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Although early studies of inhibitor of apoptosis proteins
(IAPs) suggested that cIAP1 directly binds and inhibits caspases
similarly toX-linked IAP (XIAP), a recent one found thatmicro-
molar concentrations of cIAP1 only weakly inhibit caspase-3,
-7, or -9. Here, we show that cIAP1 specifically and coopera-
tively blocks the cytochrome c-dependent apoptosome in vitro.
Hence, cIAP1 prevented the activation of procaspase-3 but had
no effect on the processing of procaspase-9 or the activity of
prior activated caspase-3. Like cIAP1, XIAP had no effect on
procaspase-9 processing andwas amore potent inhibitor of pro-
caspase-3 activation than of already activated caspase-3 activity.
Inhibition of procaspase-3 activation depended on BIR2 and
BIR3 of cIAP1 and was independent of BIR1, RING, CARD, and
UBA domains. Smac prevented cIAP1 from inhibiting pro-
caspase-3 activation and reversed the inhibition by prior addi-
tion of cIAP1. A procaspase-9mutant (D315A) that cannot pro-
duce the p12 subunit was resistant to inhibition by cIAP1.
Therefore, the N-terminal Ala-Thr-Pro-Phe motif of the p12
subunit of the caspase-9 apoptosome facilitates apoptosome
blockade. Consequently, cIAP1 cooperatively interacts with
oligomerizedprocessed caspase-9 in the apoptosomeandblocks
procaspase-3 activation.

Inhibitor of apoptosis proteins (IAPs)2 are a family of eight
human proteins that have one or three baculovirus IAP
repeat (BIR) domains. Although IAPs have been thought of
as primarily inhibitors of apoptosis, it is now known that
they play important roles in mitotic chromosome segrega-
tion, cellular morphogenesis, copper homeostasis, and intra-
cellular signal transduction (1, 2). IAPs with three BIR
domains (XIAP, cIAP1, cIAP2, and neuronal apoptosis
inhibitor protein (NAIP)) can directly bind caspases via BIR2
and BIR3 and down-regulate caspase activity (3–7). Caspases
are highly specific cysteinyl proteases that implement the
cell death program by processing hundreds of different
intracellular proteins after one or a few aspartyl residues (8).
XIAP, which is the best characterized member of the family,
inhibits the hydrolytic activity of caspase-3, -7, and -9

(9–11). Similarly to XIAP, NAIP directly binds and inhibits
caspase-3, -7, and -9 (6, 7). Recent work on cIAP1 and cIAP2
indicates that they can directly bind processed caspase-3 or
-7 (12) but have little effect on the activity of caspase-3, -7, or
-9 (13).
Importantly, cIAPs are E3 ubiquitin ligases, which cata-

lyze both trans- and autoubiquitination, as are four other
IAPs (XIAP, melanoma IAP (also called Livin), ILP2 (also
called testis-specific IAP), and Apollon (also called BRUCE))
(14–21). Interestingly, cIAPs can mediate either nondegrada-
tive Lys-63 polyubiquitination or degradative Lys-48 polyubiq-
uitination of a protein target. For example, Lys-63 polyubiquiti-
nation of RIP1 mediates TNF�-evoked NF�B activation,
whereas Lys-48 auto- or transubiquitination mediates protea-
somal degradation of cIAPs or of a cIAP-binding protein such
as a caspase or Smac/DIABLO (14, 16, 22–26). Hence, cIAPs
may transubiquitinate caspases, which can trigger proteasomal
degradation and/or down-regulation of proteolytic activity.
Conversely, Smac can selectively reduce the levels of cIAP1 and
cIAP2 but not XIAP (24). Additionally, the Smac homodimer
binds BIR domains via the N-terminal IAP-binding motif
(IBM), which frees the caspase from the IAP.
Here, we show that cIAP1 potently inhibits the processing

and activation of procaspase-3 by the cytochrome c-dependent
Apaf-1�caspase-9 apoptosome. The BIR domains of cIAP1were
sufficient for the inhibition of procaspase-3 activation, which
was independent of the RING and CARD domains of cIAP1.
Smac potently prevented and rapidly reversed blockade of
the apoptosome by cIAP1. These findings support a model in
which cIAP1 binds the apoptosome and sterically hinders ac-
cess of procaspase-3 substrate to the catalytic center of the
Apaf-1�caspase-9 complex.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—911 cells were grown in Dul-
becco’s modified Eagle’s medium/Ham’s F-12 (50:50) contain-
ing 10% FBS (25). Cells were transfected by calcium phosphate
as described (25). Cells were plated (4 � 106/100-mm diameter
tissue culture dish) and incubated for 6 h in a humidified atmo-
sphere of 5% CO2 and 95% air. After 16 h, the transfection
mediumwas removed and replaced with fresh growthmedium.
The cells were cultured for another 48 h before preparing
lysates as described below. A full-length clone, Apaf-1XL (27),
was subcloned from pcDNA3 into pcDNA3.1 by restriction
digestion with BamHI and XhoI to produce Apaf-1 (apoptotic
protease-activating factor-1) with a C-terminal V5 epitope tag
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and hexahistidine tags. Empty vector transfections were done
with the pcDNA3.1 vector lacking a cDNA insert.
Preparation of S100 and S64 Fractions—Cell lysates were

