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Omi/HtrA2 is a mitochondrial serine protease that is released into the cytosol during apoptosis to antagonize
inhibitors of apoptosis (IAPs) and contribute to caspase-independent cell death. Here, we demonstrate that
Omi/HtrA2 directly cleaves various IAPs in vitro, and the cleavage efficiency is determined by its IAP-binding
motif, AVPS. Cleavage of IAPs such as c-IAP1 substantially reduces its ability to inhibit and ubiquitylate
caspases. In contrast to the stoichiometric anti-IAP activity by Smac/DIABLO, Omi/HtrA2 cleavage of c-IAP1
is catalytic and irreversible, thereby more efficiently inactivating IAPs and promoting caspase activity.
Elimination of endogenous Omi by RNA interference abolishes c-IAP1 cleavage and desensitizes cells to
apoptosis induced by TRAIL. In addition, overexpression of cleavage-site mutant c-IAP1 makes cells more
resistant to TRAIL-induced caspase activation. This IAP cleavage by Omi is independent of caspase. Taken
together, these results indicate that unlike Smac/DIABLO, Omi/HtrA2’s catalytic cleavage of IAPs is a key
mechanism for it to irreversibly inactivate IAPs and promote apoptosis.
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Apoptosis is mainly executed by proteolytic activation
of caspases. Activated caspases catalytically degrade im-
portant intracellular molecules and execute cell death
(Cryns and Yuan 1998; Thornberry and Lazebnik 1998).
The initial proteolytic cleavage of caspases may occur
through the extrinsic cell-surface pathway by the activa-
tion of the tumor necrosis family of receptors, and/or
from the intrinsic route via the release of a group of
apoptotic proteins from the mitochondria to the cyto-
plasm (Nagata 1997; Wang 2001). Inhibitor of apoptosis
(IAP) proteins directly bind and inhibit active caspases
through their baculovirus IAP repeat (BIR) domains (De-
veraux and Reed 1999; Miller 1999; Verhagen et al. 2001;
Salvesen and Duckett 2002). XIAP is the first mamma-
lian IAP protein characterized with caspase inhibitory
activity (Deveraux et al. 1997). The BIR3 domain and
BIR2 along with its N-terminal linker region of XIAP
bind and inhibit caspase-9 and caspase-3, respectively
(Takahashi et al. 1998; Deveraux et al. 1999; Sun et al.
1999, 2000). Among the eight IAP proteins in mammals,
c-IAP1, c-IAP2, XIAP, Livin �, Livin �, and Ts-IAP also

contain a RING zinc-binding motif. Some of them func-
tion as a ubiquitin ligase to modify proteins posttransla-
tionally through ubiquitylation (Huang et al. 2000; Yang
et al. 2000; Pickart 2001).
Smac/DIABLO and Omi/HtrA2 are two IAP antago-

nists identified so far in mammals (Du et al. 2000; Ver-
hagen et al. 2000, 2002; Suzuki et al. 2001; Hegde et al.
2002; Martins et al. 2002; van Loo et al. 2002). They both
are nuclear-encoded mitochondrial proteins. The cleav-
age of their mitochondrial-targeting sequences inside
mitochondria generates processed active Smac and Omi
with new apoptogenic N termini, named the IAP-bind-
ing motif. This motif consists of a short stretch of hy-
drophobic amino acids, AVPI or AVPS, in Smac and Omi,
respectively. After its release into the cytosol stimulated
by apoptotic triggers, Smac and Omi competitively bind
to the BIR domains of IAPs via the IAP-binding motif, so
that the BIR-bound caspases are released and reactivated
(Liu et al. 2000; Wu et al. 2000; Srinivasula et al. 2001).
Although Smac and Omi are both IAP antagonists, they
manifest distinct physical characteristics and biochemi-
cal activities. The active Smac is a homodimer, whereas
Omi is a homotrimer (Chai et al. 2000; Li et al. 2002).
Omi is a mitochondrial serine protease, whereas Smac is
not (Faccio et al. 2000; Gray et al. 2000). The serine pro-
tease domain of Omi is located in the central region of
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the molecule, and the PDZ domain that regulates its
protease activity is located in the C-terminal region. The
serine protease activity of Omi is reported to be indis-
pensable for its pro-apoptotic function (Li et al. 2002).
However, it is not known whether the serine protease
activity of Omi is only important for caspase-indepen-
dent cell death, or whether it also plays a specific role in
antagonizing IAPs. Screening for Omi proteolytic sub-
strates from 40 proteins has revealed that only 4 pro-
teins—�-casein, �-casein, hyaluronidase, and glycopro-
tein �1 acid—are cleavable by Omi (Gray et al. 2000).
None of the four Omi substrates, however, has been re-
ported to be involved in apoptosis.
A recent report by Dr. Arnold Levine’s group (Jin et al.

