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Abstract
Ligation of death receptors or formation of the Apaf-1
apoptosome results in the activation of caspases and
execution of apoptosis. We recently demonstrated that X-
linked inhibitor-of-apoptosis protein (XIAP) associates with
the apoptosome in vitro. By utilizing XIAP mutants, we now
report that XIAP binds to the `native' apoptosome complex via
a specific interaction with the small p12 subunit of processed
caspase-9. Indeed, we provide the first direct evidence that
XIAP can simultaneously bind active caspases-9 and -3 within
the same complex and that inhibition of caspase-3 by the
Linker-BIR2 domain prevents disruption of BIR3-caspase-9
interactions. Recent studies suggest that inhibition of
caspase-3 is dispensable for its anti-apoptotic effects.
However, we clearly demonstrate that inhibition of caspase-
3 is required to inhibit CD95 (Fas/Apo-1)-mediated apoptosis,
whereas inhibition of either caspase-9 or caspase-3 prevents
Bax-induced cell death. Finally, we illustrate for the first time
that XIAP mutants, which are incapable of binding to
caspases-9 and -3 are completely devoid of anti-apoptotic
activity. Thus, XIAP's capacity to maintain inhibition of
caspase-9 within the Apaf-1 apoptosome is influenced by its
ability to simultaneously inhibit active caspase-3, and
depending upon the apoptotic stimulus, inhibition of
caspase-9 or 3 is essential for XIAP's anti-apoptotic activity.
Cell Death and Differentiation (2002) 9, 881 ± 892. doi:10.1038/
sj.cdd.4401069
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Introduction

Apoptosis is a form of cell death that is essential for normal
development and homeostasis of adult tissues and is
characterized by specific morphological and biochemical
changes. These changes ordinarily result from the action of
aspartate-specific cysteine proteases, known as caspases.1,2

Caspases are synthesized as single-chain zymogens,
containing an N-terminal prodomain, as well as a large
(*20 kDa) and small (*10 kDa) subunit. Because the large
subunits are flanked by aspartic acid cleavage sites,
caspases can be activated by one another through unique
signal transduction pathways.3 In most cases, these path-
ways occur within large multimeric protein complexes, which
initially contain an apical caspase and its adapter molecule.4

For example, stimulation or overexpression of death recep-
tors, such as CD95 (Fas/Apo-1) or DR5 (TRAIL-R2), results in
recruitment of the adapter protein, Fas-associated death
domain (FADD), to the intracellular domain of the receptor.
FADD contains both a death domain (DD) and a death
effector domain (DED), which allows it to simultaneously
interact with homologous regions located in the receptor and
caspase-8, respectively. This complex of CD95, FADD and
caspase-8 is often referred to as the death-inducing signaling
complex (DISC), and its formation is required to activate
caspase-8.5

Many toxicants and radiation also induce activation of
caspases through a similar, yet distinct pathway. These
agents often perturb mitochondria, resulting in release of
cytochrome c.6,7 Although the mechanism(s) remain
unclear, pro-apoptotic Bcl-2 proteins, such as Bax and/or
Bak, appear to promote disruption or permeabilization of
the outer mitochondrial membrane, allowing free passage
of proteins from the inner mitochondrial membrane space to
the cytosol.8 Once released, cytochrome c acts in concert
with dATP or ATP to induce oligomerization of Apaf-1 into
an `apoptosome' complex.9 ± 13 This complex exists structu-
rally as a wheel-like particle with seven bent spokes that
radiate from a central hub.14 Procaspase-9 proteins are
apparently recruited to the central hub, where they undergo
proximity-induced, trans-catalytic processing. Remarkably,
the Apaf-1 apoptosome functions as a direct allosteric
regulator of caspase-9 activity (i.e. the Apaf-1/caspase-9
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complex is an active holoenzyme) and indeed both
processed and unprocessed caspase-9 proteins exhibit
significantly greater catalytic activity when associated with
the apoptosome.15 ± 18 In some instances, stimulation of
death receptors may also lead to formation of the
apoptosome. Indeed, caspase-8 may cleave and activate
the proapoptotic Bcl-2 (BH3-only) protein, Bid, which then
stimulates release of cytochrome c from mitochondria and
consequently, formation of the apoptosome.19,20 Both
caspases-8 and -9 amplify the apoptotic signal by recruiting
and activating numerous effector caspases, such as
caspases-3, -6 and -7, which are responsible for disman-
tling the cell by cleaving a variety of critical structural and
regulatory proteins.2,21,22

Inhibitor-of-apoptosis proteins (IAPs) are evolutionarily
conserved proteins that were first identified in baculo-
viruses. They contain tandem repeats of *70 amino
acids, termed baculovirus IAP repeat (BIR) domains, and
they frequently possess a C-terminal RING zinc finger
domain.23 Several IAPs have been identified in mamma-
lian cells, and some, but not all, directly inhibit caspases,
including X-linked IAP (XIAP; hILP/MIHA), ILP-2, ML-IAP
(Livin), cellular inhibitor of apoptosis protein-1 (cIAP-1/
HIAP-2/MIHB) and cIAP-2 (HIAP-1/MIHC).24 ± 26 XIAP, the
most potent of these caspase inhibitors, inhibits active
caspase-9 through its BIR3 domain and active caspases-3
and -7 through its Linker-BIR2 domain.18,27 ± 33 In addition,
XIAP possesses E3 ligase activity and thus, can
ubiquitinate active caspase-3 and target it for degradation
by the proteasome.34,35 The importance of caspase
inhibition by XIAP appears to be substantiated, in that
Smac, a `second-mitochondrial-activator-of-caspases' (also
known as DIABLO), antagonizes the interactions of XIAP
with processed caspase-9, and to a lesser extent, with
active caspase-3.18,36 ± 40 Nevertheless, it remains unclear
whether XIAP inhibits apoptosis solely through caspase
inhibition. Indeed, XIAP is thought to participate in
transforming growth factor-b (TGFb), bone morphogenetic
protein (BMP), c-Jun N-terminal kinase (JNK) and NF-kB
signalling pathways.41 ± 45 Moreover, its ability to inhibit
caspase-3 is reportedly dispensable for its antiapoptotic
activity.46