prepared from 20 confluent 911 cultures (100-mm diameter) 3
days after seeding essentially as described (28). Cultures were
washed twice with ice-cold PBS, and cells were harvested by
scraping and centrifugation. After resuspension in an equal vol-
ume of buffer containing 250mM sucrose, 20mMTris-HCl (pH
7.5), 10 mMKCl, 1.5 mMMgCl2 (1 M Ultra; Fluka), 1 mM EDTA,
1 mM EGTA, 1 mMDTT, 1 mM Pefabloc (Pierce), and 10 �g/ml
each leupeptin and aprotinin, the cells were disrupted with a
Dounce homogenizer (100 strokes with a tight-fitting pestle).
Homogenates were centrifuged at 100,000 � g for 1 h at 4 °C to
produce the S100 fraction from nontransfected 911 cells. S64
was prepared fromApaf-1-transfected cells using the following
modifications of the S100method. 1) The PBS-rinsed cells were
suspended with 0.5 ml of modified sucrose lysis buffer, which
contained no EDTA, 0.2 mM EGTA, and 1 mM MgCl2. 2) The
cells were disrupted by five passes through an 18-gauge needle
followed by five passes through a 26-gauge syringe needle. 3)
The lysate was centrifuged at 16,000 � g for 30 min at 4 °C in a
microcentrifuge, followed by a 45-min centrifugation at 30,000
rpm (64,000 � g � h). Protein concentrations of S64 and S100
fractions were determined by the Bradfordmethodwith bovine
serum albumin as a standard and the Bio-Rad reagent. S64 has
2–3 times higher apoptosome activity than S100, which indi-
cates that Apaf-1 is rate-limiting for apoptosome activity (data
not shown).
Apoptosome Assay of Caspase-3-like Activity and Western

Blot Analysis—S100 or S64 (1–1.5�g/�l) was incubated for the
indicated interval (15–60 min) in buffer containing 25 mM

Tris-HCl (pH 7.5), 50 mM KCl, 0.2 mM EGTA (pH 7.5), 1 mM

DTT, and 5�MPS-341 (bortezomib), a proteasome inhibitor, in
the presence and absence of the indicated concentration of
bovine cytochrome c (Sigma) and 1mMNa2ATP (Sigma) unless
indicated otherwise. Following incubation with or without
cytochrome c and ATP, a 4-�l sample was diluted with 36 �l of
caspase assay buffer, which contained 25mMTris-HCl (pH7.5),
50 mM KCl, 5 mM MgCl2, 1 mM DTT, 0.2 mM EGTA, and 0.25
mM Ac-DEVD-AMC (a fluorogenic tetrapeptide substrate)
(25). Following a 30-min incubation at 37 °C, the caspase reac-
tion was stopped by dilution with ice-cold buffer containing 10
mM Tris-HCl (pH 7.5) and 1 mM EDTA. The fluorescence of
freed AMC was measured at 440 nm (excitation at 380 nm) at
room temperature by dilution of a 0.1-ml sample of each reac-
tion with 1.9 ml of 10 mM Tris-HCl (pH 7.5) and 1 mM EDTA.
Fluorescence units were converted to moles of AMC produced
by constructing a standard curve, which was linear over the
range of AMCmeasured (10–400 pmol). IC50 values, EC50 val-
ues, Hill coefficients, and statistical parameters were deter-
mined by nonlinear regression with GraphPad Prism 5. Values
were not corrected for minor differences in the purity of the
IAPs.
S100 or S64 proteins were size-fractionated by SDS-PAGE,

transferred to polyvinylidene difluoridemembrane, and immu-
nostained with antibody to caspase-9 (mouse monoclonal
MAB8301, R&D Systems) or caspase-3 (rabbit monoclonal
anti-cleaved caspase-3, 8G10, Cell Signaling Technology).

Immunostaining was detected with the LumiGLO chemilumi-
nescent substrate of horseradish peroxidase (Kirkegaard &
Perry Laboratories). Exposed x-ray film (B-Plus blue, Medlink
Imaging) was scanned with an Epson Precision 4870 photo
scanner.
Caspase-9 Cloning and in Vitro Expression—Caspase-9

cDNA was excised from pCMV6. Plasmid caspase-9XL4
(Origene SC119362) was digested with HindIII and NotI
and ligated into pcDNA3.1-V5-His (Invitrogen). D315A and
D330A mutants of caspase-9 were generated by QuikChange
site-directed mutagenesis (Stratagene) with the following
primers: D315A, 5�-CTGGCAGTAACCCCGAGCCAGCTG-
CCACCCCGTTCCAG (forward) and 5�-CCTTCCTGGAAC-
GGGGTGGCAGCTGGCTCGGGGTTACTGC (reverse); and
D330A, 5�-GAGGACCTTCGACCAGCTGGCCGCCATAT-
CTAGTTTGCCC (forward) and 5�-GTGTGGGCAAACTAG-
ATATGGCGGCCAGCTGGTCGAAGG (reverse). In vitro
transcription and translation were done with a rabbit reticu-
locyte master mixture (Promega) as recommended by the
manufacturer.
Gateway Cloning of IAPs into Destination Vectors—Plasmids

