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Members of the IAP (inhibitor of apoptosis) family function as anti-apoptotic proteins
by binding directly to caspase-3, -7, and -9 to inhibit their activities. During apoptosis,
the activities of IAPs are relieved by a second mitochondria-derived caspase activa-
tor, named Smac/DIABLO. Some IAPs have a C-terminal RING finger domain that has
been identified as the essential motif for the activity of ubiquitin ligase (E3). Here we
show that X-linked IAP (XIAP) mediates the polyubiquitination of caspase-9 and
Smac. The large subunit of mature caspase-9 was polyubiquitinated by XIAP in vitro,
while procaspase-9 was not. Furthermore, the polyubiquitinated form of caspase-9
accumulated in an XIAP-dependent manner in intact cells. The ubiquitination of cas-
pase-9 was significantly inhibited in the presence of mature Smac, whereas XIAP was
also found to promote the polyubiquitination of cytosolic Smac both in vitro and in
intact cells. These ubiquitination reactions require the RING finger domain of XIAP.
These findings suggest that XIAP functions as ubiquitin ligase toward mature cas-
pase-9 and Smac to inhibit apoptosis.

Key words: caspase-9, IAP, RING finger, Smac/DIABLO, ubiquitin, ubiquitin ligase.
Abbreviations: IAP, inhibitor of apoptosis; XIAP, X-linked inhibitor of apoptosis; c-IAP, cellular inhibitor of apop-

tosis; BIR, baculoviral IAP repeat; casp-9, caspase-9; casp-9LS, large subunit of mature caspase-9; Smac, second
mitochondria-derived activator of caspases; Ub, ubiquitin; E1, ubiquitin activating enzyme; E2, ubiquitin-conju-

gating enzyme; E3, ubiquitin ligase; HA, hemagglutinin; GST, glutathione S-transferase.

Apoptosis, programmed cell death regulated by signal
transduction mechanisms, plays a critical role in the
development and homeostasis of multicellular organisms
(1, 2). One of the important steps in the induction of
apoptosis is the activation of caspases, a family of
cysteine proteases that cleave their substrates at specific
aspartate residues (3, 4). Caspases are expressed as inac-
tive zymogens (procaspases) and activated during apop-
tosis through proteolytic processing that generates large
and small subuints to form the mature heterotetramer.
Activated caspases amplify their mature molecules by
processing other procaspases, and finally induce apop-
totic morphological changes by cleaving a variety of cellu-
lar proteins.

Caspase-9 is the initiator caspase that is activated first
on the mitochondria-triggered caspase activation path-
way. In response to various apoptotic stimuli including
irradiation and chemotherapeutic drugs, cytochrome c is
released from the mitochondria into the cytosol and binds
to apoptosis promoting factor-1 (Apaf-1) in the presence
of dATP/ATP (5-7). The resulting oligomeric Apaf-1/cyto-
chrome ¢ complex recruits procaspase-9, forming apopto-
some, which induces the autocatalytic processing and
activation of procaspase-9 (8, 9).
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Once activated, caspase-9 in turn cleaves and activates
effector caspases such as caspase-3 and -7, resulting in a
cascade of additional caspase activation and apoptosis.

IAP (inhibitor of apoptosis) family proteins are regula-
tors of the caspase activation cascade (10, 11). IAPs were
first identified as baculovirus proteins that inhibit apop-
tosis in host cells (12, 13), and their homologs are found
in many animal species including mammals (10, 11). Sev-
eral human IAP homologs, such as X-chromosome linked
TIAP (XIAP), c-IAP1 and c-IAP2, have been shown to bind
active caspase-3, caspase-7 and caspase-9 and to inhibit
their activities (14-16). The inhibition of caspases by
IAPs can be relieved by the mitochondrial proteins Smac/
DIABLO (17, 18). Smac is released from the mitochon-
dria into the cytosol with cytochrome ¢ during apoptosis,
binds directly to IAPs, and eliminates the interaction of
IAPs with caspases.

IAPs are structurally characterized by having one to
three copies of the baculoviral IAP repeat (BIR) domain
at their N-termini; additionally, some IAPs, including
XIAP, c-IAP1 and c-IAP2, contain a C-terminal RING
finger domain (10, 11). The BIR domains are thought to
be necessary for IAPs to bind to and inhibit caspases. In
the case of XIAP, the BIR2 domain, together with its N-
terminal linker region is sufficient to bind caspase-3 (19,
20), and the BIR3 domain selectively targets caspase-9
(21, 22).

