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Abstract
Livin, a member of the inhibitor of apoptosis protein (IAP)
family, encodes a protein containing a single baculoviral IAP
repeat (BIR) domain and a COOH-terminal RING finger
domain. It has been reported that Livin directly interacts with
caspase-3 and -7 in vitro and caspase-9 in vivo via its BIR
domain and is negatively regulated by Smac/DIABLO. None-
theless, the detailed mechanism underlying its antiapoptotic
function has not yet been fully characterized. In this report, we
provide, for the first time, the evidence that Livin can act as an
E3 ubiquitin ligase for targeting the degradation of Smac/
DIABLO. Both BIR domain and RING finger domain of Livin
are required for this degradation in vitro and in vivo. We also
demonstrate that Livin is an unstable protein with a half-life
of less than 4 h in living cells. The RING domain of Livin
promotes its auto-ubiquitination, whereas the BIR domain is
likely to display degradation-inhibitory activity. Mutation in
the Livin BIR domain greatly enhances its instability and
nullifies its binding to Smac/DIABLO, resulting in a reduced
antiapoptosis inhibition. Our findings provide a novel
function of Livin: it exhibits E3 ubiquitin ligase activity to
degrade the pivotal apoptotic regulator Smac/DIABLO
through the ubiquitin–proteasome pathway.
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Introduction

In recent years, an increasing amount of attention has been
given to a class of antiapoptotic proteins, the IAPs (inhibitor of
apoptosis proteins), owing to their highly specialized roles in
the process of apoptosis. IAPs constitute a family of highly
conserved apoptotic suppressor proteins and have been
found in a wide variety of species ranging from insects to
human beings throughout evolution.1,2 Members of the IAP
family are characterized by 1–3 tandem baculovirus IAP
repeat (BIR) motifs and some of them also possess a RING
finger motif at their carboxyl-termini. IAP proteins prevent cell
death by binding to and inhibiting active caspases. They are
negatively regulated by IAP-binding proteins, such as
mitochondrial protein Smac/DIABLO, which alleviates the
IAP–caspase interaction, thus freeing the caspase for its
downstream apoptotic activity.3,4 Mature Smac/DIABLO was
reported to interact with XIAP, cIAP-1, cIAP-2, Survivin or
Livin to inhibit their antiapoptotic activity.5–9 Although RING
domains have been identified in various proteins with different
functions such as DNA and protein interactions,10 the most
prominent role the RING domain in XIAP, cIAP-1 or cIAP-2
plays has been attributed to its E3 ubiquitin ligase activity:
promoting the degradation of both targeted proteins and
themselves through ubiquitination. Although XIAP and cIAP-1
have been shown to mediate their self-degradation during
apoptosis of thymocytes, XIAP, cIAP-1 and cIAP-2 have also
been attested as ubiquitin-protein ligase E3 for Smac/
DIABLO.11–13 Additionally, whereas the cIAP-2 RING domain
was shown to promote monoubiquitination of caspase-7 and
caspase-3 in vitro,14 XIAP regulates proteasomal degradation
of caspase-3 through polyubiquitination thereby enhancing its
antiapoptotic effect on Fas-induced cell death.15 It has not yet
been demonstrated, however, if this is generally true for all
RING domain-containing IAP family members. Livin, also
called KIAP and ML-IAP,16–18 encodes a protein with a single
BIR domain and a carboxy-terminal RING domain. Recent
reports have demonstrated that Livin can interact via its BIR
domain with caspase-3 and -7 in vitro and caspase-9 and
Smac/DIABLO in vivo.9,16 Disruption of interaction between
Livin and Smac/DIABLO abrogated the ability of Livin to inhibit
apoptosis. Yang and Du19 reported that although Smac/
DIABLO can efficiently promote the auto-ubiquitination of
Livin, it was unable to target Livin for rapid degradation in
HeLa cells. Although Livin was reported to be a poor caspase
inhibitor, it can nonetheless protect cells from apoptosis
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induced by multiple death stimuli such as FADD, Bax, RIP,
RIP3 and DR6.16 This gives rise to the possibility that Livin
may exert its antiapoptotic properties by as yet uncharacter-
ized caspase-independent mechanisms.
In this report, we provide the first evidence that Livin can act

as a ubiquitin ligase E3 for targeting the degradation of Smac/
DIABLO during the prevention of etoposide-induced cell
death. The half-life of short-lived Livin was determined to be
less than 4 h in the presence of cycloheximide (CHX), a potent
eucaryotic translation inhibitor. We demonstrate that Livin-
mediated polyubiquitination of Smac/DIABLO depends on the
presence of both its functional RING domain and its intact BIR
domain through which Smac/DIABLO interacts. Binding of
Livin to Smac/DIABLO is the prerequisite for targeted
ubiquitination of Smac/DIABLO. Moreover, Livin’s RING
domain is shown to promote its auto-ubiquitination, as
RING-deleted Livin shows little, if any auto-ubiquitination. In
contrast, mutations in the BIR domain of Livin do not greatly
affect its self-ubiquitination in vivo, but rather significantly
increase its instability. Finally, mutations in Livin’s BIR domain
abrogate its capability to bind to Smac/DIABLO for degrada-
tion in vivo, resulting in the reduction of its antiapoptotic
inhibition. In conclusion, in addition to inhibiting caspase
activity, Livin plays an alternative role in targeting the
degradation of the death-promoting factor Smac/DIABLO
through the ubiquitin–proteasome pathway.

