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ABSTRACT: Cellular inhibitor of apoptosis protein 1 and 2
(cIAP1/2) and X-linked inhibitor of apoptosis protein (XIAP)
are key apoptosis regulators and promising new cancer
therapeutic targets. This study describes a set of non-peptide,
small-molecule Smac (second mitochondria-derived activator
of caspases) mimetics that are selective inhibitors of cIAP1/2
over XIAP. The most potent and most selective compounds
bind to cIAP1/2 with affinities in the low nanomolar range and
show >1,000-fold selectivity for cIAP1 over XIAP. These
selective cIAP inhibitors effectively induce degradation of the cIAP1 protein in cancer cells at low nanomolar concentrations and
do not antagonize XIAP in a cell-free functional assay. They potently inhibit cell growth and effectively induce apoptosis at low
nanomolar concentrations in cancer cells with a mechanism of action similar to that of other known Smac mimetics. Our study
shows that binding of Smac mimetics to XIAP BIR3 is not required for effective induction of apoptosis in tumor cells by Smac
mimetics. These potent and highly selective cIAP1/2 inhibitors are powerful tools in the investigation of the role of these IAP
proteins in the regulation of apoptosis and other cellular processes.

Inhibitors of apoptotic proteins (IAPs) are a class of key
regulators of apoptosis, characterized by the presence of one

to three baculovirus IAP repeat (BIR) domains.1,2 Among the
eight IAP members that have been identified in mammalian
cells, cIAP1 and cIAP2 interact with tumor necrosis factor
receptor-associated factor 2 (TRAF2), blocking the formation
of the caspase-8 activation complex and thereby inhibiting TNF
receptor-mediated apoptosis.3−6 The X-linked IAP (XIAP), on
the other hand, binds to and antagonizes three caspases,
including two effectors, caspase-3 and -7, and an initiator,
caspase-9, thus blocking both death receptor-mediated and
mitochondria-mediated apoptosis.7 While the third BIR domain
(BIR3) of XIAP binds to and inhibits caspase-9, the second BIR
domain (BIR2), together with the linker preceding it, binds to
and inhibits both caspase-3 and caspase-7.7 These IAPs are
overexpressed in many tumor cell lines and human tumor
tissues and play important roles in the resistance of cancer cells
to various anticancer treatments.8−11 Accordingly, targeting
these IAPs has been pursued as a new cancer therapeutic
strategy.12−16

Smac, the second mitochondria-derived activator of caspases,
is an endogenous antagonist of cIAP1/2 and XIAP.17−19 After
being released from mitochondria into the cytosol, the first 55
N-terminal residues in Smac are removed by a protease to
expose an Ala-Val-Pro-Ile (AVPI) tetrapeptide, the so-called
IAP binding motif. The interaction of Smac with XIAP, cIAP1,
and cIAP2 is mediated by the AVPI binding motif in Smac and
a surface binding groove in the BIR domain(s) in these IAPs. In

cytosol, Smac forms a homodimer and binds concurrently to
both the BIR2 and BIR3 domains of XIAP. Binding of Smac
with XIAP effectively blocks the inhibition of XIAP of both
caspase-9 and caspase-3/7.20−22 In cIAP1 and cIAP2, on the
other hand, only their BIR3 domain is involved in the
interaction with Smac.4

Using the AVPI tetrapeptide as a lead compound, a number
of laboratories have reported the design of both peptidic and
non-peptidic, small-molecule Smac mimetics.23−44 Smac
mimetics can induce rapid degradation of cIAP1 and cIAP2
in cells and antagonize the functions of XIAP in functional
assays. Smac mimetics can effectively induce apoptosis as single
agents in a subset of human cancer cell lines in a TNFα-
dependent manner and are capable of inhibiting tumor growth
in xenograft models of human cancer.5,6,26,28 To date, several
small molecular Smac mimetics have been advanced into
clinical trials.3,23,25,26,39

While most of reported Smac mimetics bind to cIAP1,
cIAP2, and XIAP BIR3 proteins with high affinities,23−41 one
study has reported a highly selective cIAP inhibitor over XIAP
BIR3 protein.43 Because XIAP and cIAP1/2 regulate apoptosis
by different mechanisms, selective IAP inhibitors can be very
valuable tools to further dissect the role of these IAP proteins in
the regulation of apoptosis and in human diseases. In this
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paper, we report the discovery of a number of highly selective
cIAP1/2 inhibitors, which bind to cIAP1/2 with low nanomolar
affinities and display selectivity of 3 orders of magnitude over
XIAP.