Several lines of evidence suggest that the RING finger
domain is an essential motif for the activity of ubiquitin
ligases (23). The ubiquitination of proteins is performed
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in three enzymatic steps (24, 25). First, the ubiquitin
activating enzyme (E1) activates a ubiquitin moiety and
forms a thioester bond between the cysteine residue of
the E1 and the C-terminus of ubiquitin in an ATP-
dependent manner. The activated ubiquitin is then trans-
ferred to the ubiquitin-conjugating enzyme (E2) via the
thioester bond, and, finally, the ubiquitin ligase (E3) rec-
ognizes the target protein to be ubiquitinated and trans-
fers the ubiquitin moiety from the E2 to the target. The
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resulting polyubiquitin chain serves as a recognition sig-
nal for the proteasomal degradation. At present two
major types of E3s are known: the HECT type and the
RING finger type. E6AP (26), Smurfl (27) and Nedd4
(28) have been identified as HECT type ligases, whereas
MDM?2 (29), ¢-Cbl (30, 31), Parkin (32), Roc1/Rbx1 (SCF
and VBC) and APC11 (APC) (33-35) are known as RING
finger type ligases in mammals. IAPs containing RING
finger domains have also been shown to promote auto-
ubiquitination and self-degradation in response to apop-
totic stimuli (36). Moreover, several reports suggest that
these IAPs also function as E3s toward other substrates.
For example, caspase-7 has been shown to be monoubiqg-
uitinated by c-IAP2 in vitro (37) and caspase-3 has been
shown to be polyubiquitinated by XIAP in intact cells
(38). In addition, it has also been reported that some
kinds of IAPs promote the ubiquitination of Smac (39,
40).

Here we identify caspase-9 as another candidate for
the target of the E3 activity of XIAP. Furthermore, we
show that XIAP can also polyubiquitinate mature
cytosolic Smac in intact cells.

EXPERIMENTAL PROCEDURES

Plasmid Constructions and Expression of Recombinant
Proteins—Human XIAP, caspase-9, and Smac/DIABLO
cDNAs were amplified by the RT-PCR method. The point
mutant (C471A) of XIAP was obtained by the PCR muta-
tion method using a specific mutation primer. The ubiqg-
uitin-fused mature Smac coding region was generated by
overlapping PCR according to Hunter et al. (41). The
resulting ¢cDNAs were subcloned into each expression
vector. pFLAG-CMV-2 vector (Sigma) was used to express
N-terminally Flag-tagged proteins, and pcDNA3.1/myc-
His (—) A vector (Invitrogen) was used to express C-termi-
nally Myc-tagged proteins in 293T cells. Mouse E1, N-
terminally GST- or Hisgs-tagged XIAP, and GST-tagged
full-length procaspase-9 were expressed in Sf-9 cells
using a baculovirus protein expression system (Gibco BRL)
according to the manufacturer’'s protocol. Recombinant
mature Smac was expressed in Escherichia coli (BL21,
LysS) as C-terminal intein-chitin binding domain (CBD)

