The EMBO Journal Vol. 19 No. 16 pp.4310-4322, 2000

Negative regulation of cytochrome c-mediated
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The release of cytochrome ¢ from mitochondria
results in the formation of an Apaf-1-caspase-9
apoptosome and induces the apoptotic protease
cascade by activation of procaspase-3. The present
studies demonstrate that heat shock protein 90
(Hsp90) forms a cytosolic complex with Apaf-1 and
thereby inhibits the formation of the active complex.
Immunodepletion of Hsp90 depletes Apaf-1 and
thereby inhibits cytochrome c-mediated activation of
caspase-9. Addition of purified Apaf-1 to Hsp90-
depleted cytosolic extracts restores cytochrome c-
mediated activation of procaspase-9. We also show
that Hsp90 inhibits cytochrome c-mediated oligo-
merization of Apaf-1 and thereby activation of
procaspase-9. Furthermore, treatment of cells with
diverse DNA-damaging agents dissociates the Hsp90-
Apaf-1 complex and relieves the inhibition of
procaspase-9 activation. These findings provide the
first evidence for a negative cytosolic regulator of
cytochrome c-dependent apoptosis and for involve-
ment of a chaperone in the caspase cascade.
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Introduction

The cellular response to genotoxic stress includes cell
cycle arrest and activation of DNA repair. In the event of
irreparable DNA damage, cells respond with induction of
apoptosis. Apoptosis is a process resulting in characteristic
morphological changes, such as internucleosomal DNA
fragmentation, membrane blebbing and formation of
apoptotic bodies (Martin and Green, 1995; Cryns and
Yuan, 1998; Thornberry and Lazebnik, 1998). The
induction of apoptosis by diverse stimuli is associated
with activation of aspartate-specific cysteine proteases

4310

(caspases) (Martin and Green, 1995; Nicholson and
Thornberry, 1997; Salvesen and Dixit, 1997) and cleavage
of poly(ADP ribose) polymerase (PARP) (Kaufmann ez al.,
1993), protein kinase Cd (Emoto e al., 1995) and diverse
other proteins (Lazebnik et al., 1994; Nicholson et al.,
1995; Tewari et al., 1995; Janicke et al., 1996; Orth et al.,
1996; Song et al., 1996; Takahashi et al., 1996; Wang
et al., 1996; Cohen, 1997; Kluck et al., 1997; Li et al.,
1997; Enari et al., 1998; Shimizu et al., 1998). Caspases
exist in cells as catalytically inactive zymogens or
procaspases composed of three different subunits: a
prodomain and two catalytic subdomains known as the
large and small subunits (Alnemri et al., 1996).

Two pathways are known to be important for transdu-
cing a death signal to the apoptotic machinery. The
‘extrinsic’ pathway involves activation of death receptors,
such as Fas/CD95 or TNF receptor 1, by binding of their
respective ligands and thereby recruitment of caspase-8
(Huang et al., 1999). Caspase-8 can activate effector
caspases directly (Boldin et al., 1996; Muzio et al., 1996)
or indirectly by cleaving Bid and inducing the release of
mitochondrial cyt ¢ (Li et al., 1998; Luo et al., 1998; Gross
et al., 1999). By contrast, the death receptor-independent,
intrinsic, apoptotic pathway is activated directly by death
stimuli and induces the release of mitochondrial cyt ¢ into
the cytosol (Liu et al., 1996; Kharbanda et al., 1997; Kim
et al., 1997; Kluck et al., 1997; Yang et al., 1997; Bossy-
Wetzel et al., 1998; Narula et al., 1999). Cytosolic cyt ¢
binds to the CED-4 homolog Apaf-1 and induces
caspase-9-dependent activation of caspase-3 (Li et al.,
1997; Zou et al., 1997; Hu et al., 1998; Srinivasula et al.,
1998). Formation of the cyt c—Apaf-1 complex is neces-
sary for the activation of caspase-9 and is dependent on
hydrolysis of dATP and/or ATP (Li et al., 1997; Zou et al.,
1997). Recent studies have shown that Apaf-1 binds to
procaspase-9 in the presence of dATP/cyt ¢ and that
oligomerization of Apaf-1 leads to caspase-9 activation
(Li et al., 1997, Srinivasula et al., 1998; Adrain et al.,
1999; Rodriguez and Lazebnik, 1999; Saleh et al., 1999;
Zou et al., 1999). The finding that activated caspase-9 in
turn cleaves and activates procaspase-3 has supported a
model in which the Apaf-1-caspase-9 complex functions
upstream of caspase-3 in this intrinsic apoptotic protease
cascade (Li et al., 1997). Activation of the Apaf-1-
caspase-9 complex appears to be a common death
receptor-independent pathway employed by diverse stim-
uli, such as staurosporine, that induce apoptosis in
mammalian cells (Chauhan et al., 1997; Kharbanda et al.,
1997; Liet al., 1997; Fearnhead et al., 1998; Soengas et al.,
1999; Sun et al., 1999). Mice deficient in Apaf-1 or
caspase-9 exhibit severe developmental defects that lead
to embryonic lethality, and their cells are resistant to death
receptor-independent induction of apoptosis (Cecconi
et al., 1998; Hakem et al., 1998; Yoshida et al., 1998).
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The exposure of cells to a wide range of adverse
conditions, such as increasing temperature or other
environmental stress, is associated with the rapid and
marked induction of heat shock protein (Hsp) expression.
Many Hsps participate in an essential defense mechanism,
conserved from bacteria to man, that consists of a stress
response and acquired stress tolerance (Morimoto et al.,
1990; Parsell and Lindquist, 1993; Chadli Ahmed et al.,
1999). Studies have shown that Hsps act by preventing
protein aggregation or by targeting protein to a proteolytic
pathway (Gething and Sambrook, 1992; Ellis, 1996).
Among the Hsps, the highly conserved and well studied
Hsp90 is essential for viability of eukaryotic cells
(Cutforth and Rubin, 1994). Hsp90, which constitutively
comprises 1-2% of cytosolic proteins, is further stimulated
when cells are exposed to high temperature (Yonehara
et al., 1996; Chadli Ahmed et al., 1999). In eukaryotes,
Hsp90 has dual chaperone functions, which are involved in
the conformational maturation of nuclear hormone
receptors and in the cellular stress response (Bohen and
Yamamoto, 1994; Jacob and Buchner, 1994; Pratt and
Welsh, 1994). These two processes have in common the
ability of Hsp90 to prevent protein aggregation and to
mediate the ATP-dependent refolding of heat-denatured
proteins (Freeman and Morimoto, 1996; Schneider et al.,
1996).