Results

Livin is a short-lived protein and is degraded by
the ubiquitin–proteasome pathway

Livin, a member of the IAP family, was reported to be an
unstable protein.19 To determine the half-life of this anti-
apoptotic factor, CHX (20 mg/ml) was added to HeLa cells and
incubation was continued for indicated periods of time before
cell extracts were collected and analyzed by Western blot. As
shown in Figure 1a-1, endogenous Livin protein levels were
dramatically decreased in the presence of CHX and approxi-
mately half of the Livin was shown to be degraded after 4 h
CHX treatment. This conclusion was further confirmed by
scanning densitometry and the plot is shown in Figure 1a-2.
Nearly no Livin was detectable after 8 h of CHX treatment,
indicating that in the absence of de novo protein synthesis,
endogenous Livin degrades rapidly and its half-life (t1/2) is
approximately 4 h. The faint band just above Livin marked as
Livin* is expected to be its modified form, although this awaits
further characterization. Next, we examined whether Livin
was subjected to ubiquitin-mediated proteasomal degrada-
tion. As shown in Figure 1b-1, degradation of Livin can be

blocked by proteasome inhibitor MG132 or ALLN, suggesting
that the inhibition of degradation of Livin is specific for MG132
and ALLN and hence Livin is a target for proteasomal
degradation. The respective densitometry data are shown in
Figure 1b-2. A baseline experiment showing accumulation
of Livin with proteasome inhibitor MG132 treatment in the
absence of CHX was also performed. As shown in Figure
1c-1, the protein level of Livin increases gradually over the
indicated period of MG132 treatment. The densitometry data
are shown in Figure 1c-2. These data further support the
conclusion that Livin is subjected to ubiquitin-mediated
proteasome degradation.

Auto-ubiquitination of Livin in vivo

To determine the involvement of self-ubiquitination of en-
dogenous Livin in vivo, HeLa cells were treated with or without
proteasome inhibitors MG132 or ALLN for 12 h before cells
were collected. As shown in Figure 2a, high-molecular-weight
Livin products characteristic of polyubiquitinated products
were accumulated only in cells treated with MG132 or ALLN,
but not in cells left untreated, indicating that Livin is subject to
polyubiquitination modification under in vivo condition
(Figure 2a).
To further examine the effects of BIR domain and RING

domain of Livin on its self-ubiquitination, four Flag-tagged
Livin fusion plasmids were constructed as shown in Figure 2b.
HeLa cells expressing Flag-control, Flag-Livin, Flag-Livin-
C124A or Flag-LivinDRING, respectively, were treated with
MG132 for 12 h before they were collected. Cell lysates were
further used for immunoprecipitation and Western analysis.
As shown in Figure 2c (lanes 1–4), a high-molecular-weight
smear characteristic of polyubiquitylated products was de-
tected in cells expressing Flag-Livin and BIR mutant Flag-
Livin-C124A, but not in cells expressing RING domain
deletion mutant Flag-LivinDRING, indicating that the RING
domain, but not the BIR domain, of Livin is involved in its
polyubiquitylation in vivo. Immunoprecipitates used for detect-
ing polyubiquitination of Livin by anti-Flag antibody were also
examined by anti-Livin antibody, and a similar result was
obtained (data not shown).
We notice from Figure 2c that the level of Livin BIR mutant

Flag-Livin-C124A is much lower than that of wild-type (wt)-
Livin or RING deletion mutant Flag-LivinDRING. Therefore,
we examined whether the BIR domain affects the stability of
Livin. HeLa cells were transfected with pcDNA3/Flag-Livin,
pcDNA3/Flag-LivinDRING, pcDNA3/Flag-Livin-C124A or
pcDNA3/Flag-Livin-C252A. The reason for additionally
choosing Cys252 as a mutation residue, which is underlined