containing IAP cDNA sequences were purchased from Ameri-
can Type Culture Collection. cIAP1 (IMAGE ID 4831062), the
�-isoform of Livin (IMAGE ID 4859588), Survivin (IMAGE ID
2961114), and plasmid pcDNA3.1-XIAP-GeneStorm (Invitro-
gen) were used templates for cloning IAPs into pENTR-D-
Topo (Invitrogen). The following gene-specific primers were
used to PCR-amplify IAP inserts, which were cloned into
pENTR-D-Topo according to the manufacturer’s protocol:
cIAP1, 5�-CACCATGCACAAAACTGCCTCCCAAAG (for-
ward) and 5�-TCATTAAGAGAGAAATGTACGAACAG
(reverse); Livin, 5�-CACCATGGGACCTAAAGACAGTGCC
(forward) and 5�-TCACTAGGACAGGAAGGTGCGCA-
CGCG (reverse); Survivin, 5�-CACCATGGGTGCCCCGAC-
GTTGCCC (forward) and 5�-TCATCAATCCATGGCAGCC-
AGCTGCTC (reverse); and XIAP, 5�-CACCATGACTTTTA-
AGAGTTTTGAAG (forward) and 5�-TTATTAAGACATAA-
AAATTTTTTGCTTG (reverse). The PCR cycling conditions
were as follows: 94 °C for 1min; 94 °C for 30 s, 50 °C for 30 s, and
72 °C for 2 min for 25 cycles; and 72 °C for 5 min. pENTR-IAP
plasmids were recombined with either pDEST15 encoding an
N-terminalGST tag or pBAD-DEST49 encoding anN-terminal
His-patch thioredoxin (HPT) and a C-terminal V5-His6 tag
using LR Clonase II (Invitrogen) according to the manufactur-
er’s protocol.
Cloning of cIAP1 Truncation Variants—cIAP1-(339–618)

and cIAP1-(453–618) were PCR-amplified using pENTR-
cIAP1 as a template with the cIAP1 339Met forward primer
(5�-CACATGAAAGGCCAAGAGTTTGTTG) and cIAP1
453Met forward primer (5�-CACCATGGCATCAGATGATT-
TGTC) and the previously mentioned cIAP1 reverse primer.
PCR products were ligated into pENTR-D-Topo, followed by
recombinationwith pDEST15 or pBAD-DEST49. pDEST15- or
pBAD-DEST49-cIAP1-(1–450) and -cIAP1-(1–565), respec-
tively, were produced converting the codon for amino acids 451
and 566 to stop codons by QuikChange site-directed mutagen-
esis. The following primers were used: cIAP1 451 stop, 5�-
GAGGAGAAGGAAAAACAAGCTTAATAAATGGCATC-
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AGATG (forward) and 5�-CATCTGATGCCATTTATT-
AAGCTTGTTTTTCCTTCTCCTC (reverse); and cIAP1 566
stop, 5�-GAACAATTGAGGAGGTTGCAATAATAACGAA-
CTTGTAAAGTG (forward) and cIAP1 566 stop, 5�-CACTT-
TACAAGTTCGTTATTATTGCAACCTCCTCAATTGTTC
(reverse).
Purification of GST- and HPT-IAPs—Escherichia coli strain

BL21-AI transformed with pDEST15-XIAP (or wild-type
cIAP1, a truncation mutant of cIAP1, Livin, or Survivin) was
grownovernight in LBbroth containing 0.1mg/ml ampicillin at
37 °C. Two 100-ml cultures of LB broth containing 0.2 mg/ml
carbenicillin and 50�MZnSO4were inoculatedwith 2ml of the
overnight culture and grown to an absorbance of �0.6 at 600
nm. L-Arabinose was added to 0.2% (w/v) to induce GST-XIAP
expression at 37 °C. Bacteria were harvested after 8 h, frozen,
and stored at�80 °C. Bacteriawere suspendedwith 8ml of lysis
buffer, which contained 50 mM Tris-HCl (pH 7.5), 150 mM

NaCl, 5 mM DTT, 0.2 mM Na2EGTA (pH 7.5), 0.8 mM benza-
midine, and 0.25 mM Pefabloc SC. Additionally, the lysis buffer
contained the following protease inhibitors 10�g/ml leupeptin,
5 �g/ml pepstatin, and 2 �g/ml aprotinin. Recombinant
lysozyme (2 �l, 30 kilounits/�l; Novagen) and Benzonase (4.8
�l, 25 units/�l; Novagen) were added, and the bacteria were
rotated slowly for 25 min at room temperature. The bacteria
were lysed by sonication, and lysate was centrifuged for 30 min
at 100,000 � g. The supernatant was incubated at 4 °C with 10
mgofGSH-agarose for 3 h. The agarosewas pelleted in amicro-
centrifuge for 5 min and washed twice with TED buffer (50 mM