Fig. 1. XIAP functions as E3 toward caspase-9 in vitro. (A)
XIAP and caspase-9 are ubiquitinated in the presence of UbcHb5c.
GST-caspase-9 (150 nM) and GST-XIAP (400 nM) immobilized on
glutathione-Sepharose 4B were applied to the in vitro ubiquitina-
tion assay together with E1, the indicated E2, and biotinylated
ubiquitin. The resins were subjected to SDS-PAGE and the ubiqui-
tinated proteins were detected by Western blotting using peroxi-
dase-conjugated avidin (ExtrAvidin). (B) Ubiquitination of caspase-
9 is dependent on the amount of XIAP. The indicated amounts of
GST-XIAP were applied to the in vitro ubiquitination assay with
(lanes 2-6) or without (lane 1) GST-caspase-9 (150 nM), and the
ubiquitinated proteins were detected as shown in (A) using purified
UbcH5c as E2. (C) Ubiquitination of the large subunit of mature
caspase-9 and/or procaspase-9 by XIAP. Resin-immobilized GST-
caspase-9 (lanes 1, 3 and 5) or control resin (lanes 2 and 4) was incu-
bated with purified GST-XIAP (lanes 1 and 2) or His-XIAP (lanes 3
and 4) before the ubiquitination assay. The in vitro ubiquitination
reaction was performed as described in (B), and GST-tagged procas-
pase-9 and the large subunit of mature caspase-9 (casp-9LS) were
detected by Western blotting using an anti-caspase-9 antibody (spe-
cific for residues 1-250).
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Fig. 2. A RING finger mutant of XIAP does not enhance the
ubiquitination of caspase-9 in intact cells. 293T cells were co-
transfected with expression plasmids encoding untagged full-length
procaspase-9, N-terminally Flag-tagged XIAP (wild-type or C471A
mutant), and HA-tagged ubiquitin (HA-Ub). Thirty six hours after
transfection, the cells were treated with 40 M MG132 for the
indicated times and then harvested. Untagged caspase-9 was
immunoprecipitated (IP) from the cell lysates using the anti—
caspase-9 antibody (1-250) and protein A/G-agarose as described in
“EXPERIMENTAL PROCEDURES.” Each immunocomplex was subjected
to SDS-PAGE and the ubiquitinated caspase-9 was detected by
immunoblotting (IB) using an anti-HA antibody (upper panel). The
amounts of immunoprecipitated caspase-9 (middle panel) and the
expression level of Flag-XIAP (lower panel) were confirmed using
the indicated antibodies. Asterisks (¥, **) show the nonspecific anti-
body-reacting bands derived from the immunocomplexes.

fusion proteins, and purified as untagged proteins using
the IMPACT T7 system (New England Biolabs). UbcHb5¢
and other E2s were expressed in E. coli (BL21, LysS) and
purified as described previously (42).

In Vitro Ubiquitination Assay—GST-tagged caspase-9
expressed in Sf-9 cells was immobilized on glutathione-
Sepharose 4B (Amersham Bioscience) and incubated
with purified GST- or His-XIAP at 4°C for 1 h before the
ubiquitination reaction. The in vitro ubiquitination assay
was carried out essentially as described previously (42)
using biotinylated ubiquitin. Briefly, 30 pl of reaction
mixture containing 50 mM Tris-HC1 (pH 7.4), 5 mM
MgClL,, 3 mM ATP, 2 mM DTT, E1, E2, GST- or His-XIAP,
GST-caspase-9 and biotinylated ubiquitin was incubated
at 25°C for 30 min. After incubation, the resin was
washed with buffer [10 mM Tris-HCI (pH 7.4), 0.15 M
NaCl, and 3 mM MgCl,] containing 0.01% Brji-35. In the
case of ubiquitination of Smac, C-terminally intein-CBD
tagged Smac immobilized on chitin beads (New England
Biolabs) was used as a substrate. After the ubiquitina-
tion reaction, the resin was treated with 50 mM DTT at
4°C overnight in order to remove the intein-CBD tag
from Smac and to elute the untagged Smac from the
beads. Each sample was subjected to SDS-PAGE and
ubiquitinated proteins were detected by Western blotting
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with peroxidase-conjugated avidin (ExtrAvidin, Sigma)
or with the antibody indicated in the figure legends.
Primary antibodies used for Western blotting were anti—
caspase-9 monoclonal antibody (specific for residues 1-
250, MBL), anti—caspase-9 polyclonal antibody (specific
for residues 316-330, New England Biolabs) and anti-
Smac polyclonal antibody (MBL).

Cell Culture, DNA Transfection and Immunoprecipita-
tion—293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). The cells were transfected with
plasmids using the FuGENE 6 reagent (Roche) and
replated in 35-mm diameter plates (5 x 105 cells/plate) 24
h after transfection. Thirty six hours after transfection,
some cultures were treated with 40 pM proteasome
inhibitor MG132 (Peptide Institute) for the number of
hours indicated in the figure. Then, the cells were lysed
with Tris buffer containing 2% SDS and heated at 100°C
for 5 min to inactivate the isopeptidase activity and dis-
rupt protein-protein interactions. For immunoprecipita-
tion, the lysates were diluted 10-fold with Tris buffer con-
taining 0.5% NP-40, protease inhibitor cocktail (Roche)
and 1 mM PMSF, sonicated, and clarified by centrifuga-
tion. The supernatants were incubated with the indi-
cated antibodies at 4°C for 2 h followed by the addition of
protein A-Sepharose CL-4B (Amersham Bioscience) or
protein A/G-agarose (Santa Cruz) for overnight. The
resulting immunocomplexes were washed three times
with Tris buffer containing 0.5% NP-40 and 0.2% SDS,
subjected to SDS-PAGE and transferred to polyvinyli-
dene difluoride (PVDF) membranes. The blots were incu-
bated with the appropriate primary antibodies and then
with peroxidase-conjugated anti-mouse secondary anti-
body (Dako). The detection of proteins was carried out by
the ECL method (Amersham Bioscience). Antibodies
used for immunoprecipitation and/or immunoblotting in
this study were anti—caspase-9 monoclonal antibody
(specific for residues 1-250, MBL), anti-HA-tag antibody
(clone 12CA5, Roche), anti-Myc-tag antibody (clone
PL14, MBL), anti—Flag-tag antibody (clone M2, Sigma)
and anti—Flag-tag polyclonal antibody (Sigma).