Overexpression of Hsp90 has been implicated in
unregulated proliferation (Xu and Lindquist, 1993;
Scheibel and Buchner, 1998). Moreover, the finding that
Hsp90 is induced in response to diverse apoptotic stimuli,
such as UV, doxorubicin and sodium arsenite, has
supported its involvement in cell survival (Ferrarini et al.,
1992; Maytin, 1992; Parsell and Lindquist, 1993; Ali et al.,
1996; Bertram et al., 1996; Nayeem et al., 1997).
However, the mechanisms responsible for the protective
function of Hsp90 are for the most part unclear. The
present studies demonstrate that Hsp90 inhibits activation
of caspase-3 in vitro and in vivo. In contrast to caspases-3,
-6, -8 and -9, Hsp90 binds to Apaf-1 and blocks activation
of procaspase-3. The results also show that Hsp90 inhibits
cyt c-mediated oligomerization of Apaf-1 and thereby
activation of procaspase-9. Treatment of cells with
cytotoxic agents dissociates the Hsp90—Apaf-1 complex
and relieves inhibition of procaspase-9 activation. These
findings provide the first evidence for a negative regulation
of cyt c-induced formation of the Apaf-l—-caspase-9
apoptosome and thereby cyt c-dependent induction of
apoptosis.

Results and discussion

Elution of Hsp90 from cyt ¢ column

A cytochrome c affinity column was prepared to identify
cytosolic proteins that interact with cyt ¢. S-100 extract
from untreated U-937 cells was applied to the column and,
after washing, proteins were eluted with a linear NaCl
gradient. Analysis of the eluate by SDS-PAGE and silver
staining revealed a band at ~90 kDa (Figure 1A). Tryptic
digestion and amino acid sequencing of the resulting
peptides demonstrated identity with Hsp90p (Figure 1B).
Immunoblot analysis of the eluate with anti-Hsp90
confirmed binding of Hsp90B to the cyt ¢ column
(Figure 1C). To assess whether Hsp90f and cyt ¢ form a
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Fig. 1. Detection of cytosolic proteins that associate with cyt c.

(A) U-937 cells were disrupted in a Dounce homogenizer and the
S-100 extract was applied to a cyt ¢ bound to CNBr—sepharose beads
column. After washing, elution was performed with a linear NaCl
gradient (0—600 mM). The eluted proteins were separated by
SDS-PAGE and analyzed by silver staining. (B) Following elution
from cyt ¢, adsorbed proteins were separated by SDS-PAGE and
then transferred to PVDF membranes. After localization of a 90 kDa
protein by Ponceau staining, tryptic digestion and amino acid sequence
of the resulting peptides was performed (Worcester Foundation for
Biomedical Research, Shrewsbury, MA). Sequence analysis of the

90 kDa protein is compared with that of the Hsp90f protein.

(C) Eluted fractions from the cyt c-CNBr—sepharose column

were separated by 10% SDS-PAGE and analyzed by immunoblotting
with anti-Hsp90p antibody.
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Fig. 2. (A) Lysates from U-937 cells were subjected to
immunoprecipitation with anti-Hsp90p or anti-cyt c¢. The resulting
protein precipitates were analyzed by immunoblotting with anti-
Hsp90B. (B) Lysates from U-937 cells were subjected to
immunoprecipitation with anti-Hsp90P or anti-cyt ¢ and the precipit-
ates were analyzed by immunoblotting with anti-cyt c.
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Fig. 3. Depletion of Hsp90P abrogates cyt c-mediated activation of caspase-3 in an in vitro cell-free system. (A) U-937 S-100 extracts were
immunodepleted of cyt ¢ (lanes 1-4) or Hsp90p (lanes 3 and 4). Aliquots (50 [g) were then incubated with buffer (lanes 1 and 3) or purified cyt ¢

(1 pg, lanes 2 and 4) in the presence of 1 mM dATP in a final volume of 30 ul. After incubation at room temperature for 1 h, the proteins were
separated by 10% SDS-PAGE and analyzed by immunoblotting with anti-caspase-3 (upper panel) or anti-PKCd (lower panel). FL, full length; CF,
cleaved fragment. (B) U-937 S-100 extracts were immunodepleted of cyt ¢ (lanes 1-4). Aliquots were then incubated with buffer (lane 1), purified

cyt ¢ (lanes 2 and 4) or purified Hsp90 (1 pg; lanes 3 and 4) and analyzed by immunoblotting with anti-caspase-3 (upper panel) or anti-PKCd (lower
panel). (C) U-937 cell S-100 extracts were immunodepleted of cyt ¢ (lanes 1-3) or Hsp90p (lanes 2 and 3). Aliquots (50 pg) were then incubated with
purified cyt ¢ (1 ug, lanes 1 and 3) or with Hsp90 (lane 3) in the presence of 1 mM dATP in a final volume of 30 pl. After incubation at room
temperature for 1 h, the proteins were separated by 10% SDS-PAGE and analyzed by immunoblotting with anti-caspase-3 or anti-PKC3. (D) U-937
cytosolic lysates were immunodepleted of cyt ¢ and Hsp90B. Aliquots (50 pg) were then incubated with cyt ¢ (1 pg) or purified recombinant caspase-8
in the presence of 1| mM dATP in a final volume of 30 ul. After incubation for 30 min at 30°C, the proteins were separated by SDS-PAGE and

analyzed by immunoblotting with anti-caspase-3.

complex in cells, anti-cyt ¢ immunoprecipitates were
subjected to immunoblotting with anti-Hsp90B. As a
control, immunoprecipitation with preimmune rabbit
serum and immunoblot analysis of the precipitates showed
no detectable Hsp90B (data not shown). The results
demonstrate a constitutive association of Hsp90B and
cyt ¢ (Figure 2A). In the reciprocal experiment, analysis of
anti-Hsp90 immunoprecipitates with anti-cyt ¢ confirmed
the presence of Hsp90B—cyt ¢ complexes in cells
(Figure 2B). Since Hsp90o demonstrates significant
homology in sequence, structure and function to Hsp90
and the peptide that we have sequenced has only one
amino acid difference, we also analyzed anti-Hsp90o
immunoprecipitates by immunoblotting with anti-cyt c.
The results demonstrate that Hsp90o also forms a complex
with cyt ¢ (data not shown). In addition, there was no
detectable association of the heat-shock protein Hsp60 and
cyt ¢ (data not shown). To determine whether Hsp90 binds
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directly to cyt ¢, far-western analyses were performed in
which purified cyt ¢ was resolved by gel electrophoresis
and transferred to nitrocellulose filters. The filters were
incubated with purified Hsp90 and analyzed by immuno-
blotting with anti-Hsp90. The results demonstrate that
Hsp90 fails to interact directly with cyt ¢ (data not shown).
Taken together, these results indicated that Hsp90 (ot and/
or B) exists in a cytoplasmic complex with cyt ¢ through
other intermediary protein(s).