Figure 1 Determining the half-life and its degradation pathway for Livin. (a-1) HeLa cells cultured in 24-well plates were treated with CHX (20 mg/ml) for 0, 2, 4, 6, 8, 10,
12 and 14 h individually before soluble extracts were collected. The relative protein levels of Livin were analyzed by Western blot with anti-Livin antibody and endogenous
Actin was used as loading control. Star denotes the modified form of Livin. (b-1) Overnight-cultured HeLa cells were pretreated with DMSO (5 ml/ml), MG132 (20 mM) and
ALLN (100mM) for 1 h before the treated cells were further incubated with CHX (20 mg/ml) for the indicated periods of time. Cell lysates were then subjected to SDS-
PAGE and immunoblotting with anti-Livin antibody. Endogenous Actin was used as loading control. (c-1) HeLa cells were first cultured overnight and then treated with
MG132 (20 mM) for 0, 2, 4, 6, 8 and 10 h individually before soluble extracts were collected in the absence of CHX. The relative protein levels of Livin were analyzed by
Western blot with anti-Livin antibody and endogenous Actin was used as loading control. (a-2, b-2, c-2) Scanning densitometry was performed for each Western blot
using commercial software provided by Eaglesight (Invitrogen). Values represent means7S.D. from three independent experiments
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in the Livin RING domain CX2CX9–39CX1–3HX2–3C/HX2-C-
X4–48CX2C, is the point that mutation at Cys252 (zinc-binding
residues) was reported to abolish the capability of ubiquitina-
tion of Livin.19,20 Protein stability was compared among wt-
Livin, LivinDRING, Livin-C124A and Livin-C252A with and
without MG132 treatment. As shown in Figure 3, although the
steady-state level of wt-Livin or Livin-C124Awas considerably
higher in the presence (lanes 2, 6) than in the absence of
MG132 (lanes 1, 5) (densitometry data not shown), both RING
deletion mutant LivinDRING and RING point mutant Livin-
C252A were expressed at comparable levels before and after
MG132 treatment (lanes 3, 4, 7, 8), indicating that the RING
domain, but not BIR domain, is responsible for Livin’s
ubiquitin-mediated proteasome degradation. We noticed that
BIR mutant Livin-C124A always expressed at a lower level
thanwt-Livin, andmoreover, MG132 treatment could not bring
the level of BIR mutant back to a level similar to that of wt-
Livin. Based on these observations, we explain it in more
detail below: there might be two possibilities for explaining
the accelerated instability of Livin BIR mutant: one, Livin BIR
mutants may undergo an additional mechanism independent
of proteasomal degradation (if only proteasomal degradation
is involved, MG132 is expected to bring back the level of BIR
mutant to the wt-Livin level, provided that BIR mutant
expression level or structural stability is similar to wt-Livin);
the alternative possibility is that Livin BIR mutants per semay
have less expression level as a result of C124A point
mutation.

Mutation in Livin BIR domain enhances its
degradation and results in reduced antiapoptotic
inhibition

To explore the role of Livin BIR domain in mediating protein
stability, we constructed two additional Livin point mutants,
namely Livin-W134A and Livin-H144A. Trp134 of Livin is
highly conserved in IAP family and His144 of Livin corre-
sponds to His220 of XIAP and His77 of Survivin.21,22 Based

Figure 2 Auto-ubiquitination of Livin in vivo. (a) Overnight-cultured HeLa cells
were treated with and without MG132 (20 mM) or ALLN (100 mM) for another
24 h. Cell lysates were then prepared and subjected to immunoblotting with anti-
Livin antibody. Polyubiquitinated Livin is indicated as Livin-Ub(n) at the right side
of the figure. (b) Schematic diagrams of pcDNA3/Flag-Livin fusion constructs for
pcDNA3/Flag-Livin, pcDNA3/Flag-Livin-C124A, pcDNA3/Flag-Livin-C252A and
pcDNA3/Flag-LivinDRING. BIR domain is indicated by box in light gray and RING
domain in dark gray. Numbers indicate the positions of amino-acid residues in
Livin. (c) HeLa cells were transfected with pcDNA3/Flag, pcDNA3/Flag-Livin,
pcDNA3/Flag-LivinDRING and pcDNA3/Flag-Livin-C124A individually (Lanes 1–
4). Twenty-four hours after transfection, cells were treated with MG132 (20 mM)
for another 12 h. Cell lysates were prepared and incubated with mouse anti-Flag
antibody bound to Protein A/G-Sepharose. After 6 h incubation at 41C, the
immunoprecipitates were washed five times in lysis buffer, and proteins were
recovered by boiling beads in SDS sample buffer and analyzed by Western
blotting using rabbit anti-Flag antibody

Figure 3 Livin RING domain affects its auto-ubiquitination and protein stability.
HeLa cells were cotransfected with 0.5 mg of pEGFP-C1 (transfection efficiency
index) plus either pcDNA3/Flag-Livin (0.5 mg), pcDNA3/Flag-LivinDRING
(0.5mg), pcDNA3/Flag-Livin-C124A (0.5 mg) or pcDNA3/Flag-Livin-C252A
(0.5mg). Twenty-four hours after transfection, cells in each well were split into
two equal parts and one part was treated with MG132 (20 mM) and the other part
was left untreated for another 12 h. Expression levels of four examined Flag/Livin
fusion proteins were compared by densitometry technique in the presence and
absence of MG132 (upper panel, data from densitometry scanning not shown).
Beta-actin was used as loading control (lower panel)
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on this analogy, amino-acid residues Cys124, Trp134 and
His144 of Livin are predicted to be critical for stabilizing the
overall folding of the Livin molecule. We further compared the
stability of Livin BIR domain mutants with that of wt-Livin in
cells expressing Livin-C124A, Livin-W134A, Livin-H144A and
wt-Livin. As shown in Figure 4a-1, the steady-state level of
each BIR domain mutant protein in transfected cells was
much lower than that of wt-Livin in the absence of MG132
(lanes 1, 3, 5, 7, densitometry data not shown), implying that
BIR mutants are less stable than wt-Livin. Nevertheless, upon
treatment with MG132, their levels were much increased
(lanes 2, 4, 6, 8, densitometry data not shown). However, in
the presence of MG132, levels of each BIRmutant (lanes 2, 4,
6) were still lower than that of wt-Livin (lane 8, densitometry
data not shown).
If the notion that mutations in the BIR domain enhance

