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During apoptosis, release of cytochrome c initiates
dATP-dependent oligomerization of Apaf-1 and for-
mation of the apoptosome. In a cell-free system, we
have addressed the order in which apical and effector
caspases, caspases-9 and -3, respectively, are recruited
to, activated and retained within the apoptosome. We
propose a multi-step process, whereby catalytically
active processed or unprocessed caspase-9 initially
binds the Apaf-1 apoptosome in cytochrome ¢/dATP-
activated lysates and consequently recruits caspase-3
via an interaction between the active site cysteine
(C287) in caspase-9 and a critical aspartate (D175) in
caspase-3. We demonstrate that XIAP, an inhibitor-
of-apoptosis protein, is normally present in high mol-
ecular weight complexes in unactivated cell lysates,
but directly interacts with the apoptosome in
cytochrome ¢/dATP-activated lysates. XIAP associates
with oligomerized Apaf-1 and/or processed caspase-9
and influences the activation of caspase-3, but also
binds activated caspase-3 produced within the apopto-
some and sequesters it within the complex. Thus,
XIAP may regulate cell death by inhibiting the acti-
vation of caspase-3 within the apoptosome and by pre-
venting release of active caspase-3 from the complex.
Keywords: Apaf-1/apoptosome/caspases/XIAP

Introduction

Apoptosis is a distinct form of cell death characterized by
nuclear and cytoplasmic condensation, DNA fragmenta-
tion and externalization of membrane-associated phos-
phatidylserine. A class of cysteine proteases, known as
caspases, produce these biochemical and morphological
changes by selectively cleaving a number of structural and
regulatory proteins at specific aspartate residues. In a
general paradigm, either receptor- or stress-induced death
signals stimulate oligomerization of specific adaptor
molecules, such as FADD or Apaf-1, which subsequently
recruit and promote trans-activation of ‘initiator’ caspases,
such as caspases-8 and -9, respectively. Initiator caspases
possess long prodomains that enable them to interact with
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death effector domains (DEDs) or caspase-activation
recruitment domains (CARDs) present in these adaptor
proteins. Once activated, initiator caspases are free to
activate ‘effector’ caspases, such as caspases-3 and -7,
which contain short prodomains and are primarily respon-
sible for dismantling the cell during the execution phase of
apoptosis (for reviews see Cohen, 1997; Earnshaw et al.,
1999; Bratton et al., 2000).

Cellular stress can stimulate the release of cytochrome ¢
from the mitochondrial intermembrane space into the
cytosol, where it interacts with the adaptor protein Apaf-1
(Green and Reed, 1998). Apaf-1 contains at least three
functional domains: (i) an N-terminal CARD, which binds
the prodomain of caspase-9; (ii) a CED-4 domain required
for Apaf-1 self-oligomerization; and (iii) a series of
C-terminal WD-40 repeats thought to mediate protein—
protein interactions (Zou et al., 1997). Apaf-1, when
bound to cytochrome ¢, apparently hydrolyzes dATP/ATP
and undergoes oligomerization via its CED-4 domains
(Hu et al., 1998, 1999; Srinivasula et al., 1998).
Simultaneously, the CARD domain recruits and facilitates
processing of procaspase-9 (Li et al., 1997; Srinivasula
et al., 1998; Qin et al., 1999). This complex of
cytochrome c, Apaf-1 and caspase-9 is commonly referred
to as the apoptosome. Reconstitution experiments using
purified recombinant proteins indicate that the apoptosome
is ~1.4 MDa in size (Saleh et al., 1999; Zou et al., 1999),
whereas in native cell lysates, Apaf-1 oligomerizes into an
~700 kDa complex and, in addition to processed
caspase-9, contains fully processed caspases-3 and -7
(p17 and p12 subunits) (Cain et al., 1999). Thus, the initial
processing of effector caspases by caspase-9 and their
subsequent autocatalytic processing appears to take place
within the apoptosome. The specific mechanisms that
govern these processes remain unclear.

Caspases are inhibited by a number of viral and
mammalian proteins, including inhibitor-of-apoptosis
proteins (IAPs). These evolutionarily conserved proteins
were first identified in baculoviruses and contain both an
N-terminal tandem repeat of ~70 amino acids, termed
baculovirus IAP repeat (BIR) domain, and a C-terminal
RING zinc-finger domain (Clem and Miller, 1994).
Several IAP homologs containing one or both domains
have been identified in mammalian cells, including
X-linked TAP (XIAP or hILP), ML-IAP (livin), cellular
inhibitor-of-apoptosis protein-1 (cIAP-1/hIAP-2), cIAP-2
(hIAP-1), neuronal apoptotic inhibitory protein (NAIP)
and survivin (for review see Deveraux and Reed, 1999;
Vucic et al., 2000). The anti-apoptotic mechanisms of
some of these proteins are unknown; however, XIAP,
ML-IAP, cIAP-1 and cIAP-2 appear to inhibit both stress-
and death receptor-induced apoptosis through direct
inhibition of distinct caspases (Deveraux et al., 1997,
1998; Vucic et al., 2000). In particular, XIAP inhibits
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Apaf-1-mediated activation of procaspase-9 and the
activity of processed caspase-9, but not FADD-mediated
activation of procaspase-8 or the activity of processed
caspase-8. Perhaps more importantly, XIAP potently
inhibits active caspases-3 and -7 in vitro. Thus, it is the
ability of XIAP to inhibit active caspases-3 and -7 that
suppresses death receptor-induced apoptosis, whereas its
ability to inhibit both the apical and effector caspases
protects against stress-induced apoptosis (Deveraux et al.,
1997, 1998). Interestingly, XIAP inhibits active
caspases-3 and -9 through distinct domains within the
protein. The BIR2 domain, together with a few critical
residues in the linker region between the BIR1 and BIR2
domains, is sufficient for inhibition of caspase-3, whereas
the BIR3 domain inhibits caspase-9 (Takahashi et al.,
1998; Sun et al., 1999, 2000).