■ RESULTS AND DISCUSSION

The starting point in our design was SM-337 (1), a potent and
cell-permeable small-molecule Smac mimetic previously iden-
tified in this laboratory.30 Compound 1 binds to XIAP, cIAP1,
and cIAP2 BIR3 proteins with nanomolar affinities and is
effective in inhibition of cell growth and induction of apoptosis
in various cancer cell lines.30 Further optimization of
compound 1 has yielded SM-406 (AT-406), which is currently
in clinical trials as a new anticancer drug.23

We reoptimized the binding assay conditions for XIAP,
cIAP1, and cIAP2 BIR3 proteins23 and have retested 1 using
these assays for a direct comparison with our newly designed
compounds reported in this study. In the optimized assays,
compound 1 has Ki values of 156, 2.5, and 4.5 nM to XIAP
BIR3, cIAP1 BIR3, and cIAP2 BIR3 proteins, respectively
(Table 1), and hence has a high affinity against XIAP, cIAP1,
and cIAP2 BIR3 domain proteins. Compound 1 displays a
selectivity of 63-fold for cIAP1 over XIAP and is therefore a
good lead compound for our design of selective cIAP inhibitors.
To assist our design of selective cIAP inhibitors, we modeled

the binding modes of compound 1 complexed with XIAP BIR3
and cIAP1 BIR3 proteins (Figure 1). Our models showed that

while other structural portions of compound 1 have essentially
the same interactions with XIAP and cIAP1, there are some
subtle differences on how the (pro-R)-phenyl group in 1
interacts with these two proteins. In both cases, this group in 1
interacts with a well-defined, surface binding pocket in the
protein. In XIAP, the surface pocket is formed by the side chain
of L292 and T308 and the hydrophobic portions of the side
chains of K297 and K299. In comparison, in cIAP1, the pocket
is formed by the side chain of V298 and the hydrophobic
portion of the side chains of K305 and R314 and is slightly
deeper than that in XIAP. As a consequence, the (pro-R)-
phenyl group of 1 appears to interact with cIAP1 more
optimally than with XIAP. We hypothesized that this difference
may account for the 63-times higher binding affinity of 1 to
cIAP1 BIR3 than to XIAP BIR3 and may be further exploited
for the design of highly selective cIAP inhibitors. On the basis
of this analysis, we decided to perform modifications of the
(pro-R)-phenyl group for the design of selective IAP inhibitors.
Selective introduction of a substituted group to the (pro-R)-

phenyl group in 1 proved to be synthetically challenging. Since
the (pro-S)-phenyl group in 1 is exposed to solvent in our
predicted binding models for these IAP proteins (Figure 1),
removal of this phenyl group may not have a major detrimental
effect for binding to these IAP proteins but can facilitate
subsequent modifications of the remaining phenyl group.
Accordingly, we have synthesized compound 2 (Figure 1), in
which a benzyl group was used to replace the diphenylmethyl

Table 1. Binding Affinities of Smac Mimetics to XIAP BIR3, cIAP1 BIR3, and cIAP2 BIR3 Proteins and Cell Growth Inhibition
of Smac Mimetics in the MDA-MB-231 Cell Linea

binding affinity (Ki, nM)

compounds R XIAP BIR3 cIAP1 BIR3 cIAP2 BIR3 selectivity for cIAP1 over XIAP MDA-MB-231 (IC50, nM)