2003) has identified Omi as a p53-targeted gene. p53-
mediated Omi up-regulation correlates with c-IAP1
cleavage in etoposide-induced cell death. This c-IAP1
cleavage, as well as the respective apoptotic cell death,
can be inhibited by a serine protease inhibitor, indicating
that Omi may cleave c-IAP1 (Jin et al. 2003). These re-
sults suggest a close correlation of Omi up-regulation
with c-IAP1 cleavage. In this study, we independently
identified IAPs as a new set of protease substrates of
Omi/HtrA2 and characterized the biochemical mecha-
nism for the consequences of c-IAP1 cleavage in cell
death.

Results

Identification of new substrates for the serine
protease Omi/HtrA2

On the basis of the fact that Omi can bind the IAP family
of proteins through its N-terminal IAP-binding motif
,and enzyme binding to substrate is a prerequisite for
the enzymatic reaction to take place, we investigated
whether IAP proteins could serve as enzymatic sub-
strates of Omi. We incubated different IAP proteins
with wild-type Omi (Omi WT) in vitro and resolved
the reaction mixtures by SDS-PAGE, followed by silver
staining or Western blotting. As shown in Figure 1,
Omi WT could cleave various IAP proteins, including
cIAP1, cIAP2, XIAP, DIAP1 (Fig. 1A), Livin �, and Livin
� (Fig. 1B). This cleavage activity, however, is absent
for Survivin (Fig. 1C). Omi showed the highest cleavage
efficiency on c-IAP1 among all of the IAPs tested;
we therefore focused on c-IAP1 in the following ex-
periments. In contrast to wild-type Omi, the protease
dead mutant Omi SA (Faccio et al. 2000; Gray et al.
2000) completely lost its hydrolytic activity on c-IAP1
(Fig, 1D) and on other IAPs (data not shown). Taken to-
gether, c-IAP1, c-IAP2, XIAP, Livin �, Livin � and DIAP1
form a new group of proteolytic substrates of Omi in
vitro.

Figure 1. Omi cleaves IAP proteins. Each IAP protein was incubated with Omi WT or Omi SA for 2 h at 30°C in 40 µL of PBST as
described in Materials and Methods. The reaction products were subjected to SDS-PAGE, followed by silver staining for c-IAP1,
c-IAP2, XIAP, and DIAP1 (A), or immonostaining for Livin � or Livin �with an anti-Livin antibody (B). (C) Survivin was incubated with
excessive amounts of Omi WT, and the result was immunoblotting using an anti-Survivin antibody. (D) c-IAP1 was incubated with
WT (lane 2) or Omi SA (lane 3), and the cleavage was detected by silver staining.
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Omi/HtrA2 cleavage of c-IAP1 is dependent on its
IAP-binding motif and regulated by the PDZ domain

We examined whether Omi binding to IAPs was required
for its IAP cleavage by use of an IAP-binding-deficient
mutant Omi missing the N-terminal eight amino acid
residues, Omi �8 (Li et al. 2002). Omi WT at 2.5 nM
cleaved 50 nM c-IAP1 (molar ratio at 1:20) to near
completion (Fig. 2B, lane 2). In contrast, Omi �8 protein
at 2.5 nM barely cleaved any c-IAP1 (Fig. 2B, lane 3). The
same cleavage activity did not occur unless a 10-fold
higher concentration of Omi �8 (25 nM) was used (molar
ratio at 1:2; Fig. 2B, lane 6). Thus, the proteolytic effi-
ciency of this IAP-binding-deficient Omi was ∼10-fold
less than that of wild-type Omi regarding c-IAP1 cleav-
age. This implied that the difference in IAP cleavage ef-
ficiency between Omi WT and Omi �8 might be due to
the difference in their IAP-binding affinity. Consistently,
a GST-based pull-down assay showed that Omi WT
bound to c-IAP1, whereas Omi �8 did not (Fig. 2C, lanes

1,2, respectively). In contrast to c-IAP1, Omi WT and
Omi �8 equally efficiently cleaved �-casein (Fig. 2D,
lanes 2,3), indicating that deleting the first eight amino
acids does not diminish Omi protease activity against
substrates in general, and the AVPS-mediated binding
determines specific Omi cleavage of IAP. The PDZ do-
main attenuates Omi protease activity on �-casein, prob-
ably through restriction of substrate accessibility to the
protease active site (Li et al. 2002). Omi �PDZ also
showed a better cleavage activity on c-IAP1 (Fig. 2B), and
this was at least in part due to its higher binding effi-
ciency to c-IAP1 (Fig. 2C, lane 3).