Livin’s degradation was true, we would expect that cells
expressing Livin BIR mutant would be more prone to
apoptosis than cells expressing wt-Livin. Kasof and Gomes16

reported that Livin was able to prevent HeLa cells from
apoptosis induced by RIP3; we therefore compared the
antiapoptotic ability of wt-Livin and Livin BIR mutants in
preventing RIP3-induced apoptosis. As shown in Figures 3,
4a-1, the BIRmutants expression level is lower than that of the
wt-Livin. In order to have a better comparison of their apoptotic
inhibition, we adjusted the amount of three BIR mutant
plasmids to the same expression level as wt-Livin (Figure
4a-3, second panel). HeLa cells were cotransfected with
pEGFP/C1-RIP3 plus either pcDNA3/Flag-Livin (0.5 mg),
pcDNA3/Flag-Livin-C124A (1.5 mg), -W134A (1mg) or -
H144A (1.5 mg) individually. Transfected cells were stained
with Hoechst 33342 and the viability of the cells was scored
and compared (Figure 4a-2). As expected, wt-Livin (31.53%)
was shown to significantly reduce RIP3-induced apoptosis
compared with vector control (71.72%). In contrast, three
BIR domain mutants, namely Livin-C124 (57.41%), -W134
(49.42%) and -H144 (48.48%), showed diminished antiapop-
totic function (Po0.05, t-test), indicating that an intact
BIR domain is essential for Livin’s protective role. The
cleavage of pro-caspase-9 and PARP representing
exertion of apoptosis was detected in RIP3-induced apoptosis
(Figure 4a-3), and the cleavage degree of procaspase-9
and PARP is in accordance with that of apoptosis shown in
Figure 4a-2.
To explicate whether the reduced antiapoptotic function of

Livin BIR mutants could be attributed to the loss of their ability
to bind Smac/DIABLO, we first verified that Livin interacts with
Smac/DIABLO in living cells. Immunoblotting results revealed
that anti-Smac antibody could only co-immunoprecipitate (Co-
IP) with endogenous Livin in the cells treated with drugs, but
not in those cells left untreated (Figure 4b–1). We then
examined whether Smac/DIABLO can interact with Livin
mutants. As shown in Figure 4b-2, in the presence of Taxol
treatment, anti-Smac antibody could only Co-IP wt-Livin and
LivinDRING, but not any of the Livin BIR mutants (Figure 4b–
2, the left-hand side of the top panel). As a control, neither
wt-Livin nor mutant Livin proteins could be co-immunopreci-
pitated with Smac/DIABLO by anti-Smac antibody without
Taxol treatment (Figure 4b-2, the right-hand side of the top
panel), suggesting that the association of Smac/DIABLO and

Livin is dependent on Taxol or etoposide treatment.
In conclusion, the Livin BIR domain is crucial for its
binding to Smac/DIABLO and mutation in the BIR domain
nullifies this interaction, and hence reduces Livin’s antiapop-
totic function.

Smac/DIABLO is a ubiquitination substrate for
Livin

We have demonstrated that Livin physically interacts with
Smac/DIABLO through its BIR domain. To further investigate
whether Livin is able to target Smac/DIABLO for degradation
and hence decreases the level of Smac/DIABLO in favor of
cell survival, a Western analysis was performed. As shown in
Figure 5a, in the absence of MG132, the protein level of
cytosolic Smac/DIABLO was significantly decreased in cells
expressing Flag-Livin (lane 3) when compared with cells
expressing Flag control (lane 1), Flag-LivinDRING (lane 5) or
Flag-Livin-C124A (lane 7). In the presence of MG132,
however, levels of Smac/DIABLO become comparable in all
four transfected cells, implying that (i) Smac/DIABLO
appeared to be targeted for degradation by Livin, but not by
Livin-RING domain or -BIR domain mutant, and (ii) this Livin-
targeted degradation is proteasome-mediated.
A reduced level of Smac/DIABLO is expected to

decrease its apoptotic potential. Apoptosis induced by etopo-
side was measured in four above-mentioned transfected cells
and the corresponding results are plotted in Figure 5b. In the
absence of MG132, apoptosis of transfectants induced by
etoposide ordered increasing is as follows: cells expressing
Flag-Livin (37.17%), Flag-LivinDRING (49.43%) and Flag-
Livin-C124A (56.27%) (Po0.05, t-test). This result is in
agreement with the hypothesis that reduced degradation of
Smac/DIABLO by Livin mutant could result in increased
apoptosis.
Next, we examined whether Livin truly ubiquitinates Smac/