SM-337 (1) 156 ± 7 2.5 ± 0.5 4.5 ± 1.5 62 52 ± 11
2 H 323 ± 31 4.7 ± 0.6 10.3 ± 1.5 69 49 ± 12
3 p-F 393 ± 68 1.8 ± 0.4 4.9 ± 0.8 218 17 ± 6.2
4 p-Cl 870 ± 81 1.1 ± 0.3 3.0 ± 0.7 791 21 ± 8
SM-1295 (5) p-Br 3080 ± 240 3.2 ± 0.9 9.5 ± 1.8 962 46 ± 19
6 p-CH3 2450 ± 290 4.0 ± 0.6 11.6 ± 2.2 613 17 ± 9
SM-1280 (7) p-CF3 8210 ± 1110 8.8 ± 2.1 24.6 ± 2.2 933 307 ± 44
8 p-Et 2320 ± 290 14.9 ± 3.3 22.0 ± 2.8 155 164 ± 29
9 p-iPr 38400 ± 3900 86.5 ± 25.7 157 ± 27 444 705 ± 36
10 p-tBu 185000 ± 25000 236 ± 41 330 ± 81 782 1320 ± 90
11 p-Ph 15300 ± 1100 167 ± 33 172 ± 26 92 1026 ± 177
12 p-OMe 16300 ± 400 18.0 ± 4.0 47.3 ± 8.0 904 121 ± 8
13 p-Et2N 42500 ± 7400 148 ± 7.1 255 ± 52 287 675 ± 173
14 p-NO2 11600 ± 2800 10.1 ± 2.4 31.4 ± 6.3 1149 292 ± 31
15 p-CONH2 65500 ± 18500 274 ± 95 539 ± 119 239 >10000
16 o-F 532 ± 96 9.5 ± 0.9 25.7 ± 5.1 56 221 ± 123
17 m-F 1000 ± 176 19.0 ± 3.2 33.9 ± 7.9 53 197 ± 72
18 o-Cl 1457 ± 376 20.8 ± 3.0 60.9 ± 11.9 70 545 ± 255
19 m-Cl 1019 ± 255 15.0 ± 2.4 39.7 ± 9.9 68 294 ± 183
20 o-Br 1487 ± 331 22.9 ± 3.5 58.1 ± 5.8 65 667 ± 268
21 m-Br 1053 ± 219 22.2 ± 2.9 43.7 ± 11.7 47 327 ± 158
22 o-CF3 4238 ± 372 24.2 ± 5.5 55.4 ± 7.1 175 118 ± 17
23 m-CF3 3748 ± 454 32.0 ± 7.3 89.5 ± 16.5 117 224 ± 30

aCells were treated with Smac mimetics for 4 days.
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group in 1. In our FP-based binding assays, compound 2 has Ki

values of 323, 4.7, and 10.3 nM to XIAP, cIAP1, and cIAP2,
respectively (Table 1). Hence, it is only 2 times less potent than
compound 1 in binding to these three IAP proteins. Since it
was straightforward to introduce substituents on the phenyl
group in 2, this compound was used as the template for further
modifications to probe the differences between cIAP1/2 and
XIAP.
We have synthesized a series of new analogues by

introduction of a substituted group of varying size, hydro-
phobicity, and polarity to the ortho-, meta-, or para-position of
the phenyl group in compound 2. These new compounds were
tested for their binding affinities to XIAP, cIAP1, and cIAP2
BIR3 proteins, and the results are summarized in Table 1.

These binding data showed that introduction of a para-
substituent to the phenyl group in 2 has a major effect on
binding affinity and selectivity. Compounds 3, 4, and 5, with a
p-F, p-Cl, and p-Br substituent on the phenyl group in 2,
respectively, have Ki values of 1.8, 1.1, and 3.2 nM to cIAP1,
respectively. These three compounds also have low nanomolar
binding affinities to cIAP2 with Ki values of 4.9, 3.0, and 9.5
nM, respectively. All three compounds are less potent than 2 in
binding to XIAP. Compounds 3, 4, and 5 display a selectivity of
218, 791, and 962 times for cIAP1 over XIAP, respectively.
Encouraged by the improved selectivity of 3, 4, and 5 for

cIAP1 over XIAP, we synthesized and evaluated 10 new
analogues with a para-substituent on the phenyl group.
Compound 6 with a p-CH3 substituent binds to cIAP1 and
cIAP2 with Ki values of 4.0 and 11.6 nM, respectively, similar to