The cleavage of c-IAP1 by Omi/HtrA2 catalytically
potentiates caspase activity

Addition of dATP and cytochrome c to HeLa cell ex-
tracts triggers the activation of endogenous caspase-9
(Liu et al. 1996), which can be measured by the cleavage

Figure 2. Omi/HtrA2 cleavage of c-IAP1 is dependent on its AVPS IAP-binding motif. (A) Schematic representation of wild-type and
mutant Omi. WT, wild-type Omi; �8, Omi with the N-terminal eight residues deleted; �PDZ, Omi lacking the PDZ domain. (B,D)
c-IAP (B) or �-casein (D) was incubated with wild-type Omi (lane 2), Omi �8 mutant (lanes 3–7) or Omi �PDZ mutant (lanes 8–12) in
PBST for 2 h at 30°C. The c-IAP1 cleavage was revealed by sliver staining. The asterisk in B indicates a cleavage product produced
exclusively by Omi �PDZ proteolysis of c-IAP1. (C) GST-fused c-IAP1 (50 nM) was preincubated with 100 nM of wild-type and mutant
Omi for 20 min at 4°C in 50 µL of PBST, and then incubated with 20 µL of Glutathione Sepharose beads for 30 min at 4°C. The beads
were precipitated by centrifugation and washed with 1.4 mL × 3 of PBST. The proteins bound to the beads and left in the supernatant
were mixed separately with SDS sample loading buffer and resolved by SDS-PAGE. The upper part of the filter was immunoblotted
for GST and the lower part for Penta-His.
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of 35S-labeled procaspase-3 (Fig. 3A, lane 2). This caspase
activity was completely inhibited by 200 nM of c-IAP1
(Fig. 3A, lane 3) ,and this IAP inhibition was relieved by
200 nM of Smac (Fig. 3A, lane 7). In contrast to Smac,
this c-IAP1 inhibition was reduced by Omi at 10 nM and
relieved at 75 nM, whereas the protease dead mutant
Omi just started to reduce the inhibition at 75 nM (Fig.
3A, lanes 8–13). The cleavage of c-IAP1 was further con-
firmed by Western blotting (Fig. 3A, bottom). Omi did
not cleave either the proform or the active form of
caspase-9 and caspase-3, as shown by silver staining (Fig.
3B) and fluorogenic caspase substrate assay (data not
shown). Thus, the caspase activity was due to Omi cleav-
age of c-IAP1. Therefore, Smac stoichiometrically an-
tagonizes c-IAP1 through direct binding of its N termi-
nus to IAPs. The binding-directed Omi cleavage of IAPs,
on the other hand, is catalytic and irreversible, thereby
more efficiently inactivating IAPs.

The cleavage of c-IAP1 by Omi/HtrA2 reduces its
ubiquitin ligase activity on caspase substrates

Incubation of caspase-3 and caspase-9, but not their pro-
form, in a reconstituted ubiquitylation system, led to
caspase polyubiquitylation in a c-IAP1-dependent man-
ner (Fig. 4A). This result is consistent with the observa-
tion that only processed caspases are able to bind to the
BIR domains of XIAP (Srinivasula et al. 2001). In this
assay system, Omi-cleaved c-IAP1 at 150 nM failed to
produce polyubiquitylated caspase-3, whereas the full-
length c-IAP1 at the same concentration produced rea-

sonable amounts of polyubiquitylated products (Fig. 4B).
The same result was obtained on caspase-9 polyubiqui-
tylation (Fig. 4C). Therefore, c-IAP1 cleavage resulted in
a dramatic reduction of its ubiquitin ligase activity on
caspase-3 and caspase-9.