Immunodepletion of Hsp90 inhibits cyt c-
dependent activation of procaspase-3

The functional significance of the interaction between
Hsp90 and cyt ¢ was assessed in a cell-free system of
S-100 extracts prepared from untreated cells (Srinivasula
et al., 1998; Narula et al., 1999; Saleh et al., 1999;
Zou et al., 1999). S-100 extracts subjected to several
immunoprecipitations with anti-cyt ¢ were analyzed by
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Fig. 4. Hsp90 associates with Apaf-1. (A) U-937 cell S-100 extracts were immunodepleted of Hsp90. Lysates from lane B (before immunodepletion)
and lane A (after immunodepletion) were subjected to SDS-PAGE and analyzed by immunoblotting with anti-Apaf-1 (left panel) or anti-Hsp90 (right
panel). (B) Lysates from before and after immunodepletion were also subjected to SDS-PAGE and analyzed by immunoblotting with anti-caspase-9
(left panel) or anti-caspase-3 (right panel). (C) S-100 extracts were immunodepleted of cyt ¢ (lanes 1-4) and Hsp90 (lanes 3 and 4). Aliquots (50 Lg)
were then incubated with buffer (lanes 1 and 3) or purified cyt ¢ (1 pg, lanes 2 and 4) in the presence of 1 mM dATP in a final volume of 30 pl. After
incubation at room temperature for 30 min (left panel) or 2 h (middle panel), the proteins were separated by 10% SDS—PAGE and analyzed by
immunoblotting with anti-caspase-3. Right panel: S-100 extracts were immunodepleted of cyt ¢ (lanes 1-3) and Hsp90p (lanes 2 and 3). Aliquots

(50 pg) were then incubated with purified cyt ¢/dATP (lanes 1-3) and Hsp90 (lane 3) at room temperature for 2 h. Proteins were separated by 10%

SDS-PAGE and analyzed by immunoblotting with anti-caspase-3.

immunoblotting with anti-cyt ¢ to ensure complete deple-
tion (data not shown). As reported previously (Liu et al.,
1996), addition of purified cyt ¢ and dATP to the cyt c-
depleted extracts resulted in activation of caspase-3 and
cleavage of the caspase-3 substrate, protein kinase C&
(PKC3) (Emoto et al., 1995; Ghayur et al., 1996)
(Figure 3A, lanes 1 and 2). By contrast, following
immunodepletion of both Hsp90p and cyt c, the addition
of cyt ¢/dATP had no apparent effect on caspase-3
activation (Figure 3A, lanes 3 and 4). Similar results
were obtained when S-100 extracts were immunodepleted
of Hsp90a and cyt ¢ (data not shown). To assess the role of
Hsp90 in cyt c-mediated activation of caspase-3, we added
cyt ¢/dATP and purified Hsp90 to the cyt c-depleted
extracts. Whereas cyt c¢/dATP induced activation of
caspase-3 and cleavage of PKC9, the addition of cyt ¢/
dATP and Hsp90 blocked these events (Figure 3B). To
confirm these findings, cyt c- and Hsp90-immunodepleted
U-937 cell S-100 extracts were incubated with cyt ¢/dATP
and Hsp90, and then assessed for caspase-3 activity. The
results demonstrate that addition of Hsp90 fails to restore
caspase-3 activation by cyt ¢/dATP (Figure 3C). Other
studies have shown that caspase-3 can be activated directly
by caspase-8 in a cyt c-independent manner (Stennicke
et al., 1998). To demonstrate further that the immuno-
depleted extracts were indeed competent to activate
caspase-3 by other mechanisms, cyt ¢ and Hsp90-
immunodepleted cytosolic extracts were incubated with
cyt ¢ or caspase-8 and assayed for activation of caspase-3.
The results demonstrate that following immunodepletion
of Hsp90, addition of cyt ¢ has no effect on caspase-3
activation. By contrast, the finding that caspase-3 is
activated by caspase-8 in Hsp90-immunodepleted extracts
supports a selective role for Hsp90 in cyt c-mediated

activation of caspase-3 (Figure 3D). Moreover, immuno-
depletion of Hsp90 had no effect on the levels of caspase-8
(data not shown). Taken together, these results indicated
that Hsp90 functions as a negative regulator of cyt c-
mediated signaling and that an Hsp90-associated protein is
required for cyt c-dependent activation of the caspase-3
cascade.

Hsp90 associates directly with Apaf-1

Recent studies have shown that Apaf-1 (human homolog
of Caenorhabditis elegans CED-4) promotes both acti-
vation of caspase-9 and caspase-9-mediated activation of
caspase-3 in mammalian cells (Li et al., 1997). These
studies have further suggested that Apaf-1 functions as a
docking protein for caspase-9 and cyt ¢/dATP in mediating
cleavage of caspase-3 (Li et al., 1997). To determine
whether Hsp90 inhibits cyt c-mediated activation of
caspase-3 by binding to Apaf-1, procaspase-9 or
procaspase-3, S-100 extracts were immunodepleted of
Hsp90 and the extracts before and after immunodepletion
were analyzed by immunoblotting with anti-Apaf-1, anti-
Hsp90, anti-caspase-9 or anti-caspase-3 antibodies. The
results demonstrate that, in contrast to extracts before
Hsp90 immunodepletion, a significant decrease in the
level of Apaf-1 was observed after immunodepletion of
Hsp90 (Figure 4A). Moreover, levels of caspase-9 and
caspase-3 were unchanged in extracts before and after
immunodepletion of Hsp90 (Figure 4B). To determine
whether the depletion of Apaf-1 contributes to inhibition
of cyt c-dependent activation of procaspase-3, the Hsp90-
immunodepleted S-100 extracts were analyzed by im-
munoblotting with anti-caspase-3 after the addition of
purified cyt ¢/dATP. As expected, the results demonstrate
significant inhibition of cyt c/dATP-dependent cleavage of
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Fig. 5. (A) Lysates from U-937 cells were subjected to
immunoprecipitation with anti-Hsp90, anti-caspase-9 or anti-