In this study, we used a cell-free model to define the
requirements for the recruitment, processing and retention
of caspases within the apoptosome. We propose a multi-
step process, whereby catalytically active processed or
unprocessed caspase-9 is required to recruit caspase-3 to
the apoptosome via an interaction between the catalytic-
ally active cysteine (C287) in caspase-9 and a critical
aspartate (D175) in caspase-3 required for its processing.
Caspase-3 is subsequently processed within the apopto-
some to its fully mature form and remains largely
associated with the complex. In addition to binding active
caspases-9 and -3, XIAP also associates with oligomerized
Apaf-1. Thus, by associating with the apoptosome, XIAP
appears not only to influence the activation of caspase-3 by
caspase-9, but also to inhibit the release of active
caspase-3 from the complex.

Results and discussion

The Apaf-1 apoptosome must contain caspase-9 in
order to recruit caspase-3 to the complex

Several genetic studies using ‘knockout’ mice and in vitro
studies using cytochrome ¢/dATP have determined the
apparent order of caspase activation following mitochon-
drial stress (Hakem et al., 1998; Kuida et al., 1998; Woo
et al., 1998; Slee et al., 1999). However, none have
examined the precise order in which caspases are recruited
to the apoptosome, nor the molecular determinants
required for this process. By systematically immuno-
depleting specific caspases from the lysate (Figure 1C) and
replacing them with known caspase mutants (Figure 1A
and B), we wished to determine if and how the presence
of a given caspase within the apoptosome might influence
the recruitment/presence of other caspases. Using gel
filtration chromatography we initially characterized the
formation of the apoptosome in control and caspase-
depleted lysates (Figure 2). In unactivated control
lysates, Apaf-1 eluted primarily in its monomeric form
(fractions 15-21, Figure 2A), whereas procaspases-9 and
-3 eluted as homodimers (fractions 16-22, Figure 2A).
Following dATP activation, Apaf-1 oligomerized into
~700-1400 kDa apoptosome complexes, containing both
unprocessed and processed caspase-9, as well as fully
processed caspase-3 (fractions 47, Figure 2B). A second
complex of active caspase-3, which we formerly termed
the ‘micro-apoptosome’, was also observed (fractions
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9-12, Figure 2B). These results were essentially the same
as previously reported (Cain et al., 1999).

In order to determine whether the absence of caspase-9
had any effect on the recruitment of caspase-3 to the
apoptosome, we immunodepleted lysates of procaspase-9
(Figure 1C) and activated these lysates with dATP. Apaf-1
oligomerized into an apoptosome complex (data not
shown), but caspase-3 was not readily recruited to the
complex and was completely unprocessed (fractions 4-7
and 16-22, compare Figure 2B and C) and inactive
(Figure 1D). These data strongly suggest that Apaf-1 could
oligomerize into a complex in the absence of
procaspase-9, but that caspase-9 must be present to both
recruit and activate caspase-3 (fractions 4-7, compare
Figure 2B and C). The inability of the Apaf-1 complex to
recruit caspase-3, in the absence of caspase-9, was not a
consequence of inappropriate oligomerization of Apaf-1,
as this complex produced significant DEVDase activity
when incubated with a mixture of partially purified pro-
caspases-9 and -3 obtained from THP.1 cell lysates (data
not shown). We next immunodepleted lysates of
procaspase-3 (Figure 1C) and activated these lysates
with dATP. Removal of caspase-3 had no effect on
Apaf-1 oligomerization (data not shown) or the recruit-
ment of caspase-9 to the apoptosome (fractions 4-7,
Figure 2D). However, since no active caspase-3 was
present (Figure 1D), there was a slight alteration in the
processing of caspase-9, in that less of the p37 form of
caspase-9 was observed in the apoptosome (fractions 4-7,
Figure 2D). Thus, Apaf-1 can oligomerize into a func-
tional complex independent of caspase-9, but normally
functions sequentially to recruit and activate caspases-9
and -3.

Catalytically active processed or unprocessed
caspase-9 is required for recruitment of caspase-3
to the apoptosome

Since the presence of caspase-9 in the apoptosome was
critical for the recruitment of caspase-3, we asked several
questions: (i) does caspase-9 form a binding site through
which caspase-3 must interact? (ii) does caspase-9 require
processing to effectively recruit caspase-3? and (iii) does
caspase-9 have to be catalytically active in order to recruit
caspase-3? To address these questions, we replaced lysates
depleted of endogenous procaspase-9 with wild-type
caspase-9, previously processed to its p35 form in bacteria
(p35 casp-9), non-cleavable procaspase-9 (D315/330A
casp-9) or catalytically inactive procaspase-9 (C287A
casp-9) (Figure 1A) and activated these lysates with dATP.
In agreement with Stennicke et al. (1999), we found that
processing of caspase-9 was not required for its activity, as
D315/330A casp-9 was nearly as effective as p35 casp-9 at
reconstituting DEVDase activity (Figure 1D). Moreover,
the catalytically inactive C287A casp-9 mutant was
completely incapable of supporting effector caspase
activation (Figure 1D).