Mapping Omi/HtrA2 cleavage sites on c-IAP1

The c-IAP1 fragments generated by Omi proteolysis
were subjected to N-terminal sequencing by Edman deg-
radation (Fig. 5, F1–F4). Three preferred cleavage sites
were identified after the residues Thr 4, Asn 133, and Leu
161 of c-IAP1 (Fig, 5C, arrowheads), which corresponded
to the N-terminal sequencing of F1 and F2 and F3 and F4,
respectively. The cleavage sites did not show obvious
conservation at the level of amino acid sequences. Al-
though the C-terminal sequence of each fragment is un-
known, taking into consideration the N-terminal se-
quence of each fragment, the estimated size of each frag-
ment, and a total of three cleavage sites, it is likely that
F1 is composed of residues 5–133, F2 of residues 5–161,
F3 of residues 162–618, and F4 of residues 134–618.
The second and third cleavage sites are located in the

linker region N-terminal to the BIR2 domain of c-IAP1.
Because the binding of the corresponding linker of XIAP-
BIR2 is required for its inhibition on active caspase-3,
cleavage within this BIR2 linker region of c-IAP1 may
have weakened the binding of c-IAP1 to caspases and,
consequently, damaged the caspase inhibition of c-IAP1.
Although the ubiquitin ligase activity of c-IAP1 relies on
its RING domain, the reduced ubiquitin ligase activity

Figure 3. c-IAP1 Cleavage by Omi/HtrA2 reduces its
caspase inhibitory activity. (A) The c-IAP1 protein (400
nM) was first incubated with Smac, Omi WT, or Omi
SA for 2 h at 37°C in 10 µL of Buffer A. These samples
were subsequently tested for their caspase reactivation
activity by incubating with an equal volume of Hela
S100 extracts supplemented with 1 mM MgCl2, 1 mM
dATP, 24 ng/µL cytochrome c, 1 mMDTT, and a proper
amount of 35S-labeled procaspase-3 for 40 min at 30°C.
The reactions were subjected to 13.5% SDS-PAGE, and
transferred to the nitrocellulose filter. The filter was
first exposed to a phosphor screen for 1 h at room tem-
perature (top panel), and subsequently probed with anti-
GST antibody to check c-IAP1 cleavage (bottom panel).
(B) Omi does not cleave caspase-3 and caspase-9. Ap-
proximately 250 ng of recombinant caspase-3 or
caspase-9 was incubated with 50 ng of Omi at 37°C for
2 h in a final volume of 40 µL PBST. Omi cleavage of
�-casein was included as a positive control. The reac-
tion mixtures were resolved on a 7.5%–20% gradient
gel and visualized by silver staining. All of the samples
were run on the same gel. The splitting of the gel into
two parts was for the convenience of sample labeling.
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suggests that the binding between c-IAP1 and active
caspase-3 and caspase-9 might be indispensable for
caspase ubiquitylation.
It should be noted that the cleavage on c-IAP1 was not

limited to the three mapped sites. Other cleaved frag-
ments that were barely detectable by Coomassie blue
staining in Figure 5A were detected by immunoblotting
using an antibody against c-IAP1 (Fig. 5B, fragments 1–5).
As this antibody could only recognize a portion of the
CARD domain (Fig. 5C), and the size of these fragments
ranged from 30 to ∼45 kD, the N termini of these frag-
ments could therefore be right within the BIR2 and BIR3
domain, suggesting that extensive cleavage of c-IAP1 by
Omi could have further reduced the caspase inhibitory
function and ubiquitin ligase activity of c-IAP1. As the
amount of Omi is up-regulated by p53 during apoptosis,
as demonstrated by Levine’s group (Jin et al. 2003), it is
likely that cleavage at these sites will become stronger,
which results in more potent inhibition of c-IAP1 func-
tion.

Mutant c-IAP1 is more resistant to Omi cleavage
and better protects cells from apoptosis

We prepared recombinant c-IAP1 protein mutated at the
three preferred cleavage sites and tested its activity in
vitro. This mutant c-IAP1 protein still maintained anti-
caspase activity (Fig. 6A, top, lane 7); this caspase inhibi-

tory activity, however, could not be relieved by low con-
centrations of Omi (Fig. 6A, top, lanes 8,9) due to its
resistance to Omi cleavage (Fig. 6A, bottom, lanes 8,9).
In contrast, Omi at the same concentration already
cleaved wild-type c-IAP1 and reactivated caspases (Fig.
6A, lanes 4,5). Omi at 75 or 10 nM resulted in similar
amount IAP cleavage and caspase reactivation for mu-
tant and wild-type c-IAP1, respectively (Fig. 6A, lanes
10,4), indicating that mutant c-IAP1 is ∼7.5-fold more
resistant to Omi protease.
We next tested whether this mutant c-IAP1 could bet-