DIABLO for degradation in vivo. An immunoprecipitation
experiment was performed. As shown in Figure 5c, Smac/
DIABLO became heavily polyubiquitinated in those cells
expressing wt-Livin, whereas cells expressing either Livin
BIR mutant (Livin-C124A) or RING mutant (LivinDRING)
showed little, if any background ubiquitination of Smac/
DIABLO. Immunoprecipitates used for detecting polyubiqui-
tination by anti-ubiquitin antibody were also examined for
the presence of Smac/DIABLO by anti-Smac antibody
(Figure 5c, middle panel). In conclusion, Livin-mediated
ubiquitination of Smac/DIABLO in vivo depends on the
presence of both an intact Livin RING finger domain and its
functional BIR domain.
Lastly, to provide more convincing evidence that Livin by

itself can ubiquitinate Smac/DIABLO, an in vitro experiment
was performed. As shown in Figure 5d, Smac/DIABLO was
found to be ubiquitinated by GST-Livin (lane 8), but not GST-
LivinRING or GST-Livin-C124A (lanes 6, 7), indicating that
BIR domain and RING domain are essential for Livin’s E3
ligase activity under in vitro conditions. However, if LivinRING
is in excess, some degree of polyubiquination of Smac/
DIABLO by LivinRING can be observed (data not shown).
It is well known that excessive E2 can substitute for the
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Figure 4 Livin BIR domain mutant fails to interact with Smac/DIABLO, resulting in a reduction of its antiapoptosis and an increase of its degradation. (a-1) HeLa cells
were cotransfected with 0.5 mg of pEGFP-C1 (transfection efficiency index) plus either pcDNA3/Flag-Livin (0.5 mg), pcDNA3/Flag-Livin-C124A (0.5 mg), pcDNA3/Flag-
Livin-W134A (0.5mg) or pcDNA3/Flag-Livin-H144A (0.5 mg). Twenty-four hours after transfection, cells were split into two equal parts and one part was treated with
MG132 (20 mM) and the other part was left untreated for another 12 h. Cells were then collected and analyzed by Western blotting using anti-Flag antibody (upper panel).
Whole-cell lysates were used for detection of endogenous Actin to ensure equal sample loading per lane (lower panel). (a-2) To keep the expression level of BIR mutant
and wt-Livin the same, different plasmid concentrations were used. HeLa cells were cotransfected with pEGFP/C1-RIP3 (0.5 mg) and either pcDNA3/Flag (0.5 mg),
pcDNA3/Flag-Livin (0.5 mg), pcDNA3/Flag-Livin-C124A (1.5 mg), pcDNA3/Flag-Livin-W134A (1 mg) or pcDNA3/Flag-Livin-H144A (1.5mg), respectively for 24 h and
were then stained with Hoechst 33342 (5 mg/ml) for 10 min. The viability of the cells was determined by counting both the living and the dead GFP-positive cells. Five
different microscopic fields containing 100–150 cells from each well were chosen at random for counting samples. Values are mean7S.D. from three independent
experiments. Statistical analysis was by t-test with *Po0.05. (a-3) Cell lysates were used for detection the expression of transfected Flag-Livin and Livin mutants with
anti-Flag antibody and the expression of GFP-RIP3 with anti-GFP antibody. The cleavage of pro-caspase-9 was detected by anti-caspase-9 antibody and the cleaved
products were indicated as 35 and 37 kDa, respectively. The cleavage of PARP was detected by anti-PARP antibody and the cleaved product was indicated as 85 kDa.
Actin was used as loading control. (b-1) HeLa cells were cultured overnight and then treated with and without Taxol (200 nM) or etoposide (100 mg/ml) for 24 h. Cytosolic
fraction prepared from each sample was immunoprecipitated by anti-Smac antibody and the immunoprecipitates were analyzed by Western blotting using anti-Livin
antibody. Cell lysates were also used for detection of endogenous Livin by anti-Livin antibody. (b-2) HeLa cells were transfected with pcDNA3/Flag (0.5 mg), pcDNA3/
Flag-Livin (0.5 mg), pcDNA3/Flag-Livin-C124A (0.5 mg), pcDNA3/Flag-Livin-W134A (0.5 mg), pcDNA3/Flag-Livin-H144A (0.5 mg) or pcDNA3/Flag-LivinDRING (0.5mg)
for 24 h before each transfectant was split into two equal parts. One part was treated with Taxol (200 nM) and the other part was left untreated. Twenty-four hours later,
cytosolic fractions prepared from each transfectant were then incubated with anti-Smac antibody-loaded Protein A/G-Sepharose for 6 h at 41C, and the
immunoprecipitates were analyzed by Western blotting using anti-Flag antibody (upper panel). Cell lysates were also used for detection of the expression of respective
transfected Flag-Livin fusions by anti-Flag antibody (middle panel). The presence of Smac/DIABLO in each immunoprecipitate precipitated by anti-Smac antibody was
confirmed by Western analysis (bottom panel)
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requirement of an E3 in an in vitro assay; we therefore titrated
down the concentration of E2 (UbcH5b) from 400nM
(concentration used in in vitro assay) down to 200 nM and
100nM and found that ubiquitination of Smac/DIABLO is, at
least in vitro, independent of E2 concentration (data not
shown). We concluded that Smac/DIABLO ubiquitylation in
vitro by Livin requires the RING domain. This conclusion is in
accordance with the results in vivo.