When the lysates, reconstituted with wild-type or
mutant caspase-9 proteins, were examined by gel filtra-
tion, Apaf-1 was always present as an oligomerized
apoptosome complex (data not shown). In the p35 casp-9
reconstitution experiments, caspase-9 readily bound to
oligomerized Apaf-1 (fractions 4-7, Figure 3A), indicat-
ing that oligomerized Apaf-1 was capable of recruiting and
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Fig. 1. Reconstitution of immunodepleted lysates with recombinant wild-type and mutant caspases-9 and -3. (A) Recombinant wild-type and fully
processed caspase-9 (lane 1), non-cleavable unprocessed D315/330A caspase-9 (lane 2) and catalytically inactive C287A caspase-9 (lane 3) were
isolated and purified from bacteria and their purity was determined by Coomassie Blue staining. Each caspase-9 protein was incubated with (lanes
7-9) or without (lanes 4-6) recombinant active caspase-3 (100 nM) for 1 h at 37°C. The samples were subsequently separated by SDS-PAGE and
immunoblotted using a polyclonal anti-caspase-9 antibody. (B) The non-cleavable D175A caspase-3 (lanes 1, 3 and 5) and catalytically inactive
C163A caspase-3 (lanes 2, 4 and 6) mutants were purified from bacteria, Coomassie-stained to assess purity and exposed to purified recombinant
caspase-8 (100 nM) for 1 h at 37°C. In the D175A caspase-3 preparation, two minor internal translation products of ~27 and ~29 kDa were present
(Fernandes-Alnemri et al., 1996), as well as a minor bacterial contaminant (*). (C) THP.I lysates were immunodepleted of caspase-9 or -3 and

(D) reconstituted with their corresponding wild-type or mutant caspases (200 nM). The reconstituted lysates were dATP-activated for 1 h at 37°C and
assayed for DEVDase activity as described in Materials and methods. The anti-caspase-3 antibody recognized a non-specific band (*) in lysates, which

served as a fortuitous loading control.

utilizing previously processed caspase-9. The apoptosome
containing recombinant p35 casp-9 also recruited and
activated endogenous caspase-3, which remained largely
associated with the complex (fractions 5-6, Figure 3A).
Although the concentrations of p35 casp-9 used in these
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experiments probably exceeded the normal endogenous
concentrations of caspase-9, this reconstituted system did
not completely activate all of the available procaspase-3
compared with control lysates (compare Figures 3A
and 2B). Therefore, potential modulators of caspase-9
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Fig. 2. The Apaf-1 apoptosome sequentially recruits, activates and retains caspases-9 and -3. (A) Unactivated control lysates, (B) dATP-activated
immunoprecipitated (IP) control lysates, (C) dATP-activated caspase-9-depleted lysates or (D) dATP-activated caspase-3-depleted lysates were
fractionated by gel filtration, as described in Materials and methods. Each fraction was mixed with 10X SDS loading buffer, separated by SDS-PAGE
and immunoblotted for Apaf-1, caspase-9 and/or caspase-3. The arrows represent either the unprocessed or processed form(s) of the caspases; a non-

specific band (*) was detected by the anti-caspase-3 antibody.

activity may have been removed during immuno-
depletion of endogenous procaspase-9; alternatively, p35
casp-9 may not fully mimic endogenous active caspase-9.
Nevertheless, the ability of p35 casp-9 to associate with
Apaf-1 in the apoptosome and to recruit and process
caspase-3 verified the usefulness of this in vitro model
(Figure 3).

Next, we examined lysates reconstituted with the non-
cleavable D315/330A casp-9 mutant. Although unpro-
cessed caspase-9 does support DEVDase activity in dATP
lysates (Stennicke et al., 1999; Figure 1D), the involve-
ment of the apoptosome in this process has not been

formally demonstrated. Indeed, we found that D315/330A
casp-9 associated normally with oligomerized Apaf-1
following dATP activation, and readily recruited and
activated caspase-3 (fractions 4-7, compare Figures 3B
and 2B). Moreover, the active caspase-3 remained
primarily associated with the apoptosome. Therefore,
caspase-9 need not be processed in order to recruit and
activate caspase-3 within the apoptosome.

Finally, we examined lysates reconstituted with the
catalytically inactive C287A casp-9 mutant. Although this
mutant could not support effector caspase activation
(Figure 1D), we questioned whether C287A casp-9 was
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Fig. 3. Recruitment of caspase-3 to the Apaf-1 apoptosome requires catalytically active processed or unprocessed caspase-9. Caspase-9-depleted
lysates were reconstituted with (A) fully processed wild-type p35 caspase-9, (B) non-cleavable D315/330A caspase-9 or (C) catalytically inactive
C287A caspase-9. Following dATP activation for 1 h at 37°C, the reconstituted lysates were fractionated and immunoblotted for caspases-9 and -3,
as described in Materials and methods. The arrows represent either the unprocessed or processed form(s) of the caspases; a non-specific band (*) was

detected by the anti-caspase-3 antibody.

unable to recruit caspase-3 to the apoptosome or was
simply unable to activate it. Following dATP activation,
C287A casp-9 bound to oligomerized Apaf-1 but was
incapable of effectively recruiting procaspase-3 to the
apoptosome (fractions 4-6, Figure 3C). The fact that
C287A casp-9 could not undergo normal autocatalytic
processing to form a fully processed caspase-9 enzyme
was not responsible for its lack of ability to recruit
caspase-3. Indeed, both D315/330A casp-9 and C287A
casp-9 are largely present within the apoptosome as
unprocessed caspase-9 enzymes (fractions 4-6, Figure 3B
and C), but only D315/330A casp-9 is capable of
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recruiting caspase-3 to the apoptosome. Thus, the
catalytically active cysteine present in the active site of
caspase-9 appears to be critical for recruitment of
caspase-3 to the apoptosome.