ter block caspase activity in HeLa cells by transfection
assays. Overexpression of the cytosolic form of Omi,
MAVPS Omi, mimics the already released Omi upon
certain apoptotic treatment, and thus, could distinguish
the proapoptotic effect of Omi from other apoptotic fac-
tors released from mitochondria. The first methionine
was likely removed after it was expressed in transfected
HeLa cells, as it could bind to c-IAP1 in a pull-down
assay (data not shown). Overexpression of MAVPS Omi
led to wild-type c-IAP1 cleavage independent of apopto-
tic stimulus (Fig. 6B, top, cf. lanes 3 and 1), whereas,
mutant c-IAP1 was more resistant (Fig. 6B, top, cf. lanes
4 and 2). Under TRAIL treatment, and in the absence of
exogenously transfected Omi, the mutant c-IAP1 was
more resistant than the wild type to the relatively lim-
ited amount of endogenous Omi (Fig. 6B, cf. lanes 5 and
6). This cleavage resistance correlated with a threefold

Figure 4. c-IAP1 cleavage by Omi/HtrA2 attenuates its ubiquitin ligase activity on caspase substrates. (A) Establishment of an in vitro
assay for c-IAP1 ubiquitin ligase activity. Caspase-3 or caspase-9 at 400 nM was incubated with 200 nM c-IAP1 for 2 h at 30°C in a
ubiquitylation system containing 40 mM Tris-HCl (pH 7.5), 50 mM NaCl, 100 nM ubiquitin activating enzyme (E1), 400 nM Ubc H6
(E2), 20 µM ubiquitin, and 2 mM Mg-ATP. The reaction products were subjected to SDS-PAGE and Western blotting for caspase-3 or
caspase-9. The asterisk indicates the mono-ubiquitylated (Ub)1-active caspase-9. The poly-ubiquitylated caspase-3 and caspase-9 are
denoted by (Ub)n. (B,C) Assay for the ubiquitin ligase activity of c-IAP1 before and after cleavage. c-IAP1 (1500 nM) was first incubated
with PBST buffer (FL c-IAP1) or Omi (375 nM; Cleaved c-IAP1) at 37°C for 2 h. The resulting incubation mixture was then assayed for
its ubiquitylation activity. A different amount of this incubated c-IAP1 sample was incubated with caspase-3 (400 nM) or caspase-9
(400 nM) using the assay system described in A. The final concentration of c-IAP1 sample in the ubiquitylation assay was 25 to ∼150
nM as indicated. The ubiquitylation was checked by immunoblotting for caspase-3 (B) and caspase-9 (C).

Omi/HtrA2 cleavage of c-IAP1 promotes apoptosis

GENES & DEVELOPMENT 1491



reduced DEVD activity in TRAIL-induced apoptotic
cells (Fig. 6C, curves 5,6). When more Omi was present
by transfection, mutant c-IAP1 was still more resistant
to Omi (Fig. 6B, top, cf. lanes 7 and 9), and this also
correlated with a better caspase inhibition (Fig. 6C, cf.
curves 7 and 9). In addition, the majority of c-IAP1 cleav-
age was not by caspases, because it could not be inhib-
ited by the pan caspase inhibitor z-VAD-fmk (Fig. 6B,
top, lanes 8,10), which was consistent with the results
that Omi did not degrade caspases in vitro (Fig. 3). The
mutant c-IAP1 was not absolutely resistant to Omi, be-
cause cleavage could also occur at other sites, as demon-
strated in Figure 5. Nonetheless, this mutant c-IAP1 al-
ready manifested resistance to Omi cleavage and better-
inhibited caspases, demonstrating that IAP cleavage by
Omi plays an important role in apoptotic progression.

Elimination of endogenous Omi reduces c-IAP1
cleavage and desensitizes cells to apoptosis

Transfection with small interfering RNA (siRNA) mol-
ecules against Omi (si-Omi) effectively eliminated Omi
protein expression (Fig. 7A, top), and the corresponding
c-IAP1 cleavage under TRAIL treatment was reduced
(Fig. 7A, middle, lane 4). The same results were obtained
for c-IAP2 and XIAP (data not shown). This reduced IAP
cleavage correlated with a two- to approximately three-
fold lower caspase activity in TRAIL-treated cells (Fig.
7B, curves 3,4). Taken together, Omi cleavage of IAPs
happens directly in apoptotic cells and represents an im-
portant step in Omi-mediated apoptotic progression.