Tris-HCl (pH 7.5), 0.2 mMNa2EGTA (pH 7.5), and 1mMDTT)
containing 0.5 M NaCl and twice with TED buffer. GST-XIAP
was eluted with 0.2-ml samples of buffer 25 mM Tris-HCl (pH
8.2), 10 mM GSH, 0.1 mM Na2EGTA, and 1 mM DTT. Protein
concentration was determined with the Bradford reagent (Bio-
Rad) and BSA as a standard. Proteins were frozen in liquid
nitrogen and stored at�80 °C. Each of theGST-IAPswas�65–
90% pure based on densitometric analysis of Coomassie Blue-
stained SDS gels.
Recombinant human cIAP1 (amino acids 144–356) with a

C-terminal 15-amino acid AviTag was obtained from Sino Bio-
logical Inc.His10-cIAP1 andSmac56-His6were purchased from
R&D Systems.

RESULTS

cIAP1 Prevents Procaspase-3 Activation by the Cytochrome
c-dependent Caspase-9 Apoptosome—Apoptosome activation
in vitrowas entirely dependent on the addition of cytochrome c
and a nucleotide such as ATP (data not shown). Caspase-3 acti-
vation was assayed with the fluorogenic substrate Ac-DEVD-
AMC by diluting a sample of the incubation with cytochrome c
10-fold into caspase assay buffer. Activation of caspase-3 was
confirmed by Western blot analysis, which showed that cyto-
chrome c evoked accumulation of the large subunit (17 kDa),
which is generated by processing of the 32-kDa procaspase-3
(see below). Caspase activity increased linearly following a
15–90-min incubation of the S100 fraction with cytochrome c
(data not shown). The apoptosome reactionwas initiated by the
addition of the S100 fraction to buffer containing cytochrome c,
ATP, and the indicated IAP. IAPs with an N-terminal GST tag

were expressed and purified from E. coli. Only XIAP and cIAP1
potently blocked caspase activation by the cytochrome c-de-
pendent apoptosome (Fig. 1 and Table 1). The IC50 values of
XIAP and cIAP1 were 17 and 46 nM, respectively (Table 1).
Micromolar concentrations of GST itself (�7 �M) or of GST-
Survivin (�6 �M) had no effect on cytochrome c-dependent
apoptosome activation. It appears that XIAP and cIAP1may be
sufficiently potent to regulate apoptosome activation intracel-
lularly. Livin was �17 times less potent than cIAP1, which sug-
gests that Livin (�-isoform) is unlikely to down-regulate apo-
ptosome activation intracellularly (Table 1).
Although early and current studies of IAPs have used GST-

tagged IAPs, some have suggested that theGST tag can affect of
the potency of the IAPby�100-fold (13, 29). Table 1 shows that
the IC50 values of HPT-cIAP1 and the truncationmutant HPT-
cIAP1-(1–450) were 104 and 75 nM, respectively. Additionally,
BIR2 and BIR3 of cIAP1 had an IC50 of 28 nM. Hence, the GST
tag has little, if any, effect on the potency of GST-cIAP1. Addi-
tionally, commercially prepared cIAP1 with an N-terminal
decahistidine tag was found to be less potent (IC50 � 180 nM)
than either GST- or HPT-tagged cIAP1 (Table 1). Differences
in the purification of cIAP1 probably contribute to differences
in the potency of the various preparations.
Note that cIAP1 inhibited cytochrome c- and apoptosome-

dependent processing of procaspase-3 in a cooperativemanner.
The Hill coefficients of the various preparations of cIAP1
ranged from2.68 to 4.73 (Table 1). The positive cooperativity of
the inhibition suggests that the inhibition is caused by binding
of more than one cIAP1 to the oligomerized apoptosome, i.e.
the Apaf-1�caspase-9 holoenzyme. By contrast to cIAP1, block-
ade of the apoptosome by Livin was not cooperative (Table 1).
Livin has a single BIR domain, whereas cIAP1 has three. The
BIR2-BIR3 segment of cIAP1may be required for cooperativity
because truncated cIAP1 that contained only the BIR2-BIR3
segment cooperatively blocked apoptosome activation of pro-
caspase-3 (Fig. 1B and Table 1).
Importantly, XIAP and cIAP1 were much less potent inhib-

itors of active caspase-3 than of the activation of procaspase-3
by the apoptosome. Thus, 0.27 �M cIAP1 had no effect on the
caspase activity of processed caspase-3, and 0.14 �M XIAP
inhibited the activity of processed caspase-3 by�75% (Fig. 1C).
Survivin and Livin at 1.8 and 0.8�Mhad no effect on the activity
of already activated caspase-3 (Fig. 1C).
BIR2 and BIR3 of cIAP1 Are Sufficient to Block Apoptosome