RESULTS

XIAP Promotes the Ubiquitination of Caspase-9—
Human IAPs have been shown to bind specifically to
active caspases-3, -7 and -9 (14-16). In addition, recent
reports demonstrate that IAPs containing a RING finger
domain promote the ubiquitination of caspases-3 and -7
(37, 38). These reports raise the possibility that caspase-9
may be also targeted for ubiquitination by these IAPs.
Therefore, we examined whether XIAP, the most potent
caspase inhibitor among human IAPs, functions as ubiqg-
uitin ligase, E3, toward caspase-9.

First, GST-caspase-9 and GST-XIAP were applied to
the in vitro ubiquitination assay with a variety of E2s in
the presence of biotinylated ubiquitin as described in
“EXPERIMENTAL PROCEDURES,” and then the ubiquiti-
nated proteins were detected with peroxidase-conjugated
avidin. When UbcH5c¢ was used as E2, some ubiquiti-
nated proteins were detected below the ladder corre-
sponding to the auto-ubiquitinated GST-XIAP (Fig. 1A,
lane 1). When other kinds of E2 were used, neither auto-
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ubiquitinated GST-XIAP nor other ubiquitinated pro-
teins were detected (Fig. 1A, lanes 2-6). The bands
around 66 kDa that were detected in the presence of
UbcHb5c¢ disappeared in the absence of GST-caspase-9
(Fig. 1B, lane 1), suggesting that these bands could be
mono- or poly-ubiquitinated GST-procaspase-9 and/or the
large subunit of mature caspase-9 (casp-9LS). Moreover,
the amount of the ubiquitinated form of GST-caspase-9
was increased by GST-XIAP in a dose-dependent manner
(Fig. 1B, lanes 2-6), indicating that the ubiquitination of
caspase-9 is induced by XIAP. To confirm that GST-cas-
pase-9 was ubiquitinated, the in vitro ubiquitination
reaction mixtures were analyzed by Western blotting
using an anti—caspase-9 antibody that recognizes the N-
terminal regions of procaspase-9 and casp-9LS. A part of
the GST-procaspase-9 expressed by the baculovirus
expression system was autocatalytically cleaved in Sf-9
cells, and thus both GST-procaspase-9 and the mature

caspase-9, produced by the processing of procaspase-9,
were present in the reaction mixtures (Fig. 1C, lane 5).
When GST- or His-tagged XIAP was added to the reaction
mixture, several bands migrating more slowly than the
GST-procaspase-9 and/or GST-casp-9LS bands were
observed (Fig. 1C, lanes 1 and 3) These bands seemed to
be multi-ubiquitinated forms of the caspase. These data
show that XIAP can function as E3 toward procaspase-9
and/or casp-9LS in vitro.

Next, we tested whether caspase-9 is ubiquitinated by
XIAP in intact cells. 293T cells were co-transfected with
untagged caspase-9, Flag-XIAP, and HA-ubiquitin, and
then treated with a proteasome inhibitor, MG132. The
ubiquitination of caspase-9 was observed by immunopre-
cipitation with anti—caspase-9 antibody. In the presence
of wild-type XIAP, a ladder of HA-ubiquitin-conjugated
caspase-9 was detected (Fig. 2, lane 1) and the ubiquiti-
nated species accumulated by treatment with MG132 for
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4-6 h (Fig. 2, lanes 3 and 4). When the cells were trans-
fected with a RING finger mutant of XIAP (C471A) in
place of the wild-type, the ubiquitination of caspase-9
was much weaker, and the accumulation of ubiquitinated
species by MG132 was significantly delayed (Fig. 2, lanes
5-8). Therefore, a RING finger of XIAP seems to be
essential for this ubiquitination. These results suggest
that XTAP promotes the ubiquitination of caspase-9 both
in vitro and in intact cells.
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XIAP Promotes the Polyubiquitination of Mature Cas-
pase-9 but Not of Procaspase-9—From the results of the
assay described above, it was not clear which form of cas-
pase-9 was ubiquitinated, because both procaspase-9 and
the mature form of caspase-9 co-existed in the reaction
mixtures. In order to know which form is ubiquitinated,
we tried to detect the ubiquitination of each form of cas-
pase-9 separately.