In a previous report, we established that XIAP
associates with the Apaf-1 apoptosome, apparently
through multiple interactions.16 We have now extended
these studies, utilizing full-length XIAP mutants in order to
specifically define the interactions of XIAP with the
`native' apoptosome complex. We find that XIAP associ-
ates with the apoptosome, primarily through an interaction
involving its BIR3 domain and the small p12 subunit in
processed caspase-9. Remarkably, maintenance of this
BIR3-caspase-9 interaction is dependent upon XIAP's
ability to simultaneously bind and inhibit active caspase-3
via its Linker-BIR2 domain. In contrast to previous
suggestions, we also find that direct inhibition of
caspase-3 by XIAP is essential for its protection against
certain forms of apoptosis. Furthermore, we clearly
demonstrate for the first time that the antiapoptotic effects
of XIAP can be entirely attributed to its inhibition of
caspases.

Results

BIR3-RING of XIAP associates with the Apaf-1
apoptosome

Previously, we demonstrated that dATP-activation of cell
lysates results in complete oligomerization of Apaf-1 into
apoptosome complexes, containing active caspases-9, -3
and -7, as well as XIAP.9,10,16,47 In the present studies, in
order to determine the specific domains in XIAP responsible
for its interaction with the `native' apoptosome, we first
examined two of its endogenous caspase-cleavage products,
BIR1-BIR2 and BIR3-RING.48,49 Since both fragments could
potentially exhibit overlapping specificities, we tested each
over a range of concentrations so that their relative affinities
for certain components of the apoptosome could be
ascertained.

In dATP-activated 293 cell lysates, full-length XIAP and
BIR3-RING bound oligomerized Apaf-1 and active caspase-
9 with similar affinities (Figure 1A, upper panels, lanes 2 ± 5
and 10 ± 13). However XIAP was significantly more potent
at inhibiting the initial processing of procaspase-3 to its p20
form (Figure 1A, lower panels, lanes 2 ± 5 and 10 ± 13). This
apparent discrepancy was probably because, unlike BIR3-
RING, XIAP also bound to and inhibited active caspase-3
(Figure 1A, lanes 2 ± 5 and 10 ± 13) and thus, prevented it
from participating in the processing of additional procas-
pase-3. Similarly, XIAP displayed a slightly higher affinity
for Smac than did BIR3-RING (Figure 1A, lanes 2 ± 5 and
10 ± 13), perhaps because XIAP also contains a BIR2
domain that can weakly bind to Smac (Figure 1A, lanes 6 ±
9). BIR1-BIR2 did not interact with either Apaf-1 or
caspase-9, but in contrast to BIR3-RING, did bind strongly
to processed caspase-3 and slightly inhibited the auto-
catalytic conversion of its p20 subunit to its p17 form
(Figure 1A, lanes 6 ± 9 and 10 ± 13).

Therefore, these results suggested that the BIR3-RING
domain in XIAP was either directly associated with
oligomerized Apaf-1 or indirectly associated with the
apoptosome via an interaction with caspase-9 or Smac.
In this regard, XIAP has recently been reported to interact
with a reconstituted apoptosome, containing only recombi-
nant Apaf-1 and caspase-9 proteins, through an interaction
with the small subunit of caspase-9.18

Linker-BIR2 mutant exhibits decreased affinity for
caspase-9 and Apaf-1, but increased affinity for
Smac/DIABLO

The inability of BIR1-BIR2 to interact with Apaf-1 in the
apoptosome was somewhat surprising to us, given that
caspase-3 associates with both oligomerized Apaf-1 and
XIAP.16 NMR, crystallographic and biochemical studies with
truncated and mutant XIAP proteins, indicate that the BIR2
domain, including an adjacent N-terminal linker region
(Linker-BIR2), is sufficient to inhibit caspase-3.29,30,32,33

Importantly, this linker region (residues 138 ± 156) lies across
the substrate binding cleft in caspase-3, in the reverse
orientation to the synthetic inhibitor DEVD.CHO, and inhibits
substrate binding.29 Asp-148 appears particularly important,
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as it forms hydrogen bonds with Arg-341, Ser-343, Trp-348
and Phe-381 in caspase-3, as well as a salt-bridge with Arg-
233, which helps to anchor caspase-3 next to the BIR2
domain.29 Consequently, introduction of a D148A mutation
into XIAP dramatically reduces its ability to inhibit caspase-
3.30,32,34

In order to exclude any possible role for caspase-3 in the
association of XIAP with oligomerized Apaf-1, we examined
XIAP(D148A) in our apoptosome assay. As anticipated, full-

length XIAP(D148A) (10 ± 250 nM) did not bind active
caspase-3, but did bind active caspase-9, because it
contained a functional BIR3 domain (Figure 1A, upper
panel, lanes 14 ± 17). Surprisingly, however, XIAP(D148A)
bound both caspase-9 and Apaf-1 with reduced affinity
compared to wild-type XIAP (Figure 1A, upper panels,
lanes 14 ± 17 and 2 ± 5), implying that the affinity of XIAP
for caspase-9 and Apaf-1 was enhanced when XIAP was
also bound to caspase-3.