Discussion

Among many mechanisms that regulate the activity of IAP,
post-translational modifications, particularly ubiquitination,
have received increasing attention. To investigate whether
IAP protein Livin, like other RING finger proteins, can regulate
itself through auto-ubiquitination,11,23,24 we compared the
endogenous Livin in the presence or absence of proteasome
inhibitor MG132 or ALLN. We found that Livin is regulated by
self-ubiquitination, and as a result, Livin undergoes protea-
some-mediated degradation. A previous report demonstrated
that although processed mature Smac/DIABLO is able to
promote auto-ubiquitination of Livin, it has little, if any, effect
on its degradation.19 It is therefore reasonable to assume that
Livin RING domain could be the candidate determinant of
its self-ubiquitination. Data from our experiment proved that
the RING domain of Livin plays a crucial role in its auto-
ubiquitination, as Livin RING deletion mutant demolishes all
its auto-ubiquitination activity (Figure 2c). However, we
cannot completely exclude the possibility that Livin
auto-ubiquitination is partially enhanced by processed
mature Smac/DIABLO owing to longer MG132 or ALLN
treatment.
We demonstrated that Livin BIR mutant Livin-C124A

showed much less stability compared with wt-Livin
(Figure 2c), implying that the BIR domain per semay normally
possess suppressing function for protein degradation or,
alternatively, some yet uncharacterized degradation-inhibi-
tory factor regulates its stability through the BIR domain, and
mutation in the BIR domain thereby occurs, resulting in its
decreased stability. However, we found that the BIR mutant
exhibits less auto-ubiquitination than wt-Livin, which may be
explained by the possibility that Livin BIR mutant is degraded
by an as yet uncharacterized mechanism that is independent
of the auto-ubiquitination process. However, the possibility
that BIR mutant has a lower expression level than wt-Livin
cannot be excluded at the present time. Nevertheless, we
have characterized some critical amino-acid residues within
the BIR domain, which greatly sensitize Livin to ubiquitin–
proteasome degradation. Vucic et al.18 reported that Livin-
C124A could no longer block Fas- and TNFR1-induced
apoptosis, as C124 together with H144 is predicted to chelate
zinc ions to stabilize the overall structure of Livin.18 In the
present study, we were able to demonstrate that Livin BIR
domain point mutant Livin-C124A, Livin-W134A or Livin-
H144A degrades more rapidly than wt-Livin. Accordingly, all
three Livin BIR domain mutants showed less effectiveness in
inhibiting RIP3-induced apoptosis, supporting the conclusion
that Livin’s antiapoptotic activity is dependent on its intact BIR
domain.

Thus far, no obvious role has been attributed to W67 in
Survivin or W210 in XIAP for their antiapoptotic activity. We
firstly showed that W134 of Livin (which corresponds to W67
in Survivin and W210 in XIAP) is functionally important, and
that Livin BIR domain point mutant Livin-W134A not only
decreases its ability to protect cells from RIP3-induced
apoptosis, but also blocks interaction with mitochondria death
inducer Smac/DIABLO. This suggests that W134, like C124
and H144, is a critical residue for Livin to bind Smac/DIABLO
(Figure 4b-2). From these discussions, we conclude that
integrity of BIR domain stabilizes Livin and enables it to exert
its antiapoptotic activity.
Recent studies have shown that many RING finger-

containing IAPs possess E3 activity, which appends addi-
tional biological activities to IAPs. In Drosophila melanoga-
ster, the DIAP1 RING finger was demonstrated to mediate
ubiquitination of Dronc and is indispensable for regulating
apoptosis.25 In addition, XIAP and DIAP1 were reported to
serve as ubiquitin ligases for Reaper and this regulation has
a significant impact on the ability of Reaper to initiate
apoptosis.26 Apollon was reported to function as an E2-Ubc
to ubiquitinate both Smac/DIABLO and caspase-9 and thus
displays an essential cytoprotection function in preventing
Smac/DIABLO-induced apoptosis.27 The interacting partners
of Livin include caspase-3, -7 and -9 and proteins containing
an IAP-interacting motif, which currently comprise the
mitochondrial protein Smac/DIABLO and Omi/HtrA2. Smac/
DIABLO is a negative regulator of Livin and is therefore a
proapoptotic protein. Wilkinson et al.28 reported that cytopro-
tective IAPs could inhibit apoptosis through the neutralization
of IAP antagonists, such as Smac/DIABLO, rather than by
directly inhibiting caspases. Regulation of apoptosis by Livin is
believed to sequester Smac/DIABLO and prevents it from
antagonizing XIAP-mediated inhibition of caspases.29

Whether Livin directs the ubiquitination of interacting proteins,
such as Smac/DIABLO through its RING domain, has not yet
been characterized.
We demonstrate that ectopic expression of wt-Livin, but not

of Livin RING domain or Livin BIR domain mutant, promotes
Smac/DIABLO ubiquitination. Wt-Livin protects cells from
etoposide-induced cell death more effectively than RING
deletion mutant or BIR domain point mutant does. Ubiquitina-
tion of Smac/DIABLO by Livin requires both functional BIR
and RING domain in vivo and in vitro. Livin binds to Smac/
DIABLO through its BIR domain and their interaction is the
prerequisite for targeting the degradation of Smac/DIABLO.
BIR domain point mutant Livin-C124A, which was unable to
interact with Smac/DIABLO, had abrogated its ability for
ubiquitinating Smac/DIABLO. Equally important, Livin RING
finger domain is also indispensable for ubiquitinating Smac/
DIABLO in vivo (Figure 5c). However, it should be noted that
the smeared ubiquitin-modified Smac/DIABLO bands in the
anti-ubiquitin or anti-Smac blots were still detected in the
presence of Livin-C124A or LivinDRING (Figure 5c, lanes 2,
3). This is not unexpected as Smac/DIABLO is also subject to
polyubiquitination by other IAP factors, such as Apollon/
Bruce, cIAP-1 and cIAP-2.14,27