Activation—Truncation mutants of cIAP1 that lacked the
RING domain (GST-cIAP1–565) or both the RING and the
CARD domains (GST-cIAP1–450 or HPT-cIAP1–450) were es-
sentially as potent as full-length GST-cIAP1 (Fig. 1, A and B,
and Table 1) (data not shown). Moreover, a truncation mutant
consisting of BIR2-BIR3 (amino acids 144–356) was as potent
as wild-type cIAP1 (Fig. 1B and Table 1). By contrast, 1.4 �M

GST-cIAP1-(339–618) or 0.8 �M GST-cIAP1-(453–618) had
no effect on apoptosome activation of procaspase-3 (data not
shown). Thus, BIR2, BIR3, and the short segment between
themwas sufficient to potently and cooperatively prevented the
caspase-9 apoptosome from activating caspase-3-like activity.
cIAP1 Has No Effect on the Processing of Procaspase-9—

cIAP1 had no effect on the processing of procaspase-9 to the
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FIGURE 1. cIAP1 potently blocks cytochrome c-dependent apoptosome activation of procaspase-3-like activity but does not affect already activated
caspase-3-like activity. A, schematic of wild-type cIAP1 and truncation mutants. BIR domains and CARD motifs mediate protein-protein interactions. The UBA
motif enables binding of Lys-63-linked polyubiquitin chains. RING binds ubiquitin-conjugating enzymes. B, inhibition of the cytochrome c-dependent apo-
ptosome by cIAP1 and the BIR2-BIR3 segment of cIAP1. Cytochrome c (Cc)-dependent apoptosome activation of caspase-3 was assayed using an S100
preparation and the indicated concentrations of GST-cIAP1 and the BIR2-BIR3 segment of cIAP1. After a 30-min incubation of S100 with cytochrome c and ATP
as described under “Experimental Procedures,” the apoptosome reaction was stopped by dilution with caspase assay buffer. Caspase-3 activity was deter-
mined with Ac-DEVD-AMC as substrate. C, effect of IAPs on already activated caspase-3-like activity. The caspase-3 activity of the S100 fraction was activated
by the addition of cytochrome c and ATP in the absence of an added IAP. Caspase activation was stopped by diluting a sample of the apoptosome reaction by
10-fold into caspase assay buffer that contained the indicated micromolar concentration of each GST-IAP. Values are means � S.E. (n � 3). Control activity was
12.2 � 1.3 nmol of AMC produced per mg/min. *, statistically significant effect of XIAP (p � 0.01) by analysis of variance (GraphPad Prism 5).
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35-kDa large subunit, which was evoked by cytochrome c plus
ATP (Fig. 2A). Similarly, XIAP had no effect on the production
of the large subunit of caspase-9 (Fig. 2A). By contrast to the
lack of effect of cIAP1 and XIAP on the processing of pro-
caspase-9, each of these IAPs essentially abolished the process-
ing of procaspase-3 to the 20- and 17-kDa forms of the large
subunit (Fig. 2A). The processing of procaspase-9 to p35 was
confirmed by the addition of 35S-labeled procaspase-9 or an
35S-labeled procaspase-9 mutant (D315A or D330A) to the S64
fraction from Apaf-1-transfected cells, which has 2–3 times
greater apoptosome activity (Fig. 3B). Although 35S-labeled
procaspase-9 D315A was processed at Asp-330 in response to
cytochrome c plus ATP, 35S-labeled wild-type procaspase-9
was predominantly processed at Asp-315 (Figs. 2B and 3B).
Under conditions that essentially abolished procaspase-3 acti-
vation, GST-cIAP1 had no effect on the processing of 35S-la-
beled wild-type procaspase-9 (Fig. 2B). Additionally, GST-
cIAP1 had no effect on the processing of either the D315A or
D330A mutant of 35S-labeled procaspase-9 (data not shown).

Importantly, the addition of the procaspase-9D315Amutant
to the S64 fraction completely overcame the inhibition of the
apoptosome by GST-cIAP1 and moderately increased caspase
activation compared with the “no cIAP1 or caspase-9” control
(Fig. 3C). By contrast, the procaspase-9 D330Amutant failed to
overcome apoptosome inhibition by GST-cIAP1 (Fig. 3C). The
D315A mutant likely is transprocessed by activated caspase-3
at Asp-330, which produces a p10 subunit that begins with Ala-
Ile-Ser-Ser, whereas autoprocessing at Asp-315 produces the
p12 subunit, which begins with Ala-Thr-Pro-Phe. The proline
at the third position is known to be critical for high affinity
binding of BIR3 (30). These results indicate that theN-terminal
Ala-Thr-Pro-Phe motif of the p12 subunit of the caspase-9
apoptosome facilitates apoptosome blockade.
Smac Antagonizes cIAP1-inhibited Apoptosome Activation of