Apaf-1. The resulting protein precipitates were then analyzed by
immunoblotting with anti-Hsp90. (B) U-937 lysates were subjected to
immunoprecipitation with anti-Hsp90, anti-Hsp27 or anti-Apat-1 and
analyzed by immunoblotting with anti-Apaf-1. (C) Column-purified
Apaf-1 protein was resolved by SDS-PAGE and transferred to
nitocellulose filters. The filters were incubated with either Hsp60 or
Hsp90 protein. The filters were then analyzed by immunoblotting with
anti-Hsp60 or anti-Hsp90 antibody (top panels). The same filters were
also analyzed by immunoblotting with anti-Apaf-1 (bottom panels).

procaspase-3 when the in vitro reaction was performed for
30 min (Figure 4C, left panel). Cleavage of procaspase-3
was restored when the reaction was performed for 2 h
(Figure 4C, middle panel), indicating that the remaining
Apaf-1 protein, unbound to Hsp90, is functional in
procaspase-3 activation if incubated with cyt ¢/dATP for
longer periods. Addition of Hsp90 protein to these
immunodepleted extracts inhibited the function of remain-
ing Apaf-1 and thereby activation of procaspase-3
(Figure 4C, right panel). Moreover, addition of purified
Apaf-1 protein to these extracts restored cyt c¢/dATP-
mediated cleavage of procaspase-3 (data not shown).
These findings suggest that Hsp90 associates with Apaf-1
and inhibits cyt c¢/dATP-dependent activation of
procaspase-3. To determine whether Hsp90 associates
with Apaf-1 in cells, U-937 cell lysates were subjected to
immunoprecipitation with anti-Apaf-1 and the immuno-
precipitates were analyzed by immunoblotting with anti-
Hsp90. The results demonstrate that, in contrast to
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caspase-9, Apaf-1 associates with Hsp90 (Figure 5A). In
the reciprocal experiment, the finding that anti-Hsp90, but
not anti-Hsp27, immunoprecipitates contain Apaf-1 pro-
vided further support for an interaction between these
proteins (Figure 5B). To determine whether Hsp90 binds
direcly to Apaf-1, far-western analyses were performed in
which column-purified Apaf-1 was resolved by gel
electrophoresis and transferred to nitrocellulose filters.
The filters were incubated with purified Hsp90 and
analyzed by immunoblotting with anti-Hsp90. As a
control, filters were also incubated with Hsp60 protein
and analyzed by immunoblotting with anti-Hsp60. The
results demonstrate that, in contrast to Hsp60, Hsp90
interacts with Apaf-1 (Figure 5C). These findings indicate
that binding of Apaf-1 and Hsp90 in cells is direct. To
assess whether Apaf-1 protein refolds correctly on the
membranes, we examined the capability of Apaf-1 to bind
directly to cyt ¢ and to hydrolyze ATP. The results
demonstrate that Apaf-1 binds directly to cyt ¢ and also
hydrolyzes ATP (data not shown). Taken together, these
findings indicated that both cyt ¢ and Hsp90 bind directly
to Apaf-1. While the region of Apaf-1 that is involved in
binding with Hsp90 is not known, our results demonstrate
that Hsp90 binds to Apaf-1 at a different site than that of
cyt ¢ (data not shown). Therefore, it is possible that Hsp90
exerts its protective function (such as inhibition of cyt c-
mediated activation of caspase-3) by modulating the
conformation of Apaf-1 or by inhibiting the affinity of
Apaf-1 for binding to cyt c. This possibility might be
physiologically significant since the association of mono-
meric Apaf-1 with Hsp90 in cells inhibits the affinity of
Apaf-1 for binding to cyt ¢ (data not shown).
Apaf-1-mediated oligomerization of procaspase-9 is
required for activation of caspase-9. Whereas Hsp90 and
Apaf-1 are present in a complex in cells, we asked whether
Hsp90 affects cyt ¢/dATP/Apaf-1-mediated activation of
procaspase-9 in an in vitro cell-free system. Untreated U-
937 S-100 extracts were incubated with in vitro-translated
35S-labeled recombinant procaspase-9 and cyt ¢/dATP in
the presence and absence of purified Hsp90. After
incubation, samples were subjected to SDS-PAGE and
analyzed by autoradiography. The results demonstrate that
endogeneous Apaf-1 promotes processing of procaspase-9
to produce 35 and 37 kDa fragments in the presence of
cyt ¢/dATP, but not in the presence of Hsp90 and cyt ¢/
dATP (Figure 6A). Since Apaf-1 binds to procaspase-9 in
the presence of cyt ¢/dATP and Apaf-1-mediated oligo-
merization of procaspase-9 is required for activation of
procaspase-9, we asked whether Hsp90 inhibits the
association of Apaf-1 with procaspase-9. Column-purified
Apaf-1 was incubated with in vitro-translated 3S-labeled
procaspase-9 and cyt ¢/dATP in the presence of buffer or
purified Hsp90. After incubation, anti-Apaf-1 immuno-
precipitates were analyzed by autoradiography. The results
demonstrate that Apaf-1 associates with procaspase-9 in
the presence of Hsp90 in an in vitro system (Figure 6B).
Previous studies have shown that the association between
Apaf-1 and caspase-9 is mediated through the CARD
sequences present in both proteins (Zou et al., 1997, 1999;
Rodriguez and Lazebnik, 1999). Recent studies have
demonstrated that cyt ¢/dATP-mediated oligomerization
of Apaf-1 is required for its interaction with procaspase-9
(Cain et al., 1999; Rodriguez and Lazebnik, 1999; Saleh



et al., 1999). Our results can not interpret the effect
of Hsp90 on the association between Apaf-1 and
procaspase-9 in vivo, since Hsp90 interferes with the
oligomerization of Apaf-1, which is required for the
interaction of Apaf-1 with procaspase-9. However, the
finding that Hsp90 interacts with Apaf-1-CARD (data not
shown) indicates that Hsp90 may not directly affect
the CARD-CARD interaction between Apaf-1 and
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procaspase-9. Taken together, these findings support a
model in which binding of Hsp90 with Apaf-1: (i) induces
a potential conformational change in Apaf-1 and
(ii) inhibits cyt c¢/dATP-mediated oligomerization of
Apaf-1, and thereby exerts a dominant-negative effect on
the function of Apaf-1 to activate procaspase-9. The
functional significance of the interaction between Hsp90
and Apaf-1 was therefore further assessed in cytosolic
extracts depleted of both cyt ¢ and Hsp90. Addition of
cyt ¢/dATP to the depleted extracts had no apparent effect
on procaspase-9 (Figure 6C) or procaspase-3 (Figure 6D)
activation. Significantly, addition of purified Apaf-1 and
cyt ¢/dATP was associated with cleavage of procaspase-9
and procaspase-3 (Figure 6C and D). These findings
demonstrate that Hsp90 functions as a negative regulator
of cyt c-mediated signaling by sequestering Apaf-1 from
the caspase cascade.