Figure 1 Molecular determinants of XIAP-Apaf-1 apoptosome interactions. (A) GST-XIAP, its cleavage products, BIR1-BIR2 and BIR3-RING, and (B) various
caspase-3 and -9 binding mutants (10 ± 250 nM) were added to HEK 293 cell lysates (10 mg/ml). These lysates were subsequently activated with dATP (2 mM) and
MgCl2 (2 mM) for 10 min at 378C. A small aliquot of each sample was immediately assayed for DEVDase activity (pmol/min), and the remaining sample was
incubated with GSH-sepharose beads (20 ml) for 1 h at 48C. The bead-protein complexes (GST PD) were subsequently isolated by centrifugation, washed with ice-
cold PBS (36) and immunoblotted for Apaf-1, caspase-9, caspase-3 and/or Smac. A representative GST control (250 nM) is shown for comparison. Corresponding
supernatants were immunoblotted for caspase-3, in order to assess the initial processing of procaspase-3 by caspase-9 and the subsequent autocatalytic
processing of caspase-3 from its p20/p12 to its p17/p12 form
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In contrast, XIAP(D148A) bound Smac with increased
affinity compared to wild-type XIAP (Figure 1A, upper
panels, lanes 14 ± 17 and 2 ± 5). Although no structural data
are available, Smac is believed to interact with a binding
groove in BIR2 that is similar to the one in BIR3 (see
below). The small subunit of active caspase-3 contains an
N-terminal `SGVD' motif that is proposed to interact with
this putative binding groove.29 Therefore, under normal
circumstances, Smac may displace caspase-3 from the
Linker-BIR2 region by displacing this `SGVD' motif and
perhaps, by making a conformational change in BIR2 that
destabilizes the adjacent caspase-3-Linker interaction.
Consequently, since the D148A mutation in XIAP drama-
tically reduces the overall affinity of the Linker-BIR2 for
active caspase-3, Smac may have an increased advantage
over caspase-3 for binding into the BIR2 pocket in
XIAP(D148A).

XIAP mutants that fail to bind caspase-9 do not
associate with the Apaf-1 apoptosome

As already noted, the ability of BIR3-RING to bind Apaf-1 in
dATP-activated lysates, suggested that XIAP might bind the
apoptosome through an indirect association with either
caspase-9 or Smac (Figure 1A). Previous analysis of the
truncated BIR3 domain revealed the existence of a putative
caspase-9 binding site, which appeared to partially overlap
with a well-defined Smac binding pocket.18,31,50 ± 52 Indeed,
W310A and E314S mutations in BIR3 inhibit its binding to
caspase-9 and Smac, whereas mutation of His-343 to alanine
reportedly affects only its interaction with caspase-9.31,50

Structurally, Glu-314 is located in a negatively charged patch,
and His-343 and Trp-310 are located nearby, on the edge of a
basic patch that forms a shallow pocket on the surface of the
protein.31 An `ATPF' motif located on the N-terminus of the
small (p12) subunit of caspase-9, and a similar `AVPI' motif on
the N-terminus of mature Smac, appear to fit into this pocket
and are absolutely required for their interactions with
BIR3.18,50 ± 52

In our apoptosome model, we found that full-length
XIAP(W310A) did not bind to oligomerized Apaf-1 or
caspase-9 (Figure 1B, lanes 1 ± 4). However, since it
retained a normal Linker-BIR2 domain, it behaved similarly
to BIR1-BIR2 in that it bound weakly to Smac, but strongly
to processed caspase-3 and thus, partially inhibited
autocatalytic conversion of its p20 subunit to its p17 form
(Figure 1B, lanes 1 ± 4; Figure 1A, lanes 6 ± 9). We next
prepared XIAP(D148A/W310A) and found that it was totally
incapable of binding to Apaf-1, caspase-9 or caspase-3
(Figure 1B, upper panels, lanes 5 ± 8). Furthermore, this
double mutant did not inhibit the activation, autocatalytic
processing or DEVDase activity of caspase-3 at any
concentration (Figure 1B, lower panel, lanes 5 ± 8). In fact,
even though this protein contained a D148A mutation, and
might be expected to exhibit increased binding to Smac,
the excessive amount of active caspase-3 probably
precluded any chance of binding to Smac.

We previously reported that XIAP can interact with the
apoptosome in caspase-9-depleted THP.1 lysates,16 in-
dicating that a factor, other than caspase-9, might provide a

bridge between XIAP and Apaf-1. Therefore, since
XIAP(W310A) dramatically disrupted interactions with both
caspase-9 and Smac, we prepared XIAP(H343A) in order
to determine if Smac contributed to XIAP-Apaf-1 interac-
tions. Surprisingly, we found that in addition to binding
Smac, XIAP(H343A) could bind caspase-9 and Apaf-1,
albeit to a lesser extent than wild-type XIAP (Figure 1B,
lanes 9 ± 12; Figure 1A, lanes 2 ± 5). Moreover, the H343A
mutant inhibited caspase-9-mediated processing of procas-
pase-3, but was not as potent as wild-type XIAP (Figure
1B, lower panel, lanes 9 ± 12; Figure 1A, lower panel, lanes
2 ± 5). These results were in conflict with those previously
reported by Fesik and colleagues for the same mutant.31

Importantly, however, in their study, the H343A mutant was
introduced into a truncated BIR3 fragment (residues 252 ±
356) of XIAP.31 Therefore, we prepared BIR3-RING
(H343A) and found that it was indeed less effective at
binding caspase-9 compared to full-length XIAP(H343A),
but nonetheless still bound and inhibited caspase-9 at
higher concentrations (4100 nM; data not shown). These
results underscore the importance of testing the function-
ality of any mutation in full-length proteins. In any event,
when we generated XIAP(D148A/H343A), we found that it
could no longer bind Apaf-1, caspase-9 or caspase-3, but it
retained an ability to bind Smac (Figure 1B, lanes 13 ± 16).