Procaspase-3—Mature Smac56 (amino acids 56–239) potently
prevented cIAP1 from inhibiting apoptosome activation of pro-
caspase-3 (Fig. 4A). The EC50 of bacterially expressed mature
Smac with a hexahistidine tag was 30 nM (Fig. 4A). The EC50 of
Smac-GST expressed in 911 cells was similar to that of recom-
binant Smac from bacteria (data not shown).Mature Smac pre-
vented the inhibition of the caspase-9 apoptosome by each of
the cIAP1 constructs indicated in Table 1 (data not shown).
Thus, each of the purified cIAP1 proteins specifically inhibited

the apoptosome by a mechanism that was potently prevented
by mature Smac.
Smac is an exceptionally stable dimeric protein that antago-

nizes XIAP with a stoichiometry of two Smac protomers/XIAP
(31, 32). Hence, the potency of the Smac dimer is similar to
that of cIAP1 (30 compared with 46 nM) (Fig. 4A and Table

TABLE 1
Kinetic parameters of the inhibition of cytochrome c-dependent
caspase-3 activation by IAPs
Apoptosome activation of S100 was assayed as described under “Experimental Pro-
cedures.” Kinetic and statistical parameters were determined by nonlinear regres-
sion curve fitting with Prism 5.

IAP IC50
95% confidence
limit of IC50

Hill
coefficient

No. of
experiments

nM nM
GST-XIAP 17 15–19 3.80 � 0.51 3
GST-cIAP1 46 44–49 3.91 � 0.32 3
BIR2-BIR3 cIAP1 28 25–31 3.45 � 0.36 3
GST-Livin 771 549–1081 0.92 � 0.13 3
His10-cIAP1 180 168–193 2.68 � 0.19 3
HPT-cIAP1 104 95–115 4.73 � 0.88 5
HPT-cIAP1-(1–450) 75 65–86 3.97 � 0.89 4

FIGURE 2. cIAP1 and XIAP prevent the processing of procaspase-3 by the
cytochrome c-dependent apoptosome but have no effect on the proc-
essing of procaspase-9. A, Western blot analysis of the effects of IAPs on the
processing of procaspase-9 and -3. The apoptosome reaction was carried out
with S64 from Apaf-1-transfected cells at 1.5 �g/�l for 30 min at 37 °C in the
presence or absence of bovine cytochrome c (Cc; 20 �g/ml) plus 1 mM ATP. A
sample of the apoptosome reaction (24 �g of protein) was used for SDS-PAGE
(12% gel), and Western analysis of caspase-9 and -3 was done as described
under “Experimental Procedures.” After immunostaining caspase-9 with the
mouse monoclonal antibody, the membrane was reprobed with rabbit
monoclonal antibody to cleaved caspase-3. The apoptosome reaction was
carried out in the absence of cytochrome c (�) or in the presence of cyto-
chrome c plus the indicated IAP. The concentrations of GST-Survivin, GST-
Livin, GST-cIAP1, and GST-XIAP were 1.8, 1.5, 0.27, and 0.13 �M, respectively.
B, autoradiogram of the time course of 35S-labeled procaspase-9 processing
in the presence of GST (gst only) or GST-cIAP1 (gst-cIAP1). The 20-�l apo-
ptosome reaction included 1.0 �g/�l S64 from Apaf-1-transfected cells and 1
�l of 35S-labeled procaspase-9 and was incubated for the indicated intervals
at 37 °C in the presence or absence of bovine cytochrome c (100 �g/ml) plus
1 mM ATP. The reactions contained 500 nM purified GST or 150 nM GST-cIAP1
as indicated. After the indicated intervals, 10 �l of the reaction was fraction-
ated by SDS-PAGE (15% gel) and autoradiographed to visualize 35S-labeled
p47 procaspase-9 and the p35 large subunit.
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1). The addition of Smac to the cIAP1-inhibited apoptosome
rapidly and fully reversed apoptosome activation (Fig. 4B).
This result indicates that the mechanism of cIAP1 was fully
reversible whether Smac was added 5 or 15 min after the
start of the incubation of S100 with cytochrome c, ATP, and
cIAP1 (Fig. 4B).

DISCUSSION

Here, we have shown that cIAP1 potently inhibited the proc-
essing and activation of procaspase-3 by the cytochrome c-de-
pendent Apaf-1�caspase-9 apoptosome complex. This action of
cIAP1 exhibited positive cooperativity and specificity because
cIAP1 was 2.5 times less potent than XIAP and 17 times more
potent than the �-isoform of Livin (Table 1). BIR2 and BIR3
were sufficient to prevent procaspase-3 activation (Fig. 1B and
Table 1). The IC50 of cIAP1 or BIR2 and BIR3 of cIAP1 was 2–3
times that of XIAP (Table 1). Smac antagonized the inhibitory

action of cIAP1 with an EC50 of 30 nM (Fig. 4A). The Smac
dimer is known to directly bind and displace XIAP from
caspases (32). The two IBMs of dimeric Smac bind to BIR2 and
BIR3 of XIAP, which alsomediate the interaction with caspases
(33). It is likely that Smac binding to the BIR domains of cIAP1
is similar to that of XIAP because the IBM-interacting residues
of BIR2 and BIR3 of XIAP are highly conserved in cIAP1 (13).
Thus, the IC50 of cIAP1 (46 nM) or of BIR2 and BIR3 of cIAP1
(28 nM) is expected to be similar to the EC50 of dimeric Smac (30
nM), as observed (Fig. 4A and Table 1).