Figure 1. Computational predicting of the binding models of SM-337 complexed with XIAP BIR3 (A and C) and with cIAP1 (B and D) and design
of selective cIAP inhibitors (E). The bound conformation of AVPI peptide from the Smac-XIAP BIR3 cocrystal20 is shown in panels A and C as a
reference and colored in green. Residues differing at the Ile4 (from AVPI) interacting pocket between XIAP-BIR3 and cIAP1-BIR3 are labeled in
panels C and D.
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those of compound 2 with no substituent on the phenyl ring.
However, 6 has a much weaker binding affinity to XIAP and
displays a selectivity of 613 times for cIAP1 over XIAP.
Compound 7 with a p-CF3 substituent binds to all three IAP
proteins with a weaker affinity than 2 but shows a selectivity of
933 times for cIAP1 over XIAP. Compounds 8−10 with an
ethyl, isopropyl, or tert-butyl substituent at the para-position of
the phenyl ring bind to cIAP1 and cIAP2 with weaker affinities
than 6 with a p-methyl substituent. These compounds bind to
XIAP, however, with much weaker affinities. For example,
compound 10 with a p-tert-butyl substituent has Ki values of
236 nM to cIAP1 and >18 μM to XIAP, a selectivity of >700
times for cIAP1 over XIAP. Compound 11 with a p-phenyl
substituent on the phenyl ring has a decreased binding affinity
to these three IAP proteins as compared to compound 2 and
has a selectivity of 92 times for cIAP1 over XIAP.
To explore further different para-substituents on the phenyl

ring, we synthesized compounds 12−15 with a polar
substituent (OCH3, N(C2H5)2, NO2, and CONH2) at this
position. Although compound 12 with a p-OCH3 substituent is
4 times less potent than 2 in binding to both cIAP1 and cIAP2,
it has a high selectivity of 904 for cIAP1 over XIAP.
Compounds 13 and 14 are much less potent than compound
2 in binding to all of these three IAP proteins and have a
selectivity of ∼250 for cIAP1 over XIAP. Compound 15 with a
p-NO2 substituent binds to cIAP1/2 proteins 2−3 times more
weakly than compound 2 but has a much weaker binding
affinity to XIAP, displaying a selectivity of >1000 for cIAP1/2
over XIAP. Our data thus show that compounds with Cl, Br,
CF3, and NO2 substituents at the para-position of the phenyl
ring have high affinities to cIAP1/2 and excellent selectivity
(>500 times) for cIAP1 over XIAP.
To investigate the effect of different substitution positions,

we synthesized compounds 16−23, analogues with F, Cl, Br, or
CF3 at either the ortho- or meta-position of the phenyl ring.
These compounds bind to both cIAP1 and cIAP2 with affinity
2−6 times weaker than compound 2. They are 2−12 times
weaker than 2 in their binding to XIAP and display a selectivity
of 47−175 times for cIAP1 over XIAP. We concluded that
substituents of F, Cl, Br, and CF3 at either the ortho- or meta-
position on the phenyl ring have only a relatively moderate
effect on their binding affinities to these three IAP proteins as
compared to the same substituents at the para-position.
XIAP BIR3 protein binds to caspase-9 and inhibits its

activity. Accordingly, we evaluated several representative
compounds (2, 4, 5, 7, and 9), which have different affinities
to XIAP BIR3, for their ability to antagonize XIAP BIR3
protein in a cell-free caspase-9 functional assay. The results are
shown in Figure 2. In this assay, the XIAP BIR3 protein dose-
dependently inhibits the activity of caspase-9 and, at 500 nM
concentrations, achieves 80% inhibition. Consistent with their
binding data to XIAP BIR3, the rank order for these
compounds in antagonizing XIAP BIR3 to recover the
caspase-9 activity is 2 > 4 > 5 > 7 > 9. While compound 2,
which has a Ki value of 323 nM to XIAP BIR3, restores 50% of
caspase-9 activity at a concentration of 5 μM, compound 9,
which has a Ki of 38 μM to XIAP BIR3, restores only 23% of
caspase-9 activity at 50 μM.
A previous study has shown that Smac mimetics that bind

with high affinities to both cIAP1 and XIAP BIR3 are much
more potent inhibitors of cell growth in cancer cell lines
sensitive to Smac mimetics as single agents than those that bind
selectively to cIAP1.43 The same study suggested that

concurrent targeting of both XIAP and cIAP1 BIR3 by Smac
mimetics may be required for effective inhibition of cell growth
and induction of apoptosis in cancer cells.43 We tested our
newly synthesized compounds for their ability to inhibit cell
growth in the MDA-MB-231 cell line, which has been
extensively used to evaluate Smac mimetics. The results are
summarized in Table 1.
Interestingly, compounds that bind to cIAP1/2 BIR3