Therefore, XIAP specifically associates with the Apaf-1
apoptosome via an interaction with caspase-9, at least in
HEK 293 cell lysates, since XIAP mutants that failed to bind
processed caspase-9, even when they maintained an
association with Smac, were unable to interact with the
native apoptosome. In monocytic THP.1 cells, it remains
unclear what additional factor(s) may be present that can
link XIAP with the apoptosome. Equally important, however,
were the observed differences in the binding of XIAP
(H343A) and XIAP(D148A/H343A) to caspase-9 (Figure
1B, upper panels, lanes 9 ± 12 and 13 ± 16). These data
once again suggested that the association of caspase-3
with the Linker-BIR2 influenced the binding of caspase-9 to
the BIR3 domain.

Inhibition of caspase-3 activity by the Linker-BIR2
of XIAP prevents processing of the caspase-9 p12
subunit and disruption of caspase-9-BIR3
interactions

The observed differences in caspase-9 binding between XIAP
and XIAP(D148A) (Figure 1A), as well as XIAP(H343A) and
XIAP(D148A/H343A) (Figure 1B), suggested that XIAP might
exhibit cooperative binding between its Linker-BIR2 and BIR3
domains. However, since all of the D148A mutants were
incapable of inhibiting active caspase-3, it was also possible
that caspase-3 might process procaspase-9 to its p37/p10
form, which cannot be inhibited by XIAP18 or alternatively,
might disturb existing caspase-9 (p35/p12)-BIR3 interactions
by converting the p12 to a p10 subunit. To address these two
possibilities, we examined XIAP and the D148A, H343A and
D148A/H343A mutants in the presence and absence of
DEVD.CHO. This reversible inhibitor selectively binds the
active site of caspase-3 and inhibits its processing of
substrates, such as caspase-9.53 However, in the presence
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of XIAP, DEVD.CHO also competes with the Linker-BIR2
domain for inhibition of caspase-3.16,30 Therefore, we
reasoned that if caspase-3 binding cooperatively increased
association of active caspase-9 with the BIR3 domain, the
presence of DEVD.CHO should decrease caspase-9 binding
to wild-type XIAP and the H343A mutant, but should have no
effect on D148A mutants, since these proteins are already
incapable of binding caspase-3. In contrast, if caspase-3
processed procaspase-9 to a p37/p10 heterotetramer, or
caspase-9 (p35/p12) to a p35/p10 heterotetramer, DEVD.
CHO should inhibit this cleavage and in turn, promote binding
of caspase-9 to the BIR3 domain in XIAP(D148A) and
XIAP(D148A/H343A) mutants.

DEVD.CHO, at the concentration utilized in these
experiments, inhibited the activity of caspase-3, including
its autocatalytic processing from a p20 to p17 subunit, but
did not inhibit the activation of caspase-9 or its ability to
initially process procaspase-3 (Figure 2A, B, lower panels).
XIAP, in the presence of DEVD.CHO, no longer associated
with processed caspase-3 and appeared to bind caspase-9
and Apaf-1 with slightly decreased affinity (Figure 2A, upper
panels, lanes 2 ± 6 and 7 ± 11). These data supported the
suggestion that some subtle cooperative binding might
indeed exist. However, DEVD.CHO increased binding of
caspase-9 and Apaf-1 to XIAP(D148A), XIAP(H343A) and
XIAP(D148A/H343A) (Figure 2A, B, upper panels). The
apparent affinity of XIAP(D148A) and XIAP(H343A) for
caspase-9 and Apaf-1 increased, such that binding was
readily observed at 50 nM, compared to 100 nM in the
absence of DEVD.CHO (Figure 2A, lanes 14 ± 16 and 19 ±
21; Figure 2B, lanes 5 ± 6 and 9 ± 11). Furthermore, in the
case of XIAP(D148A/H343A) (250 nM), this mutant could
only bind caspase-9 and Apaf-1 in the presence of
DEVD.CHO (Figure 2B, lanes 16 and 21).

Since the D148A mutants could not bind active caspase-
3, it appeared likely that DEVD.CHO was substituting for
the absence of a Linker-BIR2 domain. However, XIAP
(H343A) contained a functional Linker-BIR2 domain, which
should inhibit caspase-3 and yet, the presence of
DEVD.CHO still improved its binding to caspase-9 and
Apaf-1 (Figure 2B, lanes 5 ± 6 and 9 ± 11). It is important to
note, however, that the H343A mutant is somewhat
deficient in its ability to bind caspase-9 and inhibit the
activation of caspase-3, compared to wild-type XIAP.
Consequently, there was more processed caspase-3
present in the incubations containing XIAP(H343A), than
with XIAP (Figure 2B, lower panel, lanes 2 ± 4; Figure 2A,
lower panel, lanes 2 ± 3). Indeed, after careful examination,
we noticed an important trend in the data. In every
incubation, where large amounts of processed caspase-3
were present, the XIAP mutants exhibited significantly less
binding to caspase-9 and Apaf-1 (Figure 2A, lanes 12 ± 14;
Figure 2B, lanes 1 ± 4 and 12 ± 16). However, when
DEVD.CHO was present, binding to caspase-9 and Apaf-
1 was enhanced and observed at the next lowest
concentration (Figure 2A, lane 19; Figure 2B, lanes 9 and
21). Consequently, we immunoblotted all supernatants with
a specific antibody that recognizes only the p12 subunit,
and not the p10 subunit of caspase-9. Generally, we found
that the presence of a p12 subunit directly correlated with

binding of XIAP mutants to caspase-9 (Figure 2A, B, lower
panels). Therefore, in those incubations where active
caspase-3 was present, it processed the p12 subunit of
caspase-9 to a p10 subunit, and the resulting caspase-9
(p35/p10) heterotetramer was no longer capable of binding
to XIAP.