To detect mature casp-9LS solely, we attempted to
remove procaspase-9 from the reaction mixture using
an in vitro autoprocessing reaction. GST-procaspase-9
immobilized on glutathione-Sepharose 4B was incubated
with 2 mM DTT at 37°C. After incubation, the GST-
procaspase-9 in the reaction mixture had almost dis-
appeared (Fig. 3A, lane 2). The disappearance of pro-
caspase-9 did not occur in the absence of DTT (Fig. 3A,
lane 1). The resulting mature GST-caspase-9 was applied
to the in vitro ubiquitination assay with GST-XIAP.
Although GST-procaspase-9 was hardly detected, a ubig-
uitinated protein ladder was detected in the presence of
wild-type GST-XIAP, indicating that the ladder corre-
sponded to ubiquitinated GST-casp-9LS (Fig. 3B, lane 1).
When a Ring-finger mutant of XIAP, C471A, was applied
to the reaction, ubiquitinated caspase was not detected
(Fig. 3B, lane 3). These data prove that mature casp-9LS
is polyubiquitinated by XIAP in a RING finger domain-
dependent manner.

Next, we tried to detect the ubiquitination of procas-
pase-9 by using anti—caspase-9 antibody specifically rec-
ognizing residues 316-330 of procaspase-9. As described
above, mature GST-caspase-9 is generated by the auto-
catalytic processing of GST-procaspase-9. It has been
shown that the autocatalytic cleavage of procaspase-9
occurs at Asp 315, which results in the generation of the
p35 (large subunit) and p12 (small subunit) fragments (7,
22). Therefore, the caspase-9 antibody (316-330) recog-
nizes procaspase-9, but not mature casp-9LS generated
by autoprocessing (Fig 3C). In the presence of XIAP, the
ubiquitination of GSTcasp-9LS was observed as shown in