proteins with high affinities but have a weak affinity to XIAP
BIR3 protein are capable of potently inhibiting cell growth in
the MDA-MB-231 cell line, and a number of them achieve IC50
values in the low nanomolar range. For example, compounds 5
and 6, which bind to cIAP1/2 with high affinities (Ki = 3.2−
11.6 nM) and have weak affinities (Ki = 2−3 μM) for XIAP,
have IC50 values of 46 and 17 nM, respectively, in inhibition of
cell growth in the MDA-MB-231 cell line. The IC50 values for
compounds 5 and 6 and a number of other highly selective
cIAP1 inhibitors in cell growth inhibition in the MDA-MB-231
cell line are 10−100 times lower than their binding affinities (Ki
values) to XIAP BIR3.
Next we selected compounds 5 and 7 for detailed evaluation

of their cellular activity and mechanism of action. These two
compounds bind to cIAP1 and cIAP2 with high affinities, have
a weak affinity for XIAP (Ki > 3 μM), and display selectivity of
>900 times for cIAP1 over XIAP. We tested their ability to
induce apoptosis by Annexin-V/Propidium Iodide (P.I.) double
staining and flow cytometry analysis in the MDA-MB-231
breast cancer and SK-OV-3 ovarian cancer cell lines, both of
which are sensitive for apoptosis induction by Smac mimetics.45

With a 24-h treatment, compounds 5 and 7 effectively induce
apoptosis in a dose-dependent manner in both cancer cell lines
(Figure 3). While compound 5 induces significant apoptosis in
both cell lines starting from 100 to 300 nM (Figure 4A),
compound 7 has a strong effect on apoptosis induction in both
cell lines starting from 300 to 1000 nM (Figure 4B). Western
blotting analysis showed that compound 5 induces cIAP1
degradation at concentrations over 30 nM in both cell lines and
that compound 7 is very effective on cIAP1 degradation above
100 nM in both cell lines (Figure 4). Compound 5 induces
robust cleavage of caspase-8, caspase-3, and PARP, starting
from 0.3 μM with 24 h treatment in both cancer cell lines,
whereas compound 7 has a significant effect on cleavage of
caspase-8, caspase-3, and PARP from 1.0 μM in the same
experiment (Figure 4). Interestingly, both compounds also

Figure 2. Smac mimetics antagonize XIAP BIR3 in a cell-free caspase-
9 functional assay. XIAP BIR3 protein at 500 nM achieves 80%
inhibition of caspase-9 activity in a Caspase-Glo 9 assay kit, and Smac
mimetics dose-dependently restore the activity of caspase-9. Caspase-9
activity was measured after incubation with the caspase-9 specific
substrate for 1 h.
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induce cleavage of XIAP at the same concentrations at which
cleavage of PARP, caspase-8, and caspase-3 take place in both
cancer cell lines.
To further understand the role of caspase-8, -9, and -3 in

apoptosis induction by these selective cIAP inhibitors, we
knocked down each of these caspases in both MDA-MB-231
and SK-OV-3 cell lines with siRNA and tested the effect on the
activity of compound 5 (Figure 5). Efficient knock-down of
caspase-3 or caspase-8 has no effect on cIAP1 degradation by
compound 5 but greatly attenuates the ability of 5 to induce
cleavage of PARP and cell death in both cancer cell lines.
Knock-down of either caspase-8 or caspase-3 greatly reduces
the cleavage of the other caspase, revealing the interplay
between these two caspases. Interestingly, knock-down of
caspase-8 or caspase-3 also essentially blocks the cleavage of
XIAP induced by 5, suggesting that the cleavage of XIAP is
dependent upon the activity of caspase-8 and caspase-3. In
contrast to the profound effect observed for caspase-8 and
caspase-3, efficient knocking-down of caspase-9 has no
significant effect on cell-death, cleavage of PARP, caspase-3
and -8, and XIAP. These data show that caspase-8 and caspase-
3 are essential for apoptosis induction by compound 5, while
caspase-9 plays no or a minimal role.