However, closer inspection of the data did reveal some
subtle inconsistencies. If caspase-9 (p35/p12) associates
with XIAP through p12-BIR3 interactions, which can be
disturbed by caspase-3 activity, then why did wild-type
XIAP (10 and 25 nM) bind caspase-9 and Apaf-1, even in
the absence of DEVD.CHO, when the p12 subunit was not
observed in supernatants (Figure 2A, lanes 2 ± 3)? Con-
versely, if DEVD.CHO fully substitutes for the absence of a
functional Linker-BIR2 and prevents caspase-3 from
processing the p12 subunit of caspase-9, then why was
the binding observed with XIAP(D148A) and XIAP(D148A/
H343A), in the presence of DEVD.CHO, not identical to
wild-type XIAP and XIAP(H343A), respectively (Figure 2A,
B, lanes 17 ± 21 compared to lanes 2 ± 6 or 7 ± 11)? We
propose that the answer to both questions involves the
relative capacities of the Linker-BIR2 and DEVD.CHO to
protect caspase-9 (p35/p12)-BIR3 interactions. Indeed, the
data support the hypothesis that by having a caspase-3
binding motif (Linker-BIR2) directly juxtaposed to the
caspase-9 binding site (BIR3), XIAP can specifically protect
the p12 subunit of bound caspase-9, far more effectively
than freely diffusible DEVD.CHO (Figure 5, model 3 versus
4). Furthermore, even at low concentrations of wild-type
XIAP, a functional Linker-BIR2 domain can preserve
established caspase-9-BIR3 interactions, but cannot inhibit
all caspase-3 activity outside the complex (Figure 2A, lanes
2 ± 3) and thus, cannot prevent processing of unbound
caspase-9.

XIAP simultaneously associates with caspases-9
and -3

In order for the Linker-BIR2 to inhibit caspase-3 and
consequently, preserve caspase-9-BIR3 interactions, XIAP
would have to be capable of binding both caspases-9 and -3
within the same complex. In our previous report, we indicated
that XIAP interacts with both caspases-9 and -3; however,
immunoprecipitation of caspase-9 did not reveal an interac-
tion with caspase-3 or vice versa,16 suggesting that all three
proteins were not present within the same complex. Never-
theless, as these native proteins were untagged, we could not
rule out the possibility that our antibodies disrupted caspase-
9/XIAP/caspase-3 complexes.

Therefore, in the present studies, we expressed
recombinant T7-tagged caspase-9 (p35/p12) and cas-
pase-3 (p17/p12) in bacteria and purified the enzymes to
homogeneity. We then incubated them in various combina-
tions with GST-tagged XIAP, and immunoprecipitated
complexes with anti-T7 antibodies. In the absence of
caspase-9, there were no nonspecific interactions between
the antibody-coated beads and XIAP or caspase-3 (Figure
3A, lane 3). T7-tagged caspase-9, however, did interact
strongly with XIAP (Figure 3A, lane 2). This indicates that
processed caspase-9 (p35/p12) can interact with XIAP,
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even when it is not bound to Apaf-1 and possesses very
little catalytic activity. Most importantly, caspase-9 could not
associate with active caspase-3 (Figure 3A, lane 1), unless
XIAP was also present in the incubation (Figure 3A, lane
4). Thus, XIAP can simultaneously bind to both processed
caspases-9 and -3 within the same complex, allowing for

the protection of caspase-9-BIR3 interactions via Linker-
BIR2-mediated inhibition of caspase-3.

Next, we isolated recombinant GST-XIAP/caspase-9
(p35/p12) complexes and incubated them with increasing
concentrations of active caspase-3. As expected, XIAP
maintained an interaction with caspase-9, so long as it

Figure 2 DEVD.CHO inhibits caspase-3-mediated disruption of caspase-9-BIR3 interactions in XIAP. (A and B) HEK 293 cell lysates were preincubated for
30 min at 48C, in the presence and absence of the caspase-3 inhibitor, DEVD.CHO (200 nM). GST-XIAP, GST-XIAP(D148A), GST-XIAP(H343A) or GST-
XIAP(D148A/H343A) (10 ± 250 nM) were then added, and the lysates were activated with dATP (2 mM) and MgCl2 (2 mM) for 10 min at 378C. A representative GST
control (250 nM), in the absence of DEVD.CHO, is shown for comparison; results with GST plus DEVD.CHO were essentially the same (data not shown). Protein
complexes were isolated, as described in the legend to Figure 1A, and were immunoblotted for Apaf-1, caspases-9 and -3. With respect to caspase-9, the protein
complexes were immunoblotted using an antibody that recognizes only the processed, large p35 subunit, whereas the supernatants were immunoblotted with an
antibody that recognizes only the processed, small p12 subunit. Supernatants were also immunoblotted for caspase-3, in order to assess the initial processing of
procaspase-3 by caspase-9, and to confirm that DEVD.CHO could inhibit the subsequent autocatalytic processing of caspase-3
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contained a small p12 subunit (Figure 3B, upper panel,
lanes 1 ± 4). Indeed, at modest concentrations, when XIAP
bound a significant portion of the available caspase-3,
caspase-9 was also observed in the complex (Figure 3B,
lanes 3 ± 4). However, at higher concentrations, much of
caspase-3 was not bound or inhibited by XIAP (Figure 3B,
lanes 5 ± 7). Consequently, caspase-3 processed the p12
subunit of caspase-9, causing caspase-9 to dissociate from
XIAP and relocalize to the supernatant fraction (Figure 3B,
lanes 5 ± 7). Thus, as was the case with native XIAP-
apoptosome complexes, unrestrained activity of caspase-3
negatively affected the binding of XIAP to caspase-9.