Fig. 4. The ubiquitination of Caspase-9 by XIAP is inhibited
by Smac. (A) Smac decreases the XIAP-mediated ubiquitination of
caspase-9 in vitro. Purified GST-XIAP (400 nM, lanes 1, 3-5) or con-
trol (lane 2) was incubated with purified mature wild-type Smac (50
uM, lane 4), the N-terminal deletion mutant (AAVPI, 50 uM, lane 5)
or control buffer (lanes 1—3) at 4°C for 1 h, followed by the addition
of immobilized GST-caspase-9 (50 nM, lanes 2—5) or control resin
(lane 1). The in vitro ubiquitination reaction was performed
as shown in Fig. 1, and GST-caspase-9 was detected by Western
blotting using the anti—caspase-9 antibody (1-250). (B) Cytosolic
mature Smac inhibits the ubiquitination of caspase-9 in intact cells.
293T cells were co-transfected with expression plasmids encoding
the C-terminally Myc tagged Ubiquitin-Smac fusion protein (Ub-
Smac-Myc), N-terminally Flag-tagged procaspase-9, C-terminally
Myc-tagged XIAP, and HAUb. Thirty six hours after transfection,
the cells were treated with (lanes 2 and 4) or without (lanes 1 and 3)
40 pM MG132 for 4 h, and then harvested. Flag-caspase-9 was
immunoprecipitated (IP) from the cell lysates using anti-Flag poly-
clonal antibody and protein A-Sepharose CL-4B. Each immunocom-
plex was subjected to SDS-PAGE and the ubiquitinated Flag-
caspase-9 was detected by immunoblotting (IB) with an anti-
HA antibody (upper panel). The amounts of immunoprecipitated
Flag-caspase-9 (middle panel) and the expression level of cytosolic
mature Smac-Myc and XIAP-Myc (lower panel) were confirmed
using their respective antibodies.
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Fig. 5. Polyubiquitination of Smac by XIAP. (A) Smac is polyu-
biquitinated in the presence of UbcH5¢c and XIAP in vitro. C-termi-
nally intein-CBD tagged mature Smac immobilized on chitin beads
was applied to the in vitro ubiquitination assay, together with E1,
the indicated E2, purified GST-XIAP and biotinylated ubiquitin.
The intein-CBD tag was then removed from Smac by treatment
with 50 mM DTT. The eluted untagged Smac was subjected to
SDSPAGE, and detected by Western blotting using the anti-Smac
antibody. (B) The RING-finger of XIAP is important for the ubiqui-
tination of cytosolic mature Smac in intact cells. 293T cells were co-
transfected with expression plasmids encoding Ub-Smac-Myc, Flag-
XIAP and HAUb. Thirty-six hours after transfection, the cells were
treated with 40 uM MG132 for 2 h, and then harvested. Cytosolic
mature Smac-Myc was immunoprecipitated (IP) from the cell
lysates using an anti-Myc polyclonal antibody and protein A—
Sepharose CL-4B. Each immunocomplex was subjected to SDS-
PAGE, and the ubiquitinated Smac-Myc was detected by immunob-
lotting (IB) using the anti-HA antibody (upper panel). The amounts
of Smac-Myc immunoprecipitated (middle panel) and the expres-
sion level of Flag-XIAP (lower panel) were confirmed by reactions
using their respective antibodies.
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Fig 1C using anti—caspase-9 antibody (1-250), which rec-
ognizes both procaspase-9 and casp-9LS (Fig. 3D, lane 1,
upper panel); the monoubiquitinated form of procaspase-
9 was detected very weakly using anti—caspase-9 anti-
body (1-259), and polyubiquitinated forms were not
detected using anti—caspase-9 antibody (316-330), which
recognizes procaspase-9 but not mature casp-9LS (Fig.
3D, lane 1, lower panel). Taken together, these results
suggest that mature casp-9LS, but not procaspase-9, is
targeted for polyubiquitination by XIAP.

Smac Inhibits the XIAP-Mediated Ubiquitination of
Caspase-9—Smac is synthesized as a precursor molecule
with a N-terminal mitochondrial targeting sequence that
is removed upon import into mitochondria, and released
to the cytosol in response to the apoptotic stimuli (17).
Smac has been shown to interact directly with XIAP and
interfere with the binding of XIAP to caspase-9 (17, 18,
22,43). Thus we wondered whether Smac would also pre-
vent the ubiquitination of caspase-9 by XIAP. When a
large amount of mature Smac was added to the in vitro
ubiquitination reaction, ubiquitinated GST-casp9LS dis-
appeared completely (Fig. 4A, lane 4). This inhibition was
not observed when a Smac deletion mutant (AAVPI) lack-
ing Ala-Val-Pro-Ile in its N-terminus was added in place
of wild-type Smac (Fig. 4A, lane 5). This result indicates
the inhibition of XIAP-mediated caspase-9 ubiquitination
by active Smac. We also investigated the effect of Smac
on the ubiquitination of caspase-9 in intact cells. In this
experiment, we used the ubiquitin-Smac fusion protein
expression system, which allows the expression of active
Smac in the cytosol of non-apoptotic cells (41). In the case
of the culture without Smac, polyubiquitinated Flagcas-
pase-9 accumulated in a manner dependent on MG132 as
shown in Fig. 2 (Fig. 4B, lanes 1 and 2). In the presence
of cytosolic mature Smac, however, the accumulation of
ubiquitinated species was not observed even after 4 h-
treatment with MG132 (Fig. 4B, lanes 3 and 4). These
results demonstrate that Smac antagonizes the E3 activ-
ity of XIAP toward caspase-9.