FIGURE 3. The procaspase-9 D315A mutant, but not the D330A mutant,
reverses the inhibition of the cytochrome c-dependent apoptosome by
cIAP1. A, schematic of human procaspase-9 and the positions of the autocat-
alytic cleavage site (Asp-315) and the caspase-3 cleavage site (Asp-330)
within the linker region (LR) between the large and small subunits of mature
caspase-9. B, autoradiogram showing the processing of 35S-labeled p47 pro-
caspase-9 mutants (D315A and D330A) by the apoptosome. The experiment
was done as described in the Fig. 2B legend except the 35S-labeled pro-
caspase-9 used was wild-type or the indicated point mutant. C, the pro-
caspase-9 D315A mutant, but not the D330A mutant, prevents cIAP1 inhibi-
tion of the apoptosome. The cytochrome c (Cc)-dependent apoptosome
activation of procaspase-3 was assayed as described for B in the presence (Œ,
f, and F) or (E) absence of 500 nM GST-cIAP1. The indicated D315A or D330A
mutant of procaspase-9 (cas-9; 4 �l of TNT reaction/20 �l of apoptosome
reaction) was added to the apoptosome reaction. Samples (4 �l) of the apo-
ptosome reaction were removed after the indicated intervals, diluted 10
times with caspase assay buffer, and assayed for caspase-3-like activity with
Ac-DEVD-AMC as substrate. Values are means � S.E. (n � 3) for AMC pro-
duced (nmol/mg of S64 protein).

FIGURE 4. Smac prevents and reverses cIAP1-evoked inhibition of pro-
caspase-3 activation. A, mature Smac56 (amino acids 56 –239) prevents
cIAP1 from inhibiting the cytochrome c-dependent apoptosome. Values are
means � S.E. (n � three or four experiments). Cytochrome c (Cc)-dependent
apoptosome activation was assayed with 1 �g/�l S100 fraction in the pres-
ence of 40 nM GST-cIAP1 and the indicated concentration of Smac56-His6.
B, mature Smac56 reverses the cIAP1 inhibition of the apoptosome. Values
are means � S.D. (n � 3–7) for six different experiments with S64 (1.5 �g/�l)
from Apaf-1-transfected cells. Smac56-His6 was added as indicated to 200 nM

at 15 min (f) to the apoptosome reaction that received 250 nM GST-cIAP1 at
5 min (‚). Other apoptosome reactions received no GST-cIAP1 (F) or 250 nM

GST-cIAP1 at 0 min (�) or 10 min (Œ). Samples (4 �l) of the apoptosome
reaction were removed after the indicated intervals, diluted 10 times with
caspase assay buffer, and assayed for caspase-3-like activity with Ac-DEVD-
AMC as substrate.
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Interestingly, like XIAP, cIAP1 had no effect on the proc-
essing of procaspase-9 between the large and small subunits
(Fig. 2A). Procaspase-9 is known to autoprocess following
assembly of the active apoptosome, although autoprocessing
is not required for activation (34–36). Thus, cytochrome c
evoked the formation of the active apoptosome in the presence
of cIAP1 or XIAP because neither IAP affected the autopro-
cessing of procaspase-9 (Fig. 2A). However, in the presence of
cIAP1, the apoptosome was unable to process procaspase-3, as
reported previously for XIAP with recombinant Apaf-1 and
caspase-9 (35). In fact, under conditions that essentially abol-
ished procaspase-3 activation, cIAP1 had no effect on the Apaf-1�
caspase-9 complex, which was isolated by velocity sedimenta-
tion in a glycerol gradient (data not shown). The addition
of Smac to the cIAP1-inhibited apoptosome rapidly and fully
reversed the inhibition of procaspase-3 activation (Fig. 4B).
This reversal supports the finding that cIAP1 did not disrupt
apoptosome assembly.
BIR3 of XIAP interacts with the N-terminal IBM (i.e. Ala-