Caspase-9 recruits caspase-3 to the apoptosome
through recognition of a critical aspartate (D175)
residue in the effector caspase

Next, we wished to determine which residues in
caspase-3 might be critical for its recruitment to the
complex. As caspase-3 is processed at the IETD!5lS
site, located between its large and small subunits
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Fig. 4. Caspase-9 recruits caspase-3 to the Apaf-1 apoptosome via recognition of a critical aspartate (D175) residue. Caspase-3-depleted lysates were
reconstituted with (A) unprocessable D175A caspase-3 or (B) catalytically inactive C163A caspase-3. Following dATP activation for 1 h at 37°C, the
reconstituted lysates were fractionated and immunoblotted for caspases-9 and -3, as described in Materials and methods. The arrows represent either
the unprocessed or processed form(s) of the caspases; a non-specific band (*) was detected by the anti-caspase-3 antibody.

(Nicholson et al., 1995; Fernandes-Alnemri et al.,
1996), we questioned whether this residue in caspase-3
might be required for its recruitment to the apopto-
some. Therefore, we immunodepleted lysates of
procaspase-3 (Figure 1C) and reconstituted them with
D175A casp-3, which, as expected, did not support
DEVDase activity following dATP  activation
(Figure 1D). Examination of the lysates by gel
filtration revealed that Apaf-1 was oligomerized (data
not shown) and caspase-9 was processed normally
(fractions 4-7, Figure 4A). However, almost all the
D175A casp-3 mutant remained outside the apopto-
some as the unprocessed proenzyme (fractions 16-22,
Figure 4A). Thus, recruitment of caspase-3 to the
apoptosome ultimately requires an interaction between
the active site cysteine in caspase-9 and the D175
residue in caspase-3. As with all proteases, caspases
appear to bind their substrates very tightly in the
transition state, but only weakly (K,, in the micromolar
range) in the ground state (Stennicke and Salvesen,
1999). Therefore, the absence of the C287 residue in
caspase-9 or the D175 residue in caspase-3 probably
inhibits formation of a normal tetrahedral intermediate
necessary for substrate catalysis and, in effect, physic-
ally prohibits recruitment of procaspase-3 to the
apoptosome.

Both active and inactive caspase-3 remain
associated with the apoptosome as long as
caspase-3 is processed

At this point, all our experiments indicated that catalyti-
cally active processed or unprocessed caspase-9 was
required for caspase-3 recruitment to the apoptosome,
based on the presence of active, processed caspase-3
within the complex. Consequently, we questioned whether
caspase-3 must be active or merely processed in order to
maintain its association with the apoptosome. Therefore,
we reconstituted caspase-3-depleted lysates with catalytic-
ally inactive C163A casp-3. Following dATP activation,
Apaf-1 oligomerized normally (data not shown) and
recruited and processed endogenous caspase-9 (fractions
4-7, Figure 4B). Most importantly, however, the C163A
casp-3 mutant was efficiently recruited to the apoptosome
(fractions 4-7, Figure 4B), as this mutant contained the
critical D175 residue required for normal caspase-3
recruitment. Since the endogenous processed caspase-9
was present in the apoptosome, C163A casp-3 was
processed to its p20 form and remained associated with
the apoptosome complex (fractions 4-7, Figure 4B).
However, since the p20 form of C163A casp-3 was
inactive (Figure 1D), it did not remove its prodomain
through autocatalytic processing to generate its p17 form
(Han et al., 1997). Therefore, the processing of caspase-3,
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and not its activity, was required for its retention within the
apoptosome.

The C163A casp-3 mutant, unlike wild-type caspase-3
or DI75A casp-3, was present in significant amounts
within the apoptosome as the unprocessed proform of the
enzyme. The C163A casp-3 mutant was not fully
processed, possibly because it had a somewhat different
conformation from wild-type caspase-3, or perhaps within
the context of the apoptosome, active caspase-3 partici-
pated in its own initial processing between its large and
small subunits. Highly active, recombinant caspase-8
(100 nM) was also incapable of fully processing C163A
casp-3 in the same period of time (lane 6, Figure 1B).
Nevertheless, since the products of most enzymic reac-
tions do not remain associated with the active site of the
enzymes, we deemed it likely that the proform of C163A
casp-3 in the apoptosome was associated with active
processed caspase-9 and that the processed p20 form of
C163A casp-3 was associated with some other protein in
the complex.

Processed caspases-9 and -3 associate with Apaf-1
and XIAP in the apoptosome

Since XIAP interacts directly with active caspases-3 and
-7 in vitro and is the most potent caspase inhibitor of all
known IAPs (Deveraux et al., 1998), and given that XIAP
binds processed C163A casp-3 with significantly greater
affinity than unprocessed C163A casp-3 (Sun et al., 1999),
we speculated that XIAP might physically associate with
the apoptosome and hold processed caspase-3 within the
complex. Consequently, we examined normal lysates for
the presence of this IAP. In unactivated lysates, XIAP was
present in ~200-700 kDa complexes. Following dATP
activation, most of these complexes increased in size to
~350-700 kDa, with the majority co-eluting with the
apoptosome and some with the ‘micro-apoptosome’
complexes (Figure 5A). In activated lysates, XIAP was
also cleaved into several fragments, including the BIR3-
RING fragment (Deveraux et al., 1999), and each co-
eluted with the apoptosome (Figure SA).

Co-elution of Apaf-1, caspase-9, caspase-3 and XIAP in
the same high molecular weight fractions suggested that
they might be present within the same complex (Figures
2B and 5A). To test this hypothesis, we performed
immunoprecipitation experiments using both control and
dATP-activated lysates, predicting that relevant apopto-
some interactions would occur primarily in activated
lysates. Immunoprecipitation of caspase-9 revealed an
association with both Apaf-1 and XIAP that occurred
primarily in dATP-activated lysates (compare lanes 2 and
4, Figure 5B). Caspase-9 presumably associated with
Apaf-1 through CARD-CARD interactions (Li et al.,
1997; Qin et al., 1999) and with XIAP through active
site—-BIR3 interactions (Deveraux et al., 1999; Sun et al.,
2000). All of the immunodetectable caspase-3/-8 cleavage
products of XIAP contained the BIR3 domain and each
was co-immunoprecipitated with caspase-9 (compare
lanes 2 and 4, Figure 5B). This observation was signifi-
cant, because all of these cleavage products, including the
BIR3-RING fragment (Deveraux et al., 1999), were
associated primarily with the apoptosome fractions
(fraction 5, Figure 5A). Based on these experiments, we
speculated that XIAP might associate with oligomerized
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Apaf-1, at least in part, through an interaction with
processed caspase-9 (model 1, Figure 7).