Smac Is Polyubiquitinated by XIAP—Smac is known
as a proapoptotic protein that relieves the caspase-inhib-
itory activity of IAPs. On the other hand, recent reports
have revealed that IAPs promote the ubiquitination and
proteasomal degradation of Smac (39, 40). It has been
reported that XIAP promotes the ubiquitination of Smac
in vitro (39), while another report argues that the E3
activity of XIAP toward Smac is very weak compared to
that of ¢c-IAP1 or c-IAP2, and that it cannot promote sig-
nificant ubiquitination of Smac in intact cells (40). To
confirm the E3 activity of XIAP toward Smac, mature
Smac and GST-XIAP were applied to the in vitro ubiqui-
tination assay. In the presence of UbcHb5c, the ubiquiti-
nated mature Smac was detected as a ladder of bands
which is characteristic of polyubiquitinated proteins
(Fig. 5A, lane 1). Next, to observe the ubiquitination of
cytosolic mature Smac in intact cells, 293T cells were
transfected with a C-terminally Myc-tagged Ub-Smac
fusion protein, along with Flag-XIAP and HA-Ub. Con-
trary to the previous report (40), both mono- and polyu-
biquitinated mature Smac-Myc were strongly detected in
the presence of wild-type XIAP and HA-Ub (Fig. 5B, lane
3). Furthermore, when cells were transfected with the
RING-finger mutant XIAP, the ubiquitination of Smac
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was significantly decreased (Fig. 5B, lane 4). The amount
of nonubiquitinated Smac in the immunocomplex was
larger than when the wild-type XIAP was used (Fig. 5B,
middle panel). These results suggest that XIAP is able to
polyubiquitinate cytosolic mature Smac as well as c-IAP1
or c-IAP2. When the Smac precursor with a mitochon-
drial targeting sequence was used in place of Ub-Smac,
the ubiquitination of mitochondrial mature Smac was
hardly detected (data not shown), indicating that the
cytosolic localization of mature Smac is necessary for the
XIAP-mediated ubiquitination.

DISCUSSION

IAP family proteins are key regulators of apoptosis. IAPs
have been shown to bind specific caspases directly via
their BIR domains, whereas the RING-finger domain has
been shown to function as an active center of E3 and to be
responsible for the ubiquitination of substrates. In this
study, we demonstrate that caspase-9, the initiator cas-
pase of the mitochondrial apoptotic pathway, is one of the
substrates of the E3 activity of XIAP. XIAP can promote
the polyubiquitination of caspase-9 both in vitro and in
intact cells in a RINGfinger domain-dependent manner.
Taken together with previous reports indicating that
IAPs with a RING finger domain can ubiquitinate cas-
pases-3 and/or -7 (37, 38), these results suggest that
these IAPs inhibit caspases not only by suppressing their
activities through direct binding, but also by degrading
their active species through the ubiquitin—proteasome
pathway.

We found that XIAP polyubiquitinates the large subu-
nit of mature caspase-9 but not procaspase-9 in vitro.
This result is consistent with the previous report that
revealed that the processing of caspase-9 is essential for
XIAP-mediated inhibition (22). In addition, mature Smac
prevented the ubiquitination of caspase-9 by XIAP to the
same extent as it prevents the binding of XIAP to cas-
pase-9.

The RING-finger type E3s can be separated into two
groups: those that do not bind directly to target proteins
and can function as E3s by forming an E3 complex with a
subunit that recognizes the substrates, such as Rocl/
Rbx1 and APC11 (33-35), and those that have both the
binding and catalytic domains in their own molecules,
such as MDM2 and c-Cbl (29-32). As shown here, XIAP
belongs to the latter group, and the binding of XIAP to
mature caspase-9 via its BIR3 domain may be required
for the subsequent ubiquitination.

Smac has been identified as an inhibitor of the
caspase-inhibitory activity of IAPs, and we have demon-
strated that Smac also inhibits the XIAP-mediated
ubiquitination of caspase-9. We have also shown that
cytosolic mature Smac is polyubiquitinated by XIAP in
vitro and in intact cells. These data indicate that Smac
may be a target protein for IAP-mediated ubiquitination,
consistent with data reported by other groups (39, 40).
Thus, IAPs seem to be able to remove cytosolic mature
Smac through the ubiquitin-proteasome pathway. IAPs
have been shown to have the auto-ubiquitination activity
(36). Taken together, these studies suggest that IAPs pro-
mote the ubiquitination of caspases and Smac to inhibit
apoptosis, or promote auto-ubiquitination to induce apop-
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tosis. Based on this suggestion, we speculate that the
selection of the target for IAP-mediated ubiquitination
may be involved in the determination of cell death or sur-
vival. Recently, Smac3, a splicing variant of Smac, and
the Drosophila proapoptotic proteins Reaper, Grim and
Hid have been shown to enhance the auto-ubiquitination
of IAPs (44—48). Such factors, which change the target of
the E3 activity of IAPs, probably play a critical role in the
regulation of apoptosis.
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