The struggle between cell survival and death is ubiquitous
and this is maintained in balance under various intricate
regulations including the mechanism of proteasome ubiquiti-
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nation. On the one hand, by catalyzing its own ubiquitination,
Livin lowers the threshold for inducing apoptosis and makes
cells more perceptible for cell death. On the other hand, Livin
targets death inducer Smac/DIABLO for degradation through

the proteasome ubiquitination pathway, promoting cell survi-
val. Understanding the detailed mechanisms underlying the
dual functions of Livin in regulating cellular apoptosis and
survival requires more extensive future research.
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Materials and Methods

Oligonucleotides

The sequences of the oligonucleotides used in this study are listed as
follows (all primers are read from 50 to 30):

P1: CGGAATTCCATGGGACCTAAAGACAGTGCCAAG;
P2: CGGTCGACCTAGGACAGGAAGGTGCGCACGCG;
P3: CAGGACAAGGTGAGGGCCTTCTTCTGCTATGGGGGC;
P4: AGCAGAAGAAGGCCCTCACCTTGTCCTGATG;
P5: GCAGAGCGCGAAGCGCGGGGACGACC;
P6: CCCCGCGCTTCGCGCTCTGCAGGCCCCCATA;
P7: GGACGGAGGCTGCCAAGTGGTTCCCCAG;
P8: TGGCAGCCTCCGTCCAGGGGTCG;
P9: GCAGGAGGAGAGGACGGCCAAGGTGTGCCTGGACCGC;
P10: CCAGGCACACCTTGGCCGTCCTCTCCTCCTGCAGCCGCCG;
P11: CGGTCGACCTACACATCCCTGGCTCCTGGGGGCTC.

Reagents and antibodies

The following antibodies were used in this study: polyclonal antibodies:
anti-Actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
pAb-ubiquitin (Calbiochem, La Jolla, CA, USA), pAb-anti-Flag (Sigma, St.
Louis, MO, USA), pAb-anti-PARP (Upstate, Lake Placid, NY, USA).
Monoclonal antibodies: mAb-Flag (Sigma), mAb-GFP (MBL, Nagoya,
Japan), mAb-Smac/DIABLO (Cell Signaling Technology), mAb-caspase-9
(Immunotech, France) and mAb-Livin (IMGENEX, San Diego, CA, USA).
Proteasome inhibitor MG132 (N-CBZ-leu-leu-leucinal) was purchased
from Calbiochem (La Jolla, CA, USA) and ALLN (N-acetyl-leu-leu-nor
leucinal, or calpain inhibitor I) was purchased from Sigma. CHX, Hoechst
33342 and etoposide were purchased from Sigma. Taxol used in our
experiments was labeled as GCP (Good Clinical Practice) quality
standard. Restriction enzymes were purchased from New England
Biolabs (Beverly, MA, USA). Medium compounds were obtained from Oxid
(Basingstroke Hampshire, UK). Rabbit ubiquitin-activating enzyme E1 and
recombinant His-tagged ubiquitin were purchased from Calbiochem.

Cell culture and transfection

HeLa cells were maintained in DMEM containing 10% heat-inactivated
fetal bovine serum (FBS), 1� nonessential amino acids, 1� MEM
sodium pyruvate, 100mg/ml penicillin and 100 mg/ml streptomycin
(Invitrogen, Carlsbad, CA, USA). Cultured cells were incubated in a
humidified atmosphere containing 5% CO2 at 371C. Transfection of cells

with various mammalian expression vectors by Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) was according to the methods provided
by manufacturer’s specification.

PCR-mediated mutagenesis

PCR-mediated mutagenesis method described previously8 was used to
generate Livin point mutants including Livin-C124A, -W134A, -H144A, and
-C252A. The primer pairs P1/P4 and P3/P2 were used for generating
Livin-C124A; P1/P6 and P5/P2 for -W134A; P1/P8 and P7/P2 for -H144A;
and P1/P10 and P9/P2 for -C252A. Mutations created were further verified
by DNA sequencing.

Plasmid construction

Full-length Livin gene fragment was amplified from HeLa cDNA library by
PCR using the primer pair P1/P2. The amplified fragment was subcloned
into EcoRI/SalI sites of pEGFP-C1 (for the preparation of GFP/Livin) or
EcoRI/XhoI sites of pCDNA3/Flag (for the preparation of Flag/Livin). A
cDNA fragment coding for LivinDRING (residues1–239) generated by
PCR reaction using primers P1/P11 was digested with restriction enzymes
EcoRI/SalI or EcoRI/XhoI to subclone into pEGFP-C1 and pcDNA3/Flag,
respectively. PET22b-Smac (D55) was constructed by the method
described previously.8

CHX inhibition

Protein stability was measured by using CHX as described previously.30

Briefly, HeLa cells were cultured in 24-well plates overnight at 371C before
proteasome inhibitors MG132 or ALLN were added. After incubation with
MG132 or ALLN for 1 h, cells were further treated with 20 mg/ml CHX for
indicated periods of time and were then harvested and analyzed by
Western blotting.