A number of studies have firmly established that Smac
mimetics that bind to XIAP and cIAP1/2 with high affinities kill
tumor cells in a TNFα-dependent manner.5,6,45−47 We
investigated if selective cIAP1/2 inhibitors 5 and 7 also kill
tumor cells in a TNFα-dependent manner. In both MDA-MB-
231 and SK-OV-3 cancer cell lines, compounds 5 and 7 at 1
μM induce robust cell death (Figure 6). The cell death
induction by both compounds is effectively blocked by TNFα
blocking antibody, but not by blocking antibodies against
TRAIL or FasL (Figure 6). These data show that selective cIAP
inhibitors 5 and 7 kill tumor cells in a TNFα-dependent
manner.
Collectively, our data using two selective cIAP inhibitors, 5

and 7, show that they effectively induce apoptosis in tumor cells
that are sensitive to nonselective IAP inhibitors with the same
TNFα-dependent mechanism of action. Since their potency in
inhibition of cell growth and in induction of apoptosis in tumor
cells is far more potent than their binding affinities to XIAP
BIR3, we conclude that the binding of Smac mimetics to XIAP
BIR3 is not required for their TNFα-dependent cell-death
induction in tumor cells. Our conclusion thus appears to be in
direct contradiction to that made from a previous study.43

However, in the previous study, while the selective cIAP

Figure 3. Inhibition of apoptosis by 5 and 7 in MDA-MB-231 and SK-OV-3 cell lines.

Figure 4. Selective cIAP1/2 inhibitors 5 and 7 induce cIAP1/2 degradation, XIAP cleavage, activation of caspase-3 and -8, and cleavage of PARP in
(a) human breast cancer MDA-MB-231 cell line and (b) human ovarian cancer SK-OV-3 cell line. Cells were treated for 24 h.
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inhibitor (CS3) is less potent than the pan IAP inhibitor (PS1),
the IC50 values for CS3 in two different cancer cell lines in
inhibition of cell growth are still <500 nM, which is much more
potent than its binding affinity to XIAP (Ki > 30 μM),
consistent with our data. Furthermore, although the ability for
CS3 and PS1 to induce cIAP1 degradation was examined, a
single concentration of 1 μM was used for both compounds in
the experiment and it is therefore unclear whether PS1 is also
more potent than CS3 in induction of cIAP1 degradation in
tumor cells. Hence, the weaker cellular potency for the selective
cIAP inhibitor CS3 compared with the pan IAP inhibitor PS1
reported in the previous study43 could be explained by other
reason(s) such as decreased cell permeability for CS3 as

compared to PS1, instead of the selectivity of CS3 for cIAP
over XIAP.
In summary, we have designed and evaluated a series of new

Smac mimetics. Exploiting the differences between cIAP1/2
and XIAP in one particular binding pocket led to a set of highly
potent cIAP1/2 inhibitors with excellent selectivity over XIAP.
For example, compound 5 (SM-1295) binds to both cIAP1 and
cIAP2 proteins with Ki values of <10 nM and displays a
selectivity of >900-fold for cIAP1 over XIAP. Compound 5
potently inhibits cell growth in the MDA-MB-231 and SK-OV-
3 cancer cell lines and induces apoptosis at low nanomolar
concentrations in these cell lines. Consistent with its high
binding affinities to cIAP1, 5 efficiently induces degradation of
cIAP1 protein in cancer cells, as well as cleavage of PARP,

Figure 5. Investigation of the role of caspase-3, -8, and -9 in induction of cell death by compound 5 in (a) human breast cancer MDA-MB-231 cell
line and (b) human ovarian cancer SK-OV-3 cell line. Cells were treated with 3 μM compound 5 for 24 h.

Figure 6. Compounds 5 and 7 induce TNFα-dependent cell death in both the MDA-MB-231 and SK-OV-3 cancer cell lines. Cells were treated with
either 5 or 7 at 1 μM for 48 h with or without blocking antibody against TNFα, TRAIL, or FasL. Cells were harvested and stained with Trypan blue,
and dead cells were counted with a Countess automated cell counter (Invitrogen).
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caspase-8, and caspase-3. Our mechanistic studies showed that
the apoptosis induction by 5 in tumor cells is dependent upon
caspase-8 and caspase-3 but not on caspase-9. Interestingly,
while 5 binds to XIAP with a very weak affinity, it can
effectively induce cleavage of XIAP in a caspase-3- and caspase-
8-dependent manner, which may provide a positive feedback
for its ability to induce apoptosis in tumor cells. Compound 5
induces cell death in a TNFα-dependent manner in both MDA-
MB-231 and SK-OV-3 cancer cell lines, the same as those
previously reported Smac mimetics, which bind to cIAP1,
cIAP2, and XIAP with high affinities. Based upon our data and
also data published previously,43 we conclude that binding of
Smac mimetics to XIAP BIR3 protein is not required for
effective cell-death induction in tumor cells. Our study has
yielded a set of potent cIAP1/2 inhibitors that are highly
selective over XIAP. Selective cIAP inhibitors, such as 5 and 7,
can be used as powerful pharmacological tools to investigate
the role of these IAP proteins in the regulation of apoptosis, as
well as in other biological and pathological processes in which
IAP proteins may play a role.