Hsp90 inhibits oligomerization of Apaf-1 in vitro
and in vivo

Recent observations indicate that cyt ¢/dATP-mediated
oligomerization of Apaf-1 is critical in Apaf-1-dependent
activation of procaspase-9 (Srinivasula et al., 1998; Hu
et al., 1998; Adrain et al., 1999; Saleh et al., 1999; Zhou
et al., 1999; Zou et al., 1999; Benedict et al., 2000). To
further define the mechanism of Hsp90-mediated inhib-
ition of procaspase-9 activation, purified recombinant
Apaf-1 was incubated with cyt ¢/dATP in the presence or
absence of Hsp90. The elution profile of Apaf-1 was
assessed by FPLC gel-filtration using a Superose-6 column
(Saleh et al., 1999). In the absence of cyt ¢ and dATP,
Apaf-1 eluted in peak fraction 33, corresponding to the
size of the 125 kDa monomeric Apaf-1. When preincu-
bated with cyt ¢ alone, Apaf-1 eluted at fraction 30
(~170 kDa) (Figure 7A and B, I). Preincubation of Apaf-1
with cyt ¢ and dATP resulted in most of the Apaf-1 eluting
in fraction 20 (~1.4 MDa) (Figure 7A and B, II). This
result and the finding that cyt ¢ co-elutes with Apaf-1 in
both fractions 30 and 20 indicated that cyt ¢ associates
with monomeric and oligomerized Apaf-1. In contrast to
these findings, preincubation of Apaf-1 with Hsp90 in the
presence or absence of cyt ¢ resulted in elution of Apaf-1
at fraction 27 (~350 kDa; Figure 7A and B, III and IV).
The finding that Hsp90 co-elutes with Apaf-1 in fraction
27 indicated that Hsp90 associates with monomeric
Apaf-1. Interestingly, the failure of cyt ¢ to co-elute with
Apaf-1 in fraction 27 suggested that Hsp90 competitively

Fig. 6. (A) U-937 cytosolic lysates were immunodepleted of cyt ¢
(lanes 1-3). Aliquots (50 pg) were then incubated with buffer (lane 1),
cyt ¢ (lanes 2 and 3) or Hsp90 (lane 3). In vitro-translated 33S-labeled
caspase-9 (2 ul) was incubated in a final volume of 30 pl for 1 h at
30°C. After incubation, samples were separated by SDS-PAGE and
analyzed by autoradiography. (B) Column-purified Apaf-1 was
incubated with in vitro-translated 3S-labeled caspase-9 and cyt ¢/dATP
in the presence of Hsp90 or buffer. After incubation, anti-Apaf-1 immuno-
precipitates were analyzed by autoradiography. (C and D) U-937 cell
cytosolic lysates were immunodepleted of cyt ¢ (lanes 1-3) or cyt ¢/Hsp90
(lanes 2 and 3). Aliquots (50 pg) were then incubated with cyt c/dATP
(lanes 1-3), in vitro-translated 3°S-labeled caspase-9 (D, lanes 1-3) in the
presence (lane 3) or absence (lanes 1 and 2) of purified Apaf-1 L-WD13 in
a final volume of 30 pl. After incubation at 30°C for 1 h, the proteins
were separated by SDS-PAGE and analyzed by immunoblotting with
anti-caspase-3 (C) or autoradiography (D).
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Fig. 7. Hsp90 inhibits cyt ¢/dATP-mediated oligomerization of Apaf-1. (A) Purified Apaf-1 L-WD13 was incubated with cyt ¢ (I), cyt ¢ + dATP (1),
dATP + Hsp90 (IIT) or dATP + cyt ¢ + Hsp90 (IV). After incubation, the reaction mixtures were applied to Superose-6 FPLC column at a flow rate of
0.2 ml/min. Aliquots (45 pl) of the column fractions in each case were separated by SDS-PAGE and immunoblotted with anti-Apaf-1, anti-cyt ¢ or
anti-Hsp90. The calibration protein standards and their positions on the Superose-6 FPLC column are indicated by vertical arrows: fraction 17, 2 MDa;
fraction 23, 669 kDa; fraction 26, 440 kDa, fraction 28, 232 kDa; fraction 30, 158 kDa; fraction 34, 66 kDa. (B) An elution profile of Apaf-1 L-WD13

under different conditions (I-IV) is shown.

blocks binding of cyt ¢ to Apaf-1 (not shown). To assess
the effects of Hsp90 on oligomerization of Apaf-1 in vivo,
we performed experiments using Flag- and T7-tagged
Apaf-1 (Saleh et al., 1999). Lysates from cells cotrans-
fected with Flag-Apaf-1, T7-Apaf-1 and Hsp90 or empty
vector were incubated with or without cyt c¢/dATP.
Immunoblot analysis of anti-Flag immunoprecipitates
with anti-T7 demonstrated that, in contrast to vector,
overexpression of Hsp90 significantly inhibited the inter-
action of Flag-Apaf-1 and T7-Apaf-1 (Figure 8). Taken
together, these findings support a model in which binding
of Hsp90 with Apaf-1 inhibits oligomerization of Apaf-1
and thereby negatively regulates its function.