Similarly, immunoprecipitation of caspase-3 revealed
an interaction with both Apaf-1 and XIAP (compare lanes
2 and 4, Figure 5C). Since caspase-3 does not contain an
obvious domain, such as a CARD, which would enable it
to bind Apaf-1 directly, it was not immediately clear how
caspase-3 might associate with Apaf-1. The association of
caspase-3 with XIAP was more readily interpretable.
Caspase-3 associated primarily with full-length XIAP in
dATP-activated lysates (and possibly with undetectable
BIR1-BIR2 fragments), but, in contrast to caspase-9, did
not associate with the BIR3 fragments (compare lanes 2
and 4, Figure 5B and C). This was consistent with recent
reports that the BIR3 domain of XIAP binds caspase-9,
while the BIR2 domain and a few key residues in the linker
region between the BIR1 and BIR2 domains bind
caspase-3 (Takahashi et al., 1998; Sun et al., 1999,
2000). In order to verify that the interactions of active
caspases-9 and -3 with Apaf-1 and XIAP were selective
and not a function of non-specific adherence, we also
performed Hsp27 and Hsp60 immunoblots as immuno-
precipitation controls, as both proteins were highly
abundant in our lysate preparation. Neither Hsp27 (data
not shown) nor Hsp60 associated with caspase-3 or -9 in
control or dATP-activated lysates (Figure 5B and C).
Interestingly, Hsp27 and Hsp60 have been reported to
interact with unprocessed and processed caspase-3,
respectively (Samali et al., 1999; Pandey et al., 2000).
However, we were unable to confirm these interactions
under our given experimental conditions.

Immunoprecipitation of XIAP in control and dATP-
activated lysates failed to detect the previously identified
interactions of XIAP with caspase-3 or -9 (data not shown),
suggesting that the XIAP antibody used probably disturbed
XIAP—protein interactions. Consequently, we added en-
dogenous amounts of recombinant purified glutathione
S-transferase (GST)-XIAP (~60 nM) to THP.1 lysates and
activated them with dATP. XIAP—protein complexes were
subsequently co-precipitated using glutathione (GSH)-
Sepharose beads. GST-XIAP, and not GST alone, inter-
acted with caspases-9 and -3, and with Apaf-1, but
only following activation by dATP (compare lanes 3-6,
Figure 6C) further supporting the notion that Apaf-1,
caspase-9, caspase-3 and XIAP might exist in a single
apoptosome complex.

XIAP associates directly with Apaf-1 in the
apoptosome and is partially responsible for
maintaining active caspase-3 within the complex
Although our experiments demonstrated an apparent
complex between Apaf-1, caspase-9, caspase-3 and
XIAP in dATP-activated lysates, it remained unclear
whether active caspase-3 associated with the apoptosome
through a direct interaction with Apaf-1 or an indirect
interaction with XIAP (or another unidentified protein).
We were unsuccessful in our attempts to co-immuno-
precipitate active caspase-3 with an anti-caspase-9 anti-
body (and vice versa) in dATP-activated lysates (data not
shown). Therefore, it appeared that processed caspase-3
was not associated with Apaf-1 via an interaction with
either caspase-9 alone or caspase-9—XIAP complexes.
Although it is formally possible that XIAP could
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Fig. 5. Co-immunoprecipitation of Apaf-1, caspase-9, caspase-3 and XIAP. (A) Control and dATP-activated THP.1 lysates were fractionated by gel
filtration. The fractions were separated by SDS-PAGE and immunoblotted for XIAP using an antibody raised against its C-terminus. Control and
dATP-activated lysates (~15 mg/ml) were immunoprecipitated with an antibody against (B) caspase-9 or (C) caspase-3 and the resulting immuno-
complexes were recovered by centrifugation. The supernatants (S) and washed immunocomplexes (P) were separated by SDS-PAGE and western
blotted (WB) for Apaf-1, XIAP or Hsp60. (D) Lysates were pretreated with DEVD-CHO (200 nM) for 1 h at 4°C and subsequently dATP-activated

at 37°C for 1 h. The lysates were fractionated by gel filtration and analyzed by SDS—PAGE/immunoblotting for caspases-9 and -3, as described in
Materials and methods. The arrows represent either the full-length proteins or, in the case of XIAP, various cleavage products. Bands corresponding to
the light chain (LC) or heavy chain (HC) of the immunoprecipitated antibodies are also shown. Separation of the LC and the BIR3-RING fragment
was difficult, but this fragment was only apparent in caspase-9 immunocomplexes obtained from dATP-activated lysates. Non-specific bands (*) were

detected by the XIAP or caspase-3 antibodies.

simultaneously bind both caspases-9 and -3 through
distinct BIR domains, this did not appear to be the case.
Therefore, caspase-3 is not bound to the apoptosome
through a sequential Apaf-1-caspase-9—XIAP—caspase-3
complex. However, it was still feasible that XIAP might
directly associate with Apaf-1 and simultaneously bind
and retain caspase-3 within the apoptosome (or vice
versa), without any requirement for caspase-9.

