH 7.6,
5% glycerol, 5 mM DTT, 5 mM MgCl2, 0.05% Triton X-100, 150 mM
KCl, 2 mg/ml BSA and 1 mM ATP) for 1 h at 25°C, followed by cross-
linking with the addition of glutaraldehyde (®nal concentration 0.1%) for
1 min. Hsc70±p53 complexes were detected by the addition of anti-Hsc70
rat monoclonal antibodies (SPA-815, StressGen Biotechnologies) in 50 ml
of TBS + 2 mg/ml BSA for 1 h at room temperature, followed by anti-rat
IgG±horseradish peroxidase (HRP) secondary antibodies (StressGen
Biotechnologies). For the detection of Hsp90±p53 or Hsp40±p53
complexes, the indicated amounts of p53 were added in 50 ml of
ELISA reaction buffer for 1 h at 25°C (no cross-linking). Complexes
were detected by the addition of anti-p53 monoclonal antibody DO-1,
followed by anti-mouse IgG±HRP secondary antibodies (Santa Cruz
Biotechnology) as described above. For detection of p53 conformation,
antibodies Pab240 or Pab1620 (Oncogene Science) were added to

p53-coated wells in 50 ml of blocking-wash buffer for 1 h at room
temperature, followed by anti-mouse IgG±HRP secondary antibodies
(Santa Cruz Biotechnology). Analysis of bound antibodies was performed
by colorimetric detection with the TMB peroxidase EIA substrate kit
(BioRad), followed by absorbance measurements with a microplate
reader (BioRad) at 450 nm. All ELISAs were repeated at least three times
each, and the error of each point was never greater than 5%.

Immunoprecipitation
Wild-type p53 or p53R175H (250 nM) was incubated with the indicated
amounts of chaperones in 60 ml of IP buffer (25 mM HEPES±KOH
pH 7.6, 5% glycerol, 2 mM DTT, 5 mM MgCl2, 0.1% Triton X-100,
100 mM KCl, 1 mg/ml BSA, 1 mM ATP and ATP regeneration system)
for 1 h at 25°C, followed by the addition of 0.6 mg of p53 monoclonal
antibodies Pab421 or DO-1 (Oncogene Science), 120 mg of protein
A±Sepharose (Pharmacia) and a further incubation for 15 min at room
temperature. Immunocomplexes were washed three times with 1 ml of IP
wash buffer (25 mM HEPES±KOH pH 7.6, 5% glycerol, 1 mM DTT, 1%
Triton X-100 and 100 mM KCl) at 4°C. For reactions that contained
Hsp90, 20 mM sodium molybdate was included in the IP wash buffer in
order to stabilize pre-assembled Hsp90 complexes during the wash.
Bound protein was released from the ®nal immunopellet with SDS
sample buffer at 100°C for 5 min and resolved on a 9%
SDS±polyacrylamide gel. Proteins were transferred to nitrocellulose
membrane (BioRad) and detected by the appropriate antibody as follows:
p53 detected by DO-1, Hsp40 detected by polyclonal antibody SPA-400
(StressGen), Hsc70 detected by monoclonal antibody clone 3a3 (Af®nity
Bioreagents), Hop detected by monoclonal antibody clone DS14F5
(StressGen) and Hsp90 detected by polyclonal antibody SPA-771
(StressGen).

Protein±protein interactions monitored by the Af®nity
Sensors technique
Binding studies were carried out by using the resonant mirror biosensor
Iasys plus (Af®nity Sensors). CMD-type cuvettes with two wells were
used. Immobilization of Hop onto a CMD cuvette was performed
essentially as described (Davies et al., 1994) by activating the carboxyl
groups of CMD with EDC/NHS for 7 min, and then incubating the protein
with the activated CMD for a suitable time (7 min). After blocking the
activated unreacted carboxyl groups with 1 M ethanolamine and washing
with 25 mM HEPES±KOH pH 7.6, 100 mM KCl buffer several times,
Hop (5.2 ng/mm2) was covalently linked to the CMD matrix
(Hop±CMD). Hop was coupled in one well of the cuvette, whereas the
second well was used as a control, which was subjected to the same
treatment except for the protein immobilization step. All the experiments
were carried out at 24°C. Binding studies were performed by ®rst adding
Hsp90 to the reaction, followed by the addition of wild-type p53 (wtp53)
or p53R175H to Hop±CMD in the indicated volume of CMD buffer
(25 mM HEPES±KOH pH 7.6, 150 mM KCl, 5% glycerol, 2 mM DTT,
3 mM ATP, 5 mM MgCl2 and 20 mM sodium molybdate). Hsp90±p53
complexes were removed from the Hop±CMD cuvette by washing with
regeneration buffer (CMD buffer containing 3 M KCl).
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