Competition of Hsp90 and cyt c for binding to
Apaf-1

Since both Hsp90 and cyt ¢ bind directly to Apaf-1, we
next examined whether these two proteins compete for
binding to Apaf-1. Fractions 26 and 27 [Apaf-1 + Hsp90 +
dATP (Figure 7A, III)] were pooled, concentrated and then
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incubated with an excess amount of purified cyt c.
Following incubation for 1 h, the samples were loaded
onto a Superose-6 column and the elution profile of Apaf-1
was assessed by FPLC followed by immunoblotting with
anti-Apaf-1. The results demonstrate that incubation of
Hsp90—Apaf-1 complexes with excess cyt ¢ was associ-
ated with ~40% oligomerization of Apaf-1 and elution in
fraction 20 (Figure 9A). However, the remaining Apaf-1
protein was eluted in fraction 26 (data not shown).
Detection of Hsp90 in fraction 26 further indicates that
more cyt c is required to displace Hsp90 from Apaf-1 and
thereby its oligomerization. Collectively, these findings
indicate that cyt ¢ and Hsp90 bind competitively to
Apaf-1. Since our results demonstrate that Hsp90 fails to
interact directly with cyt ¢, it is possible that the
immobilized cyt ¢ present in our affinity column functions
differently than that present in solution. Immobilized cyt ¢
may be able to bind to Apaf-1, but be kinetically unable
to displace Hsp90 from Apaf-1. This property would
favor the formation of a transitional tripartite complex of
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precipitates were then analyzed by immunoblotting with anti-T7
(upper panel). Anti-Flag immunoprecipitates were also analyzed by
immunoblotting with anti-Flag (lower panel).
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Hsp90 inhibits Apaf-1-mediated activation of
procaspase-9

To assess activation of caspase-9, equal amounts of Apaf-1
from peak fractions (I-30, II-20 and IV-27) were incubated
with 33S-labeled caspase-9 in the presence or absence of
cyt ¢ and dATP. The results demonstrate that, in contrast to
oligomeric Apaf-1 (fraction II-20), the Apaf-1-Hsp90
complex (fraction IV-27) was ineffective in activating
caspase-9 in the presence of cyt ¢/dATP (Figure 9B).
Moreover, the finding that addition of an excess amount of
cyt ¢ to fraction IV-27 restored activation of caspase-9
(Figure 9C) provided further support for competitive
binding of cyt ¢ and Hsp90 to Apaf-1.

Hsp90 inhibits stress-induced oligomerization of
Apaf-1 and activation of caspase-3

To further define the physiological role of Hsp90 in cyt c-
dependent activation of caspase-3 in response to stress,
L929 cells were cotransfected to express Hsp90 and
pEGFP. Transfected cells were selected by fluorescence-
activated cell sorting (FACS), stabilized in culture media
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Fig. 9. Hsp90 inhibits Apaf-1-mediated activation of caspase-9. (A) Fraction IV-26 and IV-27 from Apaf-1 + dATP + Hsp90 column eluate were
pooled, concentrated and incubated at room temperature in the absence (—cyt c) or presence (+cyt ¢) of cyt ¢ for 1 h. Following incubation, samples
were applied to a Superose-6 FPLC column at a flow rate of 0.2 ml/min. Aliquots (45 ul) of the column fractions in each case were separated by
SDS-PAGE and immunoblotted with anti-Apaf-1. (B) 33S-labeled caspase-9 was incubated with peak fractions (I-30, II-20 or IV-27) in the presence
or absence of cyt ¢/dATP. Following incubation, samples were then analyzed by SDS-PAGE and autoradiography. Full-length caspase-9 (FL) and the
p35 fragment of mature caspase-9 (CF) are shown. (C) Peak fraction from Apaf-1 + dATP + Hsp90 column eluate was incubated with 3*S-labeled
caspase-9 in the absence (lane 1) or presence (lanes 2-5) of increasing concentrations of cyt c¢. Following incubation, samples were analyzed by SDS—
PAGE and autoradiography.
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Fig. 10. Hsp90 inhibits oligomerization of Apaf-1 and activation of caspase-3 in response to stress. (A) 1929 cells were transfected with empty vector
or 5 and 10 pg of vector expressing Hsp90. Cells were also cotransfected with pEGFP. Following transfection, GFP-positive cells were selected by
FACS, stabilized in culture for 24 h and treated with 1 pg/ml STSP for 18 h. Total lysates from untreated and STSP-treated cells were analyzed for
caspase-3 activity by measuring cleavage of an exogenous peptide substrate (DEVD-pNA). Results are expressed as percentage caspase-3 activity
(mean = SD) (normalized to untreated cells expressing vector) of four independent experiments. Total cell lysates were also analyzed by
immunoblotting with anti-Hsp90 (insert). (B) 293T cells were cotransfected with T7-Apaf-1, Flag-Apaf-1 and empty vector or Hsp90. Following
transfection, cells were treated with 1 uM STSP and harvested after 18 h. Total cell lysates were subjected to immunoprecipitation with anti-T7 and
analyzed by immunoblotting with anti-Flag. Results are expressed as fold-Apaf-1 oligomerization (mean + SD) of three independent experiments.
(C) 293T cells were transiently transfected with empty vector or Hsp90. Total cell lysates were analyzed by immunoblotting with anti-caspase-3.

(D) 293T cells were transiently transfected with Hsp90. Total lysates from transfected 293T cells and lysates of H1299, MCF-7 and SAOS cells were
analyzed by immunoblotting with anti-Hsp90. Hsp90-immunodepleted S-100 extract of U-937 cells was incubated with 1 ug Hsp90 and analyzed by

immunoblotting with anti-Hsp90.