■ METHODS
Chemical Synthesis and Compound Characterization. The

synthesis of compounds 3−23 is shown in Supporting Information
(Scheme S1). Detailed compound characterization is also provided in
Supporting Information.
Computational Docking Studies. The crystal structure of XIAP

BIR3 in a complex with the Smac protein (PDB id: 1G73) was used to
predict the binding models of XIAP BIR3 bound to different
compounds. For cIAP1-BIR3 domain, the complex structure between
the Smac peptide and cIAP1-BIR3 (PDB id: 3D9U) was used. The
binding pose of compounds with the BIR3 domain was predicted with
the GOLD docking program (version 3.1.1).48,49 Parameters used in
the docking simulation have been reported previously.30 The docking
protocol was validated using a series of Smac mimetics. GoldScore,
implemented in Gold, was used as the fitness function to evaluate the
docked conformations of the ligands with the protein. The predicted
binding pose of compound 1 shown in Figure 1 is the highest ranked
conformation from the docking simulations.
Fluorescence Polarization Based Assays for XIAP, cIAP1, and

cIAP2 BIR3 Proteins. Sensitive and quantitative fluorescence
polarization (FP) based assays, the same as published previously,23

were used to determine the binding affinities of designed Smac
mimetics to XIAP BIR3, cIAP1 BIR3, and cIAP2 BIR3 proteins.
Cell-Free Caspase-9 Functional Assay. For Caspase-9 activity

assay, the enzymatic activity of active recombinant Caspase-9 from
Enzo Life Sciences was evaluated by the Caspase-Glo 9 Assay kit from
Promega, the same as described previously.32

Cell Growth Inhibition, Apoptosis, and Cell-Death Assays.
MDA-MB-231 breast cancer and SK-OV-3 ovarian cancer cell lines
were purchased from the American Type Culture Collection (ATCC,
Manassas, VA). Cell growth inhibition, cell viability and apoptosis
assays were performed using the same procedures as described
previously.45

Western Blot Analysis.Western blotting was performed using the
same procedure published previously.45 The following primary
antibodies were used in the study: anti-cleaved-caspase 8, anti-XIAP,
and anti-PARP (Cell Signaling Technology, Beverly, MA), anti-cIAP1
and anti-cIAP2 (R&D), anti-caspase-3, anti-caspase-9, and anti-
procaspase-8 (Stressgen Biotechnologies, Victoria, Canada).
Assay To Analyze TNFα-Dependent Cell Killing. Cells were

seeded in 24-well flat-bottom cell culture plates at a density of 1−2 ×
105 cells/well. After incubation overnight, cells were pretreatment (1
h) of neutralizing antibodies (2 μg/mL) against TNFα (Biolegend,
San Diego CA), TRAIL (Biolegend), or FasL/CD95 (Biolegend)
prior to treatments with Smac mimetics. Cell viability was determined

as previously described. Each graphical representation indicates the
mean ± SD of at least three independent testing conditions.

RNA Interference. RNA interference was done as described
previously.45 Briefly, siRNA for caspase-8, -9, and -3 was purchased
from Dhamacon Research, Inc. Nontargeting control siRNA was
purchased from Ambion. Transfections were performed using
Lipofectamine RNAiMAX (Invitrogen) in the reverse manner
according to the manufacturer’s instructions. Between 5 and 10
pmol of siRNA and 5 μL of Lipofectamine RNAiMAX were mixed in
each well of 6-well plates for 20 min, followed by culturing 3 × 105

cells in the siRNA mix for 24−48 h; knockdown efficacy was assessed
by Western blotting.
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