Acetyl-Asp-Glu-Val-Asp aldehyde (DEVD-CHO) is a
relatively specific caspase-3 inhibitor, which inhibits the
interaction between active caspase-3 and XIAP in vitro by
blocking the substrate binding site of caspase-3 (Sun et al.,
1999). We reasoned that if caspase-3 was held in the
apoptosome via an interaction with XIAP, DEVD-CHO
should initiate release of caspase-3 from the complex. As
expected, DEVD-CHO did not significantly alter Apaf-1
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Fig. 6. XIAP directly associates with Apaf-1 and retains active caspase-3 within the apoptosome. THP.1 lysates were activated with dATP (lanes 2, 4,
6, 7 and 8) for 1 h at 37°C in the presence of GST (lanes 3 and 4) or GST-XIAP (lanes 5-8). In some treatments, the lysate was pretreated for 15 min
with DEVD-CHO (200 nM) (lane 7) or z-VAD-FMK (25 uM) (lane 8). A small aliquot of each sample was immediately assayed for (A) DEVDase
activity and the remainder incubated with GSH—Sepharose beads (20 pl) overnight at 4°C. Following centrifugation, supernatants were collected and
the beads thoroughly washed (four times) with assay buffer. (B) Supernatants and (C) GST-XIAP/protein complexes were subsequently mixed with
2X SDS loading buffer, separated by SDS-PAGE and immunoblotted for Apaf-1, caspase-9, caspase-3 and/or XIAP. Similarly, caspase-9-depleted
lysates were activated with dATP (lanes 2, 4 and 6) in the presence of GST (lanes 3 and 4) or GST-XIAP (lanes 5 and 6). A small aliquot of each
sample was assayed for (D) DEVDase activity and the remainder incubated with GSH—Sepharose beads (20 pl) overnight at 4°C. After centrifugation,
the resulting (E) supernatants and (F) GST-XIAP/protein complexes were separated by SDS-PAGE and immunoblotted for Apaf-1, caspase-3 and/or
XIAP, as described above. All Apaf-1 western blots are presented at the same exposures; ‘WL’ represents the total amount of Apaf-1 present in each

whole lysate that was available to interact with GST-XIAP.

oligomerization (data not shown) or the recruitment and
processing of caspase-9 (fractions 4-7, compare Figures
2B and 5D). In addition, DEVD-CHO did not significantly
inhibit the activity of caspase-9, and thus allowed for
processing of caspase-3 from its unprocessed to p20 form
(fractions 17-22, Figure 5D). Only the autocatalytic
processing of caspase-3 from its p20 to pl7 form was
totally inhibited, indicating that this concentration of
DEVD-CHO selectively inhibited caspase-3 activity
(fractions 17-22, Figure 5D). Significantly, however, in
the presence of DEVD-CHO there was no longer any
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processed p20 associated with the apoptosome or ‘micro-
apoptosome’ fractions (compare fractions 4—7 and 10-13,
Figures 2B and 5D). In fact, all of the processed caspase-3
was present as free, unbound processed enzyme (fractions
17-22, Figure 5D). These data support the hypothesis that
DEVD-CHO had selectively facilitated the release of
caspase-3 from the apoptosome by disturbing an inter-
action between XIAP and processed caspase-3, and
imply that caspase-3 might be associated with the
apoptosome in a sequential Apaf-1-XIAP-caspase-3
complex (model 2, Figure 7). However, other possibilities
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Fig. 7. Models for sequential recruitment and activation of caspases-9
and -3 and retention by XIAP. Apaf-1 undergoes cytochrome ¢/dATP-
dependent oligomerization and recruits caspase-9 to the apoptosome
through CARD-CARD interactions. Active (pro)caspase-9 then
associates with XIAP (1) and/or recruits caspase-3 to the apoptosome
through interactions involving the C287 residue in caspase-9 and the
D175 residue in caspase-3. Following its activation, active caspase-3 is
retained within the apoptosome via an interaction with XIAP, which is
simultaneously associated with Apaf-1 (2).

could not be excluded, since DEVD-CHO could also
potentially inhibit interactions between the active site of
caspase-3 and additional proteins. Therefore, we examined
the effects of DEVD-CHO and benzyloxycarbonyl-Val-
Ala-Asp-(OMe) fluoromethyl ketone (z-VAD-FMK) on
the ability of XIAP to associate with Apaf-1. In contrast to
DEVD-CHO, z-VAD-FMK is a pan-caspase inhibitor that
irreversibly binds the active site cysteine in all known
caspases. We reasoned that if XIAP was directly associ-
ated with Apaf-1 and active caspase-3 in an Apaf-1-
XIAP-caspase-3 complex (model 2, Figure 7), DEVD-:
CHO would probably not inhibit the association of XIAP
with Apaf-1, but would release caspase-3 from the
apoptosome, as already demonstrated (fractions 17-22,

Caspases, XIAP and the apoptosome

compare Figures 2B and 5D). Alternatively, if XIAP was
indirectly associated with Apaf-1 and the apoptosome via
an active site interaction with caspase-3 (Apaf-1—
caspase-3—XIAP complex; model 3, Figure 7) or caspase-9
(Apaf-1-caspase-9-XIAP complex; model 1, Figure 7),
the presence of DEVD-CHO or z-VAD-FMK, respect-
ively, should disrupt the association of XIAP with Apaf-1.
As anticipated, both DEVD-CHO and z-VAD-FMK
inhibited the interaction of XIAP with processed caspase-3
(compare lane 6 with lanes 7 and 8, Figure 6C).
DEVD-CHO did not prevent caspase-9 from processing
caspase-3 to its p20 form (compare lanes 6 and 7,
Figure 6B), but did prevent XIAP from binding to p20
casp-3 by sterically hindering access of XIAP to the active
site of p20 casp-3 (compare lanes 6 and 7, Figure 6C; Sun
et al., 1999). In contrast, z-VAD-FMK precluded any
interaction of XIAP with processed caspase-3 (compare
lanes 6 and 8, Figure 6C), as it blocked the activity of
caspase-9 and prevented formation of p20 casp-3 (com-
pare lanes 6 and 7 with lane 8, Figure 6B). However,
neither DEVD-CHO nor z-VAD-FMK disrupted the
association of XIAP with Apaf-1 (compare lane 6 with
lanes 7 and 8, Figure 6C), indicating that caspase-3 was
probably not responsible for maintaining the presence of
XIAP within the apoptosome in an Apaf-1—caspase-3—
XIAP complex (model 3, Figure 7). Therefore, these data
further support the idea that caspase-3 associates with the
apoptosome via XIAP in an Apaf-1-XIAP—caspase-3
complex (model 2, Figure 7).