for 24 h, and then treated with staurosporine (STSP) for
18 h. The results demonstrate that Hsp90 inhibits STSP-
induced caspase-3 activity (Figure 10A). To further
determine whether Hsp90 inhibits stress-induced oligo-
merization of Apaf-1, 293T cells transfected with T7-
Apaf-1 and Flag-Apaf-1 in the presence or absence of
Hsp90 were treated with STSP. Immunoblot analysis of
anti-T7 precipitates with anti-Flag demonstrated that
overexpression of Hsp90 inhibits STSP-induced oligomer-
ization of Apaf-1 (Figure 10B). Moreover, overexpression
of Hsp90 has no effect on caspase-3 levels (Figure 10C). In
addition, the level of Hsp90 obtained with overexpression
in 293T cells was comparable to that in tumor cell lines
(Figure 10D). These findings indicate that the level of
Hsp90 required to negatively regulate oligomerization of
Apaf-1 is achieved in tumor cells. To demonstrate the
physiological role of Hsp90 in cyt c-induced apoptosis,
H1299 non-small cell lung carcinoma cells, which express
high levels of Hsp90 [as compared with U-937 cells
(Figure 11A)] were treated with STSP and S-100 cytosolic
extracts were analyzed by immunoblotting with anti-cyt ¢
and anti-caspase-3. The results demonstrate that treatment
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of H1299 cells with STSP is associated with accumulation
of cyt ¢ in the cytosol (Figure 11B). More importantly,
treatment of H1299 cells with STSP is associated with
significant inhibition in caspase-3 activation (Figure 11B).
Similar results were obtained when SW2, small cell lung
carcinoma cells, which express high levels of Hsp90, were
treated with STSP (data not shown). In addition, H1299
and SW2 cells were also associated with the delay in
STSP-induced apoptosis (data not shown). To further
demonstrate the role of Hsp90 in cyt c-mediated activation
of caspase-3, S-100 cytosolic extracts (without cyt ¢
leakage) prepared from H1299 cells were incubated with
different concentrations of purified cyt c¢. As control,
S-100 extracts from U-937 cells were incubated separately
with different concentrations of cyt ¢. Following incuba-
tion, lysates were analyzed by immunoblotting with anti-
caspase-3. The results demonstrate that, in contrast to
U-937 cell lysates, incubation of H1299 cell lysates
with cyt ¢ was associated with significant inhibition of
caspase-3 activation (Figure 11C). Taken together, these
findings demonstrate that Hsp90 inhibits cyt c-mediated
activation of caspase-3 downstream of cyt c release.
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Fig. 11. (A) Total cell lysates from H1299 and U-937 cells were
analyzed by immunoblotting with anti-Hsp90. (B) H1299 cells were
treated with 0.5 or 1 uM STSP and harvested after 18 h. S-100
cytosolic extracts were prepared and analyzed by immunoblotting with
anti-cyt ¢ (upper panel) or anti-caspase-3 (lower panel). (C) S-100
cytosolic extracts from untreated H1299 (upper panel) or U-937 (lower
panel) cells were incubated with 0, 0.25, 0.5 or 1 ug of purified cyt ¢
in the presence of 1 mM dATP for 30 min at room temperature.
Following incubation, proteins were separated by SDS-PAGE and
analyzed by immunoblotting with anti-caspase-3.

Our results demonstrate that Hsp90 constitutively
associates with Apaf-1 under non-apoptotic conditions
(Figure 5), while Hsp90 and cyt ¢ compete for binding to
Apaf-1 in the setting of an apoptotic signal. Since an
excess amount of cyt c is required to displace Hsp90 from
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Fig. 12. (A) U-937 cells were exposed to 20 Gy IR and harvested

at 6 h. Cytosolic lysates were immunoprecipitated with anti-Hsp90
and analyzed by immunoblotting with anti-Apaf-1 (upper panel).
Anti-Apaf-1 immunoprecipitates were analyzed separately by
immunoblotting with anti-Apaf-1 (middle panel). Total cell lysates
were also analyzed by immunoblotting with anti-Hsp90 (lower panel).
(B) Schematic representation of the role of Hsp90 in cyt ¢/dATP-
dependent oligomerization and activation of Apaf-1.

Apaf-1 (Figure 9A), these findings indicate that the affinity
of Hsp90 binding to Apaf-1 is greater than that of cyt c.
Moreover, the finding that Apaf-1 is unable to oligomerize
if Hsp90 is overexpressed provides a mechanistic explan-
ation for why cells expressing high levels of Hsp90 are
resistant to cyt c-mediated activation of caspase-3 and
thereby to apoptosis.

As treatment with cytotoxic agents is associated with
release of cyt ¢ (Liu et al., 1996; Kharbanda et al., 1997,
Kluck et al., 1997; Narula et al., 1999), cells were exposed
to ionizing radiation (IR) and analyzed for binding of
Hsp90 and Apaf-1. The results demonstrate that IR
exposure inhibits the interaction between Hsp90 and
Apaf-1 (Figure 12A). Similar results were obtained when
cells were treated with other cytotoxic agents, including
ara-C, cis-platinum or STSP (data not shown). These
results suggest that signals induced in response to stress
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regulate the interaction between Hsp90 and Apaf-1, and
thereby relieve inhibition of cyt c-mediated oligomeriza-
tion of Apaf-1. Furthermore, these findings suggest that, as
a consequence of mitochondrial outer membrane rupture,
stress-induced increases in cytosolic cyt ¢ potentiate, at
least in part, dissociation of Hsp90 from Apaf-1 and
thereby stimulate its oligomerization. Our in vitro results
indicate that higher concentrations of cyt ¢ are required to
dissociate Hsp90 from Apaf-1. However, in contrast to
wild-type cells, STSP treatment of cells overexpressing
Hsp90 was associated with a significant delay in apoptosis.
Collectively, these findings indicate that cytosolic cyt ¢
levels may be insufficient to dissociate Hsp90 from
Apaf-1. Thus, other factors functioning downstream of
cyt ¢ might cooperate with cyt ¢ to dissociate Hsp90
completely from Apaf-1. Another possibility is that post-
translational modification of Hsp90 and/or Apaf-1 could
be responsible for regulating the interaction. Alternatively,
cleavage of Hsp90 following exposure of certain cell types
to genotoxic stress (Prasad et al., 1998) could abrogate the
inhibitory effect of Hsp90 on Apaf-1.

The demonstration that Hsp90 is induced in response to
diverse apoptotic stimuli, such as UV, doxorubicin and
sodium arsenite, supports involvement of Hsp90 in an
essential defense mechanism of stress tolerance (Ferrarini
etal., 1992; Maytin, 1992; Parsell and Lindquist, 1993; Ali
et al., 1996; Bertram et al., 1996; Nayeem et al., 1997).
However, the mechanisms responsible for the protective
function of Hsp90 are for the most part unclear. The
present results demonstrate that Hsp90 inhibits cyt c-
mediated oligomerization of Apaf-1 and thereby cleavage
of caspase-9 and caspase-3 both in vitro and in response to
stress (Figure 12B). The results also demonstrate that
stress-induced signals relieve Hsp90-mediated inhibition
of Apaf-1 oligomerization. These findings support a
model in which Hsp90 functions as a physiological
negative regulator of the cyt c-mediated apoptotic protease
cascade.

Materials and methods

Cell culture and reagents

Human U-937 cells were grown in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (HI-FBS), 100 units/ml
penicillin, 100 pg/ml streptomycin and 2 mM L-glutamine. 293T, L929,
MCF-7, H1299 (non-small cell lung carcinova cell line), SW2 (small cell
lung carcinoma cell line), Cos and Saos cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% HI-FBS and antibiotics.
Cyt ¢ was obtained from Sigma. Hsp90 and Hsp60 proteins were
obtained from Stressgen, Victoria, BC, Canada. Recombinant caspase-8
and caspase-9 cDNA were provided by Robert Talanian, BASF,
Worcester, MA.