Discussion

In this study, we demonstrate a novel mechanism for the
proapoptotic protease Omi/HtrA2 to sensitize cell death
as through catalytic cleavage and irreversible inactiva-
tion of the IAPs. Being the best substrate among all the
IAPs tested, c-IAP1 cleavage produces stronger caspase
activity and sensitizes cells to apoptosis through under-
mining its caspase inhibitory activity and caspase degra-
dation-promoting function. This IAP cleavage is not by
caspases, but rather an independent upstream step from
caspase activation. The recent report by Dr. Levine’s
group also supports our findings (Jin et al. 2003). They
have shown that c-IAP1 is cleaved in etoposide-induced
cell death, and a serine protease inhibitor completely
blocks this death. They further demonstrate that Omi/
HtrA2 is up-regulated by p53, and could therefore be the
protease to cleave c-IAP1. Our results have demon-
strated the direct evidence for Omi cleavage on c-IAP1 in
apoptotic cells and in vitro. In addition, we have eluci-
dated the biochemical mechanism for this cleavage con-
sequence on modulating caspase activity. A compound
inhibitor has been reported recently to inhibit Omi-in-
duced cell death (Cilenti et al. 2003). It could support our
findings if this inhibitor functions through preventing
IAP cleavage.
Omi cleavage of IAPs is not a random event, but rather

is involved in certain IAP-regulated apoptotic processes.
Only those BIR domain-containing proteins that are po-
tent caspase inhibitors (c-IAP1, c-IAP2, XIAP, Livin �,
Livin �, and DIAP1) are enzymatic substrates of Omi.

Figure 5. Mapping Omi/HtrA2 cleavage
sites on c-IAP1. (A) Approximately 5 µg of
GST-fused c-IAP1 was incubated with 0.4
µg of Omi for 2 h at 30°C. The samples
were resolved on a 7.5%–20% linear
gradient gel and transferred to a PVDF
membrane, followed by Coomassie Bril-
liant Blue R250 staining. Ten picomoles
of each cleaved polypeptide fragments
was subjected to N-terminal sequencing
by Edman Degradation. Both polypeptide
fragments F1 and F2 start with the
amino acid sequence ASQRLFPG; F4
starts with SFAHSLSP; and F3 starts with
NSRAVEDI. The three cleavage sites are
shown in C by arrowheads. The two poly-
peptides 30 kD in size (lane 2) are GST as
determined by N-terminal sequencing.
The peptides labeled with arrowheads
(lanes 1,2) were c-IAP1 proteolytic prod-
ucts (amino acid sequencing; data not
shown) that are likely generated by bacte-
rial proteases. (B) The Omi-cleaved c-IAP1
sample was immunoblotted with an anti-
body from R&D Systems recognizing the
amino acid residue 527–546 of human
c-IAP1 as shown in C. The polypeptide
fragments F1–F4 in A were no longer detectable by this antibody because of the lack of antibody-recognizing sequences. At least five
additional cleavage fragments (1–5) ranging in size from 30 to ∼45 kD were identified on this immunoblot. (C) A diagram of human
c-IAP1 labeled with the three mapped and unmapped sites.
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Being a BIR domain-containing protein that mainly func-
tions in cytokinesis (Li et al. 1998), Survivin fails to be
cleaved by Omi. Moreover, this AVPS motif-mediated
binding to IAPs is essential for Omi to cleave IAPs, but it
is not required for Omi to cleave �-casein, suggesting
that this motif-directed enzyme-substrate recognition
and binding specifically regulates IAP proteolysis. This
regulatory mechanism is likely to play a critical role in
vivo in determining Omi’s cleavage specificity for the
substrates directly involved in apoptosis. Our results
have also demonstrated a fundamental mechanistic dif-
ference between Omi and Smac in counteracting IAPs.
Smac antagonizes IAPs exclusively by stoichiometric
binding. Omi also binds to IAPs; this binding-directed
catalytic proteolysis of IAPs is the key mechanism for
Omi to irreversibly reduce IAP inhibition and efficiently
promote cell death.
In contrast to the IAP cleavage products observed in

our in vitro assay, we failed to detect c-IAP1 cleavage
products in live cells. The N-terminal Asparagine resi-
due in the large cleavage fragment of c-IAP1 (see Fig. 5

legend) is a destabilizing residue known to cause rapid
polypeptide degradation by proteasome through the N-
end rule pathway (Varshavsky 1996). Drosophila DIAP1
has recently been reported to be degraded in this manner
after caspase cleavage (Ditzel et al. 2003). We therefore
suspect that this c-IAP1 fragment bearing the N-termi-
nal Asparagine generated by Omi cleavage may also be
subject to this specific degradation, and this could be the
reason why we cannot observe the cleaved c-IAP1 prod-
ucts. This possibility is currently under investigation.
It is necessary to pinpoint the physiological roles of