However, while z-VAD-FMK prevented an association
between XIAP and caspase-3 by preventing activation of
caspase-3, it did not disrupt the association of XIAP with
processed caspase-9 (compare lanes 6 and 8, Figure 6C).
Thus, in stark contrast to BIR2—caspase-3 interactions, it
appeared that the BIR3 domain of XIAP might make
contact with processed caspase-9 at residues outside
the active site of the enzyme, or at sites not sterically
hindered by the presence of z-VAD-FMK. However, it
was also possible that z-VAD-FMK inhibited direct
XIAP—caspase-9 interactions, but that some caspase-9
remained indirectly associated with XIAP via Apaf-1 in an
XIAP-Apaf-1-caspase-9 complex. Thus, we were unable
to determine whether caspase-9 was responsible for
maintaining the presence of XIAP in the apoptosome or
if XIAP directly associated with Apaf-1. In order to
confirm the existence of an Apaf-1-XIAP-caspase-3
complex (model 2, Figure 7), we needed to establish that
XIAP could bind Apaf-1 in the absence of caspase-9. As
already noted, the absence of caspase-9 in lysate had no
effect on Apaf-1 oligomerization (data not shown), but did
prevent the recruitment, activation and association of
active caspase-3 with the apoptosome (compare Figure 2B
and C). Consequently, we repeated the GST-XIAP pull-
down experiments with caspase-9-depleted lysates to
determine whether XIAP remained associated with
oligomerized Apaf-1. As anticipated, activation of
caspase-9-depleted lysates with dATP did not result in
processing of caspase-3 or any increase in DEVDase
activity (compare lanes 1 and 2, Figure 6D and E).
However, strikingly, XIAP still associated with Apaf-1
and did so almost exclusively in dATP-activated lysates
(compare lanes 5 and 6, Figure 6F). Thus, XIAP was
capable of selectively binding to oligomerized Apaf-1,
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even in the absence of caspase-9 or active caspase-3.
Therefore, it appears that XIAP probably associates with
the apoptosome through an interaction with Apaf-1 and is
able to form an Apaf-1-XIAP—caspase-3 complex
(model 2, Figure 7).

Concluding remarks

Many of the biochemical processes that take place within
the cell do so within large multiprotein complexes and, not
surprisingly, the activation of caspases appears no differ-
ent (Bratton et al., 2000). In particular, the activity of
caspase-9 is dependent upon its interaction with oligomer-
ized Apaf-1 (Rodriguez and Lazebnik, 1999); within the
context of the apoptosome, we have now demonstrated
that both the active site cysteine in caspase-9 and the
cleavage site aspartate (D175) in caspase-3 are required
for efficient recruitment and activation of caspase-3
(Figures 2—4). Surprisingly, caspase-3 remained associ-
ated with the apoptosome following its activation, sug-
gesting that endogenous caspase inhibitors might be
associated with the apoptosome. We subsequently dem-
onstrated for the first time that XIAP associates directly
with the apoptosome and modulates the activation and
retention of effector caspases within the complex (Figures
5B and C and 6). XIAP may associate with the apoptosome
via an interaction with processed caspase-9 in an
Apaf-1-caspase-9—XIAP complex (model 1, Figure 7).
However, XIAP can bind to Apaf-1 in the absence of
caspase-9 (Figure 6F) and can simultaneously bind and
retain active caspase-3 within the apoptosome in an
Apaf-1-XIAP—caspase-3 complex (model 2, Figure 7).
Whether XIAP associates directly with Apaf-1 or does so
via an additional unknown protein is not clear.

Our data do not preclude the presence of additional
complexes. XIAP is present within the cell as high
molecular weight complexes even in the absence of
oligomerized Apaf-1 (Figure 5A) and probably binds to
active caspases independent of the apoptosome (Figure 7).
Conversely, not all of the active caspases present in the
apoptosome are associated with XIAP. Indeed, a signifi-
cant portion of active caspase-3 did not co-precipitate with
GST-XIAP (lane 6, compare Figure 6B and C). Both
cIAP-1 and cIAP-2 co-elute with apoptosome fractions
obtained from dATP-activated lysates (data not shown)
and may similarly contribute to the retention of active
caspases within the apoptosome. However, we have
previously demonstrated DEVDase activity within the
apoptosome (Cain et al., 1999), suggesting that uninhib-
ited, active caspase-3 is also bound to the apoptosome via
additional unknown proteins.