XIAP inhibits CD95- and Bax-induced apoptosis
exclusively through inhibition of caspases

As already noted, there has been significant debate as to the
relative importance of caspase inhibition (in particular
caspase-3 inhibition) to the antiapoptotic effects of XIAP.
Given that we had characterized a number of full-length XIAP
mutants, at least in regard to their association with caspases,
Smac and the apoptosome, we subsequently examined the
antiapoptotic effects of these mutants in vivo. In order to
assess their effects against death receptor- and stress (or
mitochondrial)-induced apoptosis, we ectopically expressed
XIAP (or one of its mutants) along with CD95 or Bax.
Expression of CD95 alone led to a significant decrease in cell
viability, which was completely alleviated by coexpression of

wild-type XIAP (Figure 4A). In addition, when cells were
cotransfected with XIAP(W310A) or XIAP(H343A), two
mutants which displayed complete or partial defects in
caspase-9 binding (Figure 1B), CD95-mediated apoptosis
was still largely inhibited (Figure 4A). However, when cells
were cotransfected with XIAP(D148A), XIAP(D148A/W310A)
or XIAP(D148A/H343A), there was no significant protection
against cell death (Figure 4A). Indeed, only XIAP mutants,
that lacked the capacity to bind and inhibit caspase-3,
exhibited a loss in antiapoptotic function. Therefore, in these
so-called Type I cells, in which mitochondria play little if any
role in death receptor-mediated cell death,54 inhibition of
caspase-3 by XIAP was sufficient to fully protect against
CD95-mediated apoptosis (Figure 4A). Importantly, we and
others have also demonstrated that during CD95 or DR5-
induced apoptosis in Type II cells, permeabilization of
mitochondria is required to release Smac/DIABLO, which
subsequently antagonizes XIAP-mediated inhibition of cas-
pase-3.40,55,56 Thus, despite previous reports,46 inhibition of
caspase-3 appears to be a general mechanism by which
XIAP inhibits death receptor-induced apoptosis.

Cell death induced by Bax overexpression was some-
what more complicated. Wild-type XIAP, as well as the
D148A, W310A and H343A mutants significantly protected
cells against Bax-mediated apoptosis, indicating that an
ability to inhibit either caspase-3 or caspase-9 was
sufficient to inhibit cell death (Figure 4B). Surprisingly,
however, XIAP(D148A/H343A) also inhibited Bax-induced

Figure 3 XIAP simultaneously associates with caspases-9 and -3, but BIR3-p12 caspase-9 interactions are susceptible to `clipping' by excessive caspase-3. (A)
Purified GST-XIAP (60 nM), T7-tagged caspase-9 (p35/p12) (200 nM) and active caspase-3 (p17/p12) (200 nM) were incubated together, as indicated, for 15 min at
258C. Beads coated with anti-T7 antibodies were subsequently added to each sample and incubated for an additional 45 min at 258C. XIAP/caspase-9/caspase-3
complexes were then isolated by centrifugation, washed and analyzed by SDS ± PAGE/Western blotting. The asterisk (*) denotes cross reactivity with the heavy or
light chains of the T7 antibody. (B) Similarly, GST-XIAP (60 nM) was incubated with excess caspase-9 (p35/p12) for 30 min at 48C. The GST-XIAP/caspase-9
complexes were then isolated with GSH-sepharose beads, washed (36) with ice-cold PBS, and subsequently incubated with increasing concentrations (0 ±
400 nM) of active caspase-3 for 30 min at 48C. The resulting complexes and supernatants were obtained by centrifugation and immunoblotted for the p35 and p12
subunits of caspase-9, as well as caspase-3
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cell death, to the same extent as wild-type XIAP (Figure
4B). There were at least two potential explanations for the
latter result. Firstly, in vitro dATP-activation of cell lysates
normally leads to robust formation of the apoptosome and
activation of caspases. The significant differences observed
in caspase-9 binding, between the H343A and D148A/
H343A mutants (Figure 1B, lanes 9 ± 12 and 13 ± 16),
suggest that caspase-9-BIR3 interactions in XIAP(D148A/
H343A) are particularly susceptible to the effects of
caspase-3. Since the levels of active caspase-3 are likely
to be lower in intact cells initially undergoing apoptosis, it is
possible that XIAP(D148A/H343A) retained a reduced, but
sufficient capacity to inhibit caspase-9 and cell death at this
time point. Intriguingly, however, XIAP(D148A/H343A) did
maintain a significant interaction with Smac in dATP-
activated 293 cell lysates (Figure 1B, lanes 9 ± 12 and
13 ± 16). Therefore, it is possible that this mutant could
serve as a `sink' for Smac, preventing this IAP antagonist
from interacting with endogenous wild-type XIAP, which
might then bind and inhibit active caspases-9 and -3. In any
event, XIAP(D148A/ W310A), which was completely devoid
of any binding to caspases or Smac in vitro, was also
incapable of preventing Bax-induced cell death (Figure 4B).

Thus, XIAP can inhibit Bax-induced apoptosis (and likely
apoptosis induced by any agent that stimulates mitochon-
drial release of cytochrome c), so long as it possesses an
ability to inhibit either caspase-9 or caspase-3.