Omi. Recent reports suggest that Omi is regulated by
translation under conditions of heat shock or ER stress
(Gray et al. 2000). The enzymatic activity of Omi is sub-
stantially enhanced in kidney ischemia/reperfusion in
mice (Faccio et al. 2000). It would be interesting to in-
vestigate whether Omi indeed cleaves IAPs and whether
caspase activity is, in fact, elevated under such stress
conditions. If so, this would provide insight into under-
standing the role of apoptosis in the pathology of such
stress conditions. Some answers will wait for the gene-

Figure 6. Cleavage-site mutant c-IAP1 makes cells more resistant to apoptosis. (A) The wild-type (Wt) or mutant (Mut) c-IAP1
proteins at 400 nM were preincubated with Omi for 2 h at 37°C in 10 µL of Buffer A and assayed for their caspase inhibitory activity
in HeLa S100 extracts supplemented with dATP and cytochrome c. The caspase-3 cleavage activity was detected on a PhosphorImager
(top panel), and cleavage of c-IAP1 was detected on the same filter by an anti-GST antibody (bottom panel). (B) A total of 750 ng of
wild-type (Wt) or mutant (Mut) c-IAP1 in p3XFlag-CMV-7 construct was transfected into HeLa cells with or without cotransfection
of 100 ngMAVPS Omi-Myc in pcDNA3.1 construct for 3 h using Lipofectamine Plus Reagent. The transfected cells were left untreated
(lanes 1–4) or treated with 100 ng/mL TRAIL for 4 h (lanes 5–10). A total of 100 µM z-VAD-fmk was added to the culture medium 2
h before TRAIL treatment (lanes 8,10). Total cell extracts were made, and 20 µg of protein per sample was analyzed by SDS-PAGE and
Western blotting. c-IAP1 was detected with an anti-Flag antibody (top panel). Omi was detected with a polyclonal antibody (middle
panel) so that both the endogenous (lower band) and exogenously expressed (upper band) Myc-tagged Omi were detected. Immuno-
blotting for Actin was to show equal sample loadings (bottom panel). The three immunoblotting results were obtained from the same
filter. (C) The DEVD activity for the samples in B. The number next to each curve represents the DEVD activity for the same numbered
samples in B. The curve that lies on the X-axis (�) is the DEVD activity for samples in lanes 1–4, 8, and 10 in B.
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targeted knockout studies of Omi in mice. It is of
importance to examine whether Omi knockout mice
manifest certain developmental defects as the result
of reduced IAP cleavage. Regardless of the precise
mechanism of this IAP cleavage by Omi in vivo, dis-
crimination in different upstream signals may allow the
cells to take a different route to inactivate IAPs. This
study focuses on Omi cleavage of c-IAP1; the mecha-
nism is likely to be of quite general significance, given
the conserved functional composition among IAP mol-
ecules. Future work will be done to distinguish the path-
ways utilized by Omi and Smac in response to various
upstream signals.

Materials and methods

Antibodies

Monoclonal anti-c-IAP1 antibody was purchased from Phar-
mingen; polyclonal antibody against the amino acid residues
527–546 of human c-IAP1 from R&D Systems; polyclonal anti-
caspase-3 and monoclonal anti-Survivin and caspase-9 from

R&D Systems; HRP conjugated anti-GST antibody, anti-c-Myc,
and anti-Flag M2 antibodies from Sigma; HRP conjugated anti
Penta-His antibody from QIAGEN; monoclonal anti-Livin an-
tibody from IMGENEX; monoclonal anti-Actin from Santa
Cruz Biotechnology. Polyclonal antisera against Omi and Smac
were obtained from rabbits immunized with recombinant Omi
and Smac proteins by Rockland Immunochemicals, Inc.