Cell death assay

The ability of Livin and Livin mutants to affect cell viability was assayed by
transfecting HeLa cells in 24-well plates (2� 104 cells/well) with various
Livin constructs. In order to compare the protein level and to count the
dead cells more accurately, same concentration of plasmids under the
same conditions used for transfection was strictly employed. Twenty-four
hours after transfection, cell incubation with the drug was continued for the
desired period of time and the viability of the cells was measured by

Figure 5 Smac/DIABLO is a ubiquitination substrate for Livin in vivo and in vitro. (a) HeLa cells were transiently cotransfected with 0.5 mg of pEGFP-C1 (transfection
efficiency index) plus either pcDNA3/Flag (0.5mg), pcDNA3/Flag-Livin (0.5 mg), pcDNA3/ Flag-LivinDRING (0.5 mg) or pcDNA3/Flag-Livin-C124A (0.5 mg). Twenty-four
hours after transfection, cells in each well were split into two equal parts and cultured for a short period of time. All the samples that were split were first treated with
etoposide (100mg/ml) for 24 h, followed by treatment with or without MG132 (20 mM) for an additional 12 h. Cytosolic fractions were prepared for detection of the steady-
state level of cellular Smac/DIABLO by Western blotting using anti-Smac antibody (top panel). The successful expression of transfected Flag-Livin fusions was verified by
anti-Flag antibody (middle panel). Detection of endogenous beta-actin was used as loading control (bottom panel). (b) Cells were stained with Hoechst 33342 and both
live and dying/dead cells were scored and the data were plotted as percent apoptosis. Each bar represents the mean7S.D. from three independent experiments.
Statistical analysis was by t-test with *Po0.05. (c) HeLa cells were transiently transfected with pcDNA3/Flag, pcDNA3/Flag-LivinDRING, pcDNA3/Flag-Livin-C124A or
pcDNA3/Flag-Livin (lanes 1–4). Twenty-four hours after transfection, cell were treated with etoposide (20 mM) for another 12 h followed by treating with or without 10 mM
MG132 for an additional 12 h. Cytosolic fractions were immnoprecipitated by anti-Smac antibody (mouse monoclonal antibody from Cell Signaling Technology) and the
immunoprecipitates were further analyzed by Western blotting using anti-ubiquitin antibody (rabbit polyclonal antibody from Calbiochem) and donkey anti-rabbit IgG
(from Amersham) (left upper panel) and anti-Smac antibodies (right panel). The same cytosolic fractions were used for detection of expression of various transfected
Flag-Livin and Flag-Livin mutants (left lower panel). (d) Assays were performed in the presence of all the other assay components, but in the absence of purified
recombinant His-Smac, E1, E2, GST-Livin for 120 min (lanes 1–4). The effect of incubating for 2 h at 301C in the presence of purified GST, GST-Livin, GST-Livin-C124A
or GST-LivinDRING individually is shown in lanes 5–8. Assay reaction buffer utilized contained 50 mM Tris-HCl (pH 7.6), 100 nM rabbit E1 and 400 nM E2 UbcH5b (in E2
titration experiment, 200 nM and 100 nM E2 were also used, data not shown), 20 mM ubiquitin and 2 mM Mg-ATP. When the assay was completed, SDS was added to
stop the reaction followed by Western blotting using anti-Smac antibody. High-molecular-weight polyubiquitinated Smac/DIABLO is marked as Smac-Ub(n) on the right
side of the figure
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counting round GFP-positive cells characterized with aberrant nuclei
stained by Hoechst 33342. Data are expressed as percentages of control
and are means of three independent experiments.

Western blot analysis and immunoprecipitation

Western blot analysis was performed according to the procedures
described by Song et al.8 For immunoprecipitation, cells were first lysed in
a Triton X-100-based lysis buffer (1% Triton X-100, 10% glycerol, 150 mM
NaCl, 20 mM Tris-HCl, pH 7.5, 2 mM EDTA, protease inhibitor cocktail) for
1 h, and the nuclear and cellular debris was cleared by centrifugation.
Cytosolic lysate was then incubated with first monoclonal antibody-bound
Protein A/G-Sepharose. After 1 h incubation at 41C, the immunoprecipi-
tates were washed five times in lysis buffer, and proteins were recovered
by boiling beads in SDS sample buffer and analyzed by Western blot.

In vitro ubiquitination assay

GST and GST-fusion proteins were expressed in Escherichia coli strains
DH5-alpha or BL21/DE3. The GST-fusion proteins were purified through
the Glutathione Sepharose 4B beads (Amersham Pharmacia Biotech,
Uppsala, Sweden). Assay reaction buffer utilized for in vitro ubiquitination
of Smac/DIABLO by Livin and Livin mutants contained 50 mM Tris-HCl
(pH 7.6), 100 nM rabbit E1 and 400 nM E2 UbcH5b, 20 mM ubiquitin and
2 mM Mg-ATP. When the assay was completed, SDS was added to stop
the reaction, followed by Western blotting using anti-Smac antibody.
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