Although processed caspase-3 remained largely associ-
ated with the apoptosome, whether it was active or bound
to IAPs, some active caspase-3 was released from the
apoptosome and was present in the ‘micro-apoptosome’
complexes or as the free enzyme (Figures 2-4). The
factors that eventually mediate release of active caspase-3
from the apoptosome are currently under investigation, but
preliminary studies suggest that ionic strength plays a role
in this process. Nevertheless, it is intriguing to consider
how apoptosome-bound active caspase-3 might serve an
important function during apoptosis. A recent study
(Faleiro and Lazebnik, 2000) suggests that apoptosome
complexes are in direct contact with the nuclear membrane
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during apoptosis and that active caspase-9 may play an
early role in the breakdown of the nuclear—cytoplasmic
barrier. Therefore, one might envisage that, following
inactivation of nuclear pores by caspase-9, apoptosome-
bound active caspase-3 might be in an ideal position to be
released and efficiently shuttled into the nucleus, where it
serves to cleave a number of critical substrates (Earnshaw
et al., 1999). In such a scenario, apoptosome-bound IAPs
would serve to immediately inhibit caspases-9 and -3 and/
or prevent release of caspase-3 from the apoptosome. After
a modest stress in which only a small portion of caspases
are activated, these IAPs would probably prevent apopto-
sis, whereas after a major insult, the activation of too
many apoptosome complexes and active caspases would
overcome the protective effect of IAPs, resulting in cell
death.

Materials and methods

Preparation of recombinant caspases and XIAP

Several recombinant wild-type and non-cleavable or inactive mutant
caspases (Figure 1) were expressed in Escherichia coli BL-21(DE3) and
purified on NiZ*~Sepharose beads, as previously described (Srinivasula
et al., 1996). The non-cleavable mutant caspases were incubated with
appropriate active caspases to confirm the mutations in the recombinant
proteins (Figure 1A and B). A minor contaminant (p34), due to bacterial
processing, was present in both the p35 casp-9 and D315/330A casp-9
preparations (Figure 1A); however, this contaminant does not add
significantly to their activity (Stennicke et al., 1999). GST-tagged XIAP
was expressed and purified on GSH-Sepharose beads as previously
described (Deveraux et al., 1999).

Preparation and activation of naive and immunodepleted
cell lysates

Human monocytic THP.1 cells were grown in RPMI 1640, supplemented
with 10% heat-inactivated fetal bovine serum in 5% CO, at 37°C. Cell
lysates were prepared as previously described (Cain et al., 1999). For the
immunodepletion experiments, lysates were incubated for 2 h with 500 ul
of protein G-Sepharose beads (50% slurry, precoated with 4% bovine
serum albumin) coated with antibodies against caspase-9 or -3. Partially
immunodepleted supernatants were collected by centrifugation and
subjected to a second round of immunodepletion to deplete caspases
completely. In vitro activation of caspases in both normal and
immunodepleted lysates was initiated by incubating lysates (10 mg/ml)
with dATP/MgCl, (2 mM) at 37°C. In some experiments, wild-type or
mutant caspase-9 or -3 (200 nM) proteins were added to immunodepleted
lysates before activation. Exogenous cytochrome ¢ was not required for
any of these experiments, as it was released during lysate preparation. As
a marker of effector caspase activation, DEVDase activity was measured
in activated lysates (Cain et al., 1999).

Immunoprecipitation experiments

In some experiments, both control and dATP-activated lysates were
incubated with protein G-Sepharose beads (Amersham Pharmacia
Biotech) precoated with anti-caspase-9 or -3 antibodies. The resulting
protein complexes were obtained by centrifugation, washed four times in
activation buffer [100 mM HEPES, 0.1% (w/v) CHAPS, 10 mM
dithiothreitol (DTT), 10% (w/v) sucrose pH 7.0] and immunoblotted
for various components of the apoptosome, including Apaf-1, caspase-9
and caspase-3. In other experiments, purified recombinant GST-XIAP
(~60 nM) was added to lysates before activation by dATP. GST-XIAP
protein complexes and their corresponding supernatants were obtained
from control and dATP-activated lysates using GSH—Sepharose beads
(Amersham Pharmacia Biotech) and immunoblotted for various
components of the apoptosome. Both endogenous and recombinant
XIAP were detected using an antibody raised against the C-terminus of
the protein (amino acids 268-426) (Transduction Laboratories/
Pharmingen, San Diego, CA). Consequently, this antibody recognizes
the full-length protein, as well as any cleavage product containing the
BIR3 domain, such as the BIR3-RING fragment (Deveraux et al., 1999),
but not the corresponding BIRI-BIR2 fragment.



Analysis of the apoptosome and micro-apoptosome
complexes

In order to assess the effects of various caspase mutants or caspase
inhibitors (DEVD-CHO or z-VAD-FMK) on the recruitment, processing
and release of various caspases from the apoptosome and micro-apopto-
some complexes, we used gel filtration techniques previously described
(Cain et al., 1999). Briefly, activated lysate proteins (10 mg) were eluted
(0.4 ml/min; 4°C) from a HiPrep 16/60 S-300 Sephacryl high-resolution
column (Amersham Pharmacia Biotech) using column buffer (20 mM
HEPES, 0.1% (w/v) CHAPS, 5 mM DTT, 5% (w/v) sucrose pH 7.0).
Fractions (2 ml) were collected and preserved in 10X SDS loading buffer.
Samples were later analyzed by western blotting for changes in the
distribution or processing of Apaf-1, caspases-3 and -9 and XIAP as
previously described (Cain et al., 1999). We have recently identified the
presence of two apoptosome complexes in lysates, an inactive ~1.4 MDa
complex and an active ~700 kDa complex (Cain et al., 2000).
Unfortunately, resolution of these two complexes could only be achieved
using Superose-6 chromatography, a technique that requires the presence
of salt in the eluting buffer and consequently displaces effector caspases
from the apoptosome. Both the ~1.4 MDa and the ~700 kDa complexes
contain oligomerized Apaf-1 and processed caspase-9, and with regard to
these components, appear indistinguishable. However, only the ~700 kDa
complex is capable of processing effector caspases. Thus, in the present
studies, these two complexes co-elute and contain similar levels of Apaf-1
and caspase-9, but all of the effects related to recruitment and processing
of effector caspases can be attributed to the ~700 kDa complex.
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