Generation of cDNA constructs

The cDNA for the mature form of Omi was PCR amplified and
subcloned into the pET21b vector to generate C-terminal hexa-
His-tagged construct. The point mutation and various deletion
mutations of Omi were generated by PCR and subcloned simi-
larly into pET21b. The cDNAs for human Livin � and Livin �

were subcloned into the pQE30 vector to generate N-terminal
hexa-His-tagged constructs. Human c-IAP1, c-IAP2, XIAP, and
Drosophila DIAP1 cDNAs were subcloned into pGEX-4T-2 to
generate GST fusion proteins. The p3XFlag-CMV-7 vector was
used to express N-terminal 3XFlag tagged c-IAP1 in mammalian
cells. The pcDNA 3.1(−) vector was used to express C-terminal
c-Myc (EQKLISEEDL)-tagged mature form or Ser 306 → Ala mu-
tant form Omi (starting from MAVPS).

Protein expression and purification

Hexa-His-tagged Omi and Survivin were expressed in Esch-
erichia coli strain BL21 (DE3), and Livin � and Livin � were
expressed in JM 109 and purified with Ni-NTA Sepharose affin-
ity chromatography. The GST-fused c-IAP1, c-IAP2, XIAP, and
DIAP1 were expressed in E. coli strain BL21 (DE3) and purified
with Glutathione Sepharose affinity chromatography, followed
by Superdex 200 gel-filtration chromatography. The protein
concentrations were determined by the modified Bradford
method (Zor and Selinger 1996).

Omi/HtrA2 serine protease activity assay

Proteins were incubated with Omi in PBST containing 20 mM
Pi (pH 7.4), 100 mM NaCl, 0.5 mM EDTA, 0.05% Tween 20,
and 1 mM DTT or in Buffer A containing 20 mM HEPES (pH
7.4), 10 mM KCl, and 1.5 mM MgCl2 for 2 h at 30°C or 37°C.
The reaction mixture was subjected to SDS-PAGE and analyzed
by Western blotting or Silver or Coomassie blue staining.

Assay for DEVD activity

The assay contained 30 µg of cell extracts and 40 µM of fluoro-
genic substrate Ac-DEVD-AMC. The cleavage of Ac-DEVD-
AMC was measured kinetically in RFU by excitation at 380 nm
and emission at 460 nm.

Multisite mutagenesis of c-IAP1

PCR mutagenesis was used to substitute the amino acids flank-
ing the three Omi cleavage sites on c-IAP1. The mutated c-IAP1
had the K3TAS6 replaced with QMGA, R132NSF135 with
QMGH, and P160LNA163 with EHMA. The DNA with expected
multipoint mutations was inserted into the plasmid pGEX-4T-2
through EcoRI/NotI sites, or into the p3XFlag-CMV-7 through
HindIII/SalI sites. The mutant constructs were confirmed by
DNA sequencing.

RNA interference

Plated in 6-well plates at 1.0 × 105 cells/well for 1 d, HeLa cells
were transfected twice in a 24-h interval with double-stranded

Figure 7. Elimination of endogenous Omi makes cells more
resistant to apoptosis. (A) siRNA oligonucleotides against Omi
(si-Omi) was transfected twice into HeLa cells with Luciferase
GL2 siRNA duplex as control (Ctrl). All of the siRNA-trans-
fected samples were treated with 2 µM proteasome inhibitor
MG132 before being subjected to 250 ng/mL TRAIL treatment
for 4 h. MG132 was used to block proteasome-mediated c-IAP1
degradation. Ten micrograms of protein per sample were sub-
jected to immunoblotting for endogenous Omi and c-IAP1. Im-
munoblotting for Actin was to show equal sample loadings. The
three immunoblotting results were obtained from the same fil-
ter. (B) DEVD activity assay for the samples in A. The number
next to each curve represents the DEVD activity for the same
numbered samples in A. The addition of MG-132 did not induce
caspase activity as shown in curve 1.
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siRNA (1000 ng/well) using GeneSilencer reagent (Gene
Therapy Systems) according to the manufacturer’s instructions.
After the second transfection, the cells were treated with 2 µM
MG132 for 1 h before being exposed to TRAIL treatment, and
processed for SDS-PAGE and Western blotting. Oligonuleotides
were from Dharmacon and had the following sequences: si-Omi
sense, 5�-GGGGAGUUUGUUGUUGCCAdTdT-3� and si-Omi
antisense, 5�-UGGCAACAACAAACUCCCCdTdT-3�. Lucifer-
ase GL2 siRNA duplex was used as control.
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