Discussion

In the present study, we initially sought to extend upon our
previous work,16 and in doing so, define the specific
interactions required for the association of XIAP with the
native apoptosome complex. In the interim, Alnemri and
colleagues reported that XIAP could associate with a
recombinant Apaf-1/caspase-9 apoptosome in vitro by
specifically interacting with an `ATPF' motif located on the
N-terminus of the small p12 subunit of caspase-9.18 In order to
determine all of the possible interactions that XIAP might
employ to associate with the apoptosome, we chose instead
another approach, whereby we utilized `native' apoptosome
complexes, in combination with selective mutants of XIAP. By
doing so, we hoped to specifically determine the roles of
caspases-9, -3, Smac/DIABLO and any other protein (Aven,
Hsp70, Hsp90) in mediating the association of XIAP with the
apoptosome. We found that, in fact, XIAP mutants that lacked
the capacity to bind caspase-9 were similarly incapable of
associating with the apoptosome. However, when assessing
the importance of caspase-3 in mediating such an interaction,
we also identified that a unique and novel interplay occurs
between the Linker-BIR2 and BIR3 domains in XIAP. Indeed,
we show for the first time that XIAP can simultaneously bind
both active caspases-9 and -3, and that in a native
apoptosome complex, inhibition of caspase-3 prevents
additional processing of the small p12 subunit in caspase-9
and consequently disruption of XIAP-apoptosome interac-
tions (Figure 5).

Interestingly, if one were given the task of designing an
efficient inhibitor of a proteolytic cascade, it would seem
rational to target the most upstream or apical protease, in
order to prevent amplification of the pathway. In the case of
XIAP, however, this bifunctional inhibitor inhibits the
downstream protease, caspase-3, with greater potency
than the apical protease, caspase-9. Indeed, very low
concentrations of XIAP are sufficient to inhibit the
DEVDase activity of caspase-3, but higher concentrations
are required to inhibit caspase-9-mediated activation of
caspase-3. There are perhaps two potential explanations
for such an evolutionary design. Firstly, as already
discussed, inhibition of caspase-3 activity is crucial for
maintenance of XIAP-caspase-9 interactions and conse-
quently, inhibition of stress-induced apoptosis. Secondly, in
many tissues, death receptor stimulation can directly
activate caspases-8 and -3, and induce cell death without
mitochondrial involvement. Indeed, in contrast to previous
suggestions, we show here that XIAP can inhibit apoptosis
exclusively through inhibition of caspase-3, when apoptosis
is induced by a death receptor, such as CD95. Therefore,
XIAP may inhibit caspase-3 more potently than caspase-9,
because this effector caspase is central to both death
receptor- and stress-induced apoptosis. Finally, using a
specific full length mutant (D148A/W310A) of XIAP, we
clearly demonstrate for the first time that XIAP can only

Figure 4 Inhibition of CD95 and Bax-induced apoptosis by XIAP mutants.
HEK 293 cells were co-transfected for 16 ± 24 h with plasmids encoding (A)
CD95 (2 mg/well) or (B) Bax (0.5 mg/well), along with the transfection marker,
GFP (0.5 mg/well), and XIAP or one of its caspase-binding mutants (2 mg/well).
The expression levels of wild-type and mutant XIAP proteins were essentially
the same (data not shown). The percentage of GFP-positive apoptotic cells
was determined by cell morphology. Data shown are representative of at least
three independent experiments. {P50.01, XIAP and XIAP mutants that
significantly protected against coexpression of CD95 or Bax; }P50.01, XIAP
mutants that were significantly different from wild-type XIAP
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inhibit CD95 or Bax-induced apoptosis, provided it main-
tains an ability to inhibit caspases.

Of course, both wild-type and mutant XIAP proteins were
present at supraphysiological concentrations in our trans-

fection experiments in order to determine their dominant
effects, and questions have been raised as to the relative
importance of endogenous XIAP in regulating apoptosis.
Indeed, in stark contrast to the global early embryonic cell

Figure 5 Linker-BIR2 and BIR3 domains cooperate for maintenance of XIAP-Apaf-1 apoptosome complexes. Release of cytochrome c from mitochondria
frequently occurs following an apoptotic stress. Cytochrome c, in cooperation with dATP/ATP, induces oligomerization of Apaf-1 into an apoptosome complex. The
three-dimensional structure of this complex has recently been determined at low resolution (27 AÊ ) by electron cryomicroscopy, and it indicates that the apoptosome
is a wheel-like structure with seven bent spokes that radiate from a concave central hub.14 Procaspase-9 binds to the hub via CARD ± CARD interactions and
subsequently undergoes autocatalytic processing at D315 to produce a p35/p12 heterotetramer. (1) Caspase-9 can then process procaspase-3 at an IETD/S motif
to form a p20/p12 heterotetramer, which subsequently undergoes autocatalytic processing to form the fully mature p17/p12 heterotetramer. (2) Afterwards, active
caspase-3 can feed-back on caspase-9 and process it at D330 to produce a p35/p10 heterotetramer, a step which can be effectively inhibited by DEVD.CHO. The
presence of a p10 versus a p12 subunit in processed caspase-9, however, determines whether the enzyme can be inhibited by XIAP. (3) Indeed, the BIR3 domain
in XIAP only interacts with an ATPF motif located on the N-terminus of the p12 subunit of caspase-9. Therefore, in order to protect this interaction, XIAP, via its
Linker-BIR2 domain, binds tightly to any active caspase-3 which comes into close proximity of the caspase-9-BIR3 interaction. (4) However, if XIAP contains a
mutated Linker-BIR2 that cannot inhibit caspase-3, e.g. D148A mutants (or if the amount of active caspase-3 exceeds the inhibitory capacity of XIAP), caspase-3
may then cleave the p12 subunit of XIAP-bound caspase-9 and convert it to a p10 subunit. DEVD.CHO can partially inhibit this cleavage step, but not as potently as
the Linker-BIR2 domain. (5) In any event, cleavage of the p12 subunit of caspase-9 to a p10 subunit results in dissociation of XIAP from the apoptosome and leaves
behind a form of caspase-9 (p35/p10) which is catalytically active, but no longer inhibitible by XIAP
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death observed in diap-17/7 flies, xiap7/7 mice appear to
develop normally and do not exhibit any obvious changes
in caspase activation or apoptosis.57,58 However in
Drosophila, DIAP-1 appears to be the only significant
caspase inhibitor, whereas in mammalian cells, in addition
to XIAP, at least four IAPs (ILP-2, ML-IAP, cIAP-1 and
cIAP-2) are also capable of inhibiting caspases. In fact,
deletion of XIAP in mice, led to a compensatory
upregulation of both cIAP-1 and cIAP-2, and may explain
why xiap7/7 mice do not exhibit a more profound
phenotype. It remains to be seen if these additional IAPs
associate with and inhibit the Apaf-1 apoptosome, in a
manner similar to XIAP, and whether IAPs in general are as
important in mammals as they appear to be in flies.