Isolation of cytoplasmic fractions

Cells were washed twice with phosphate-buffered saline (PBS), and cell
fractionation was performed as described (Kharbanda et al., 1997). In
brief, after washing the cells with PBS, the pellet was suspended in 5 ml
of ice cold buffer A [20 mM HEPES pH 7.5, 1.5 mM MgCl,, 10 mM KCl,
1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol (DTT) and 0.1 mM
phenylmethylsulfonyl fluoride] with 10 pg each of aprotinin, pepstatin
and leupeptin, containing 250 mM sucrose. The cells were then
homogenized by douncing three times in a Dounce homogenizer with a
sandpaper-polished pestle. After centrifugation for 5 min at 4°C, the
supernatants were collected and centrifuged at 105 000 g for 30 min at
4°C. The resulting supernatant was used as the soluble S-100 extract.
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Purification and characterization of the cytosolic cyt c-
binding protein

Untreated U-937 cell S-100 extract was applied to a column prepared
from cyt ¢ bound to CNBr—sepharose beads (Sigma). After washing, the
column was eluted a linear NaCl gradient (0-600 mM). The resultant
fractions were then separated by SDS-PAGE and analyzed by silver
staining. The protein band at ~90 kDa was excised from the gels and
identified by trypsin digestion and internal peptide sequence analysis.

Immunoprecipitations and immunoblot analysis
Immunoprecipitations were performed as described previously
(Kharbanda et al., 1995). In brief, cell lysates were incubated with anti-
Hsp90B (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Hsp60
(Stressgen), anti-Flag (Kodak), anti-Apaf-1 (Zou et al., 1997), anti-
Hsp27 (Santa Cruz), anti-Hsp90o (Stressgen), anti-T7 (Novagen,
Madison, WI) or anti-cyt ¢ (Kirken et al., 1995) antibodies. The resulting
immunoprecipitates were analyzed by immunoblotting with anti-cyt ¢ or
anti-Hsp90. Anti-Hsp90 immunoprecipitates were also analyzed by
immunoblotting with anti-Apaf-1, anti-caspase-9 (Li et al., 1997), anti-
PKC3 (Santa Cruz) or anti-caspase-3 (Transduction Laboratories,
Franklin Lakes, NJ) antibodies. Total cell lysates prepared from H1299
cells were analyzed by immunoblotting with anti-Hsp90 antibody
(#SPABS835; Stressgen).

Assay for caspase-3 and PKC§ activation

S-100 extracts were prepared as described (Kharbanda et al., 1997).
Lysates were immunodepleted of cyt ¢ and/or Hsp90 by multiple
immunoprecipitations. Immunodepletion was confirmed by immunoblot
analysis. The cyt c-depleted fractions were incubated with purified cyt ¢
and/or Hsp90 protein in buffer B (20 mM HEPES pH 7.5, 10 mM KCl,
1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, | mM DTT and 1 mM
dATP) for 1 h at 30°C. The reactions were stopped by boiling in 6X SDS
sample buffer. Proteins were separated by SDS-PAGE, transferred to
nitocellulose filters and analyzed by immunoblotting with anti-caspase-3
or anti-PKC8 (Santa Cruz) antibodies. S-100 cytosolic extracts from
untreated H1299 and U-937 cells were incubated with 0.5 and 1 pg of cyt ¢
in the presence of 1 mM dATP for 30 min at room temperature. Following
incubation, the proteins were separated on SDS-PAGE and analyzed by
immunoblotting with anti-caspase-3.

Interactions of Apaf-1 with caspase-9 in vitro

Caspase-9 was in vitro translated and purified as described (Talanian
et al., 1997). Column-purified Apaf-1 was incubated with in vitro-
translated procaspase-9 in the presence of cyt ¢/dATP and in the presence
or absence of Hsp90 for 2 h at 4°C. After incubation the reaction products
were diluted with lysis buffer and subjected to immunoprecipitation with
anti-Apaf-1. The immunoprecipitates were then analyzed by autoradio-

graphy.

Assay for caspase-9 activation

U-937 S-100 extracts were immunodepleted of cyt ¢ and/or Hsp90. The
depleted fractions were incubated with purified cyt ¢/dATP and in vitro-
translated procaspase-9 with or without Hsp90 or column-purified Apaf-1
for 1 h at 30°C. The reaction was terminated by the addition of SDS
sample buffer and boiling for 5 min. The proteins were separated by SDS—
PAGE and analyzed by autoradiography.

Transient transfections

293T cells were transiently transfected with Flag-Apaf-1 and T7-Apaf-1
with or without Hsp90 by Lipofectamine as described (Pandey et al.,
1999). Cytosolic S-100 lysates were incubated with or without cyt ¢ and
subjected to immunoprecipitation with anti-Flag (M2; IBI, Kodak). The
immunoprecipitates were then analyzed by immunoblotting with anti-T7
(Novagen, Madison, WI). Anti-Flag immunoprecipitates were also
analyzed by immunoblotting with anti-Flag. 1.929 cells were transfected
with empty vector or 5 and 10 g of vector expressing Hsp90. Cells were
also cotransfected with pEGFP. Following transfection, GFP-positive
cells were selected by FACS, stabilized in culture for 24 h and treated
with 1 pM STSP for 18 h. Total lysates from untreated and STSP-treated
cells were analyzed for caspase-3 activity by measuring cleavage of an
exogenous peptide substrate (DEVD-pNA) (Promega caspase-3 Kkit,
Promega, Madison, WI).

Oligomerization of Apaf-1

Oligomerization reactions were performed by incubating Apaf-1 (3 pug) at
4°C for 1 h in oligomerization buffer (25 mM HEPES pH 7.5, 50 mM
NaCl, 10 mM KClI, 1.5 mM MgCl,, 10% glycerol, 0.1 mM DTT). The



reaction mixtures were applied to Superose-6 FPLC column at a flow rate
of 0.2 ml/min. Aliquots (45 ul) of the 500 ul fractions were fractionated
by SDS-PAGE and analyzed by immunoblotting with anti-Apaf-1, anti-
cyt ¢ or anti-Hsp90 antibodies.
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