Thr-Pro-Phe) of the p12 subunit of processed caspase-9 (35,
37). Moreover, XIAP has no effect on procaspase-3 activation
by the apoptosome unless procaspase-9 has been processed to
p35/p12 subunits (37). Hence, XIAP and cIAP1 bind to the
oligomerized processed caspase-9 apoptosome and prevent
procaspase-3 activation (Fig. 2A and Table 1).
A recent report showed that differences in the amino acid

sequences of BIR2 and BIR3 of cIAP1 compared with XIAP
account for the lack of a direct inhibition of caspase-3 and -7
by cIAP1 (30). Furthermore, the peptide-binding specificity
of BIR3 of cIAP1 is essentially the same as that of XIAP (30).
Livin, which has a single BIR domain that is a type III BIR
domain like BIR3 of cIAP1 andXIAP (30), was substantially less
potent than cIAP1 and failed to exhibit cooperative inhibition
of the apoptosome (Table 1). The Livin result is consistent with
the two-site avidity enhancement model with a secondary
interaction provided by BIR2 of cIAP1 and XIAP (30). Interest-
ingly, cIAP1 fails to inhibitmonomeric purified caspase-9 activ-
ity toward a peptidyl-AMCsubstrate (13), yet cIAP1 is a specific
cooperative inhibitor of the oligomerized Apaf-1�caspase-9
apoptosome assayed with a physiological substrate, pro-
caspase-3 (Figs. 1B and 2 and Table 1). Because Apaf-1 hep-
tamerizes in the apoptosome, the cooperativity of the inhibition
by cIAP1 may result from the interaction of multiple cIAP1
monomers with oligomerized caspase-9 in the apoptosome.
Unfortunately, the stoichiometry of caspase-9 in the apo-
ptosome is unknown (38, 39).
It appears that BIR domains can inhibit caspase-9 by more

than one mechanism. For example, XIAP inhibits monomeric
caspase-9 activity assayed with a peptidyl-AMC substrate, but
cIAP1 does not (13).Mutation of four residues of cIAP1 that are
close to the C terminus of BIR3 to the corresponding amino
acids of XIAP enables cIAP1 to inhibit caspase-9 (13). Thus,
cIAP1 appears to block the apoptosomeby preventing the proc-
essing and activation of effector caspases such as procaspase-3,
as shown here (Fig. 2). Although it is not excluded that added
cIAP1 depends on an endogenous protein in the cell lysate to
block the apoptosome, this seems unlikely. BIR2 and BIR3 of
cIAP1 can associate with caspase-9 (13). Deletion of the other

protein interaction domains of cIAP1 (BIR1, CARD, RING, and
UBA) had no effect on the potency to block the caspase-9 apo-
ptosome. Thus, the BIR2-BIR3 segment of cIAP1 was as potent
as cIAP1 (Table 1). Additionally, mature Smac with a C-termi-
nal GST tag was used to deplete IAPs such as XIAP, cIAPs, and
Apollon from a cell lysate and found to have no effect on the
inhibition of the apoptosome by BIR2 and BIR3 of cIAP1 (data
not shown). Therefore, it appears that cIAP1 inhibition is inde-
pendent of XIAP and Apollon.
A model that can account for the action of cIAP1 is that it

binds to the IBM of the processed p12 subunit of the Apaf-1�
caspase-9 apoptosome and sterically hinders it from process-
ing procaspase-3, as was proposed for XIAP (35). Hence, it was
suggested that the close proximity of the N terminus of the p12
subunit and the catalytic center residues of caspase-9 may
hinder the entry of substrate (35). The crystal structure of Smac
complexed with BIR3 of XIAP is the basis of the model (40),
which assumes that cIAP1 binds the caspase-9 holoenzyme, but
not procaspase-3, as was reported recently (12). Moreover, the
model explains why cIAP1 fails to inhibit the autoprocessing of
procaspase-9 in the assembled apoptosome complex, namely
because procaspase-9 lacks the free amino group of the first
residue of the IBM, which hydrogen bonds to Glu-314 of BIR3
of XIAP (40) or the corresponding Asp of cIAP1. Accordingly,
XIAP and cIAP1 failed to bind and prevent autoprocessing of
procaspase-9 because exposure of the p12 small subunit IBM
requires autoprocessing, which tethers the IAP to the active
center. Hence, XIAP and cIAP1 inhibited only the caspase-9
apoptosome processed at Asp-315 but not that processed at
Asp-330 (Fig. 3C).
The cIAP1 and cIAP2 proteins are widely expressed in

normal human tissues and in human cancers (41–44). The
cellular level of cIAPs varies widely, and higher cIAP1 pro-
tein levels are associated with resistance to anticancer agents
(41). The intracellular concentrations of cIAPs are unknown,
and even if they were known, the significance would be compli-
cated by compartmentalization and complexation with other
cellular proteins (43, 44). Interestingly, cells from XIAP-defi-
cient mice have been shown to overexpress cIAP1 and cIAP2
proteins (45). This result is consistent with the redundancy of
the functional blockade of procaspase-3 processing and activa-
tion by the apoptosome shown here for cIAP1 and XIAP (Fig.
2A). A further effort is needed to evaluate the role of cIAP1 and
cIAP2 in vivo in the inhibition of effector caspase activation by
the apoptosome.
In summary, our results show that cIAP1 specifically and

cooperatively blocks the oligomerized processed caspase-9
apoptosome by a mechanism that Smac antagonizes. Addi-
tional studies are needed to clarify the extent to which the anti-
apoptosome function of cIAP1 down-regulates programmed
death of mammalian cells, in which the levels of the cIAPs are
known to be a critical determinant of cell fate (46, 47).
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