Materials and Methods

cDNA cloning and expression of recombinant
proteins

BIR1-BIR2 (residues 1 ± 242) and BIR3-RING (residues 243 ± 497)
truncations were generated by standard PCR and cloned into
pGEX4T-1 (Amersham Pharmacia Biotech, UK), in-frame with the N-
terminal GST tag. XIAP mutants were prepared using the Quik-
Change site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA).
All wild-type, truncated and mutant XIAP proteins, as well as
recombinant caspases-9 and -3, were expressed in E. coli strain
BL21(DE3) (Novagen, Madison, WI, USA), isolated on GSH- or Ni2+-
sepharose beads, and further purified by standard anion-exchange
chromatography. Since purified recombinant XIAP and its mutants are
susceptible to degradation, as previously reported,59 we performed a
final examination of all proteins by coomassie blue staining and SDS ±
PAGE/Western blotting to ensure they remained intact (data not
shown).

Preparation and activation of cell lysates

HEK 293 cells were grown in DMEM, supplemented with 10% heat-
inactivated FBS in 5% CO2 at 378C. Lysates (100 0006g) were
prepared, as previously described,9 except that cells were lysed with
40 strokes through a 23 gauge needle. In vitro activation of caspases
was initiated by incubating lysates (10 mg/ml) for 10 min with 2 mM
dATP and 2 mM MgCl2 at 378C. Exogenous cytochrome c was not
required for activation, as it was released during lysate preparation.
The activity of effector caspases was determined by monitoring
DEVDase activity.9

Analysis of XIAP mutants and the apoptosome

Various concentrations of purified recombinant GST-XIAP, GST-BIR1-
BIR2, GST-BIR3-RING and all mutants were added to lysates prior to
dATP-activation. Protein complexes were obtained from control and
dATP-activated lysates using GSH-sepharose beads (Amersham
Pharmacia Biotech, UK) and were immunoblotted using antibodies
to Apaf-1 (R&D Systems, Minneapolis, MN, USA), caspase-9 (kindly
provided by Dr D Green), caspase-3 (generously provided by Dr D
Nicholson) and Smac. The anti-Smac antibody was raised in our
laboratory against purified Smacb protein.60 In some cases,
antibodies specific for the large subunit (p35) or small subunit (p12)
of caspase-9 were also utilized (Biosource International, Camarillo,
CA, USA; Cell Signaling Technology, Beverly, MA, USA).

Immunoprecipitation of puri®ed caspase-9/XIAP/
caspase-3 complexes

Prior to the experiments, protein G sepharose beads were incubated
for 45 min at 258C in a solution of assay buffer (100 mM HEPES, 0.1%
CHAPS, 10 mM DTT, 10% sucrose, pH 7.0), containing 3% BSA and
anti-T7 antibodies (1 : 100, Novagen). Purified GST-XIAP (60 nM), T7-
tagged caspase-9 (p35/p12) (200 nM) and active caspase-3 (p17/p12)
(200 nM) were then incubated together in various combinations for
15 min at 258C. Afterwards, 20 mL of antibody-coated beads were
washed (36), added to each sample and incubated for an additional
45 min at 258C. Protein complexes and corresponding supernatants
were then isolated by centrifugation and analyzed by SDS ± PAGE/
western blotting.

Transfections and cell viability assays

HEK 293 cells were transfected using calcium phosphate, as
previously described.61 XIAP mutants were generated using the
Quik-Change site-directed mutagenesis kit (Stratagene, La Jolla, CA,
USA). HEK 293 cells were transfected for 16 ± 24 h with GFP (eGFP-
N1; Clontech, Palo Alto, CA, USA) and XIAP (pEBB-XIAP wild-type or
mutant) together with plasmids for CD95 (kindly provided by R Siegel)
or Bax (generously provided by S Korsmeyer). The expression levels
of wild-type and mutant XIAP proteins were essentially the same, as
determined by Western blotting (data not shown). GFP-positive
apoptotic cells were determined by cell morphology.

Statistical analyses

When appropriate, statistical significance was determined using a
completely randomized, one-way Analysis of Variance (ANOVA), and
multiple comparisons were made using ScheffeÂ 's post hoc analysis.
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