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The X-linked inhibitor of apoptosis (XIAP) is a promising new molecular target for the design
of novel anticancer drugs aiming at overcoming apoptosis-resistance of cancer cells to
chemotherapeutic agents and radiation therapy. Recent studies demonstrated that the BIR3
domain of XIAP where caspase-9 and Smac proteins bind is an attractive site for designing
small-molecule inhibitors of XIAP. Through computational structure-based screening of an in-
house traditional herbal medicine three-dimensional structure database of 8221 individual
natural products, followed by biochemical testing of selected candidate compounds, we
discovered embelin from the Japanese Ardisia herb as a small-molecular weight inhibitor that
binds to the XIAP BIR3 domain. We showed that embelin binds to the XIAP BIR3 protein
with an affinity similar to that of the natural Smac peptide using a fluorescence polarization-
based binding assay. Our NMR analysis further conclusively confirmed that embelin interacts
with several crucial residues in the XIAP BIR3 domain with which Smac and caspsase-9 bind.
Embelin inhibits cell growth, induces apoptosis, and activates caspase-9 in prostate cancer
cells with high levels of XIAP, but has a minimal effect on normal prostate epithelial and
fibroblast cells with low levels of XIAP. In stably XIAP-transfected Jurkat cells, embelin
effectively overcomes the protective effect of XIAP to apoptosis and enhances the etoposide-
induced apoptosis and has a minimal effect in Jurkat cells transfected with vector control.
Taken together, our results showed that embelin is a fairly potent, nonpeptidic, cell-permeable,
small-molecule inhibitor of XIAP and represents a promising lead compound for designing an
entirely new class of anticancer agents that target the BIR3 domain of XIAP.

Introduction

Apoptosis, or programmed cell death, is an essential
cell suicide process that is important for normal devel-
opment, host defense, and suppression of oncogenesis.1-4

Inappropriate control of apoptosis plays a role in many
human diseases, including cancer, autoimmune dis-
eases, and neurodegenerative disorders.5-7 Defects in
the normal apoptosis machinery has been implicated in
the resistance of cancer cells to a wide variety of current
anticancer drugs.8 Therefore, key apoptosis regulators
are attractive new molecular targets for designing
entirely new classes of anticancer drugs aiming at
overcoming apoptosis-resistance in cancer cells.9,10

The inhibitor of apoptosis proteins (IAPs) were re-
cently discovered as an important class of intrinsic

cellular inhibitors of apoptosis,11-17 although their func-
tions may not be limited to the regulation of apoptosis.17

XIAP (X-linked IAP) is the most potent inhibitor of
apoptosis among all the IAP proteins.17 XIAP protein
potently inhibits both intrinsic and extrinsic apoptosis
pathways17,18 by binding and inhibiting the initiator
caspase-9 and effector caspases (caspase-3 and -7),19-23

whose activity is crucial for the execution of apoptosis.
While the third BIR domain (BIR3) selectively inhibits
caspase-9, the linker region between BIR1 and BIR2
inhibits caspase-3 and -7. 17,24,25

Although the precise role of the endogenous XIAP in
the pathological process remains far from completely
understood, recent data point to an important role of
XIAP in the oncogenic process.25 XIAP protein was
found to be widely expressed in human cancer cell
lines26-33 and human cancer tissues.26 Apoptotic resis-
tance was found to correlate with the expression levels
of XIAP in human prostate and non small cell lung
cancer cells.30,34 The direct role of XIAP in the resistance
of cancer cells to radiation was demonstrated using an
XIAP antisense approach.35 XIAP blocks apoptosis
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induced by taxol in human prostate LNCaP cancer
cells36 and by Apo2L/TRAIL ligand in the hormone-
independent human prostate cancer cell lines.37 Con-
versely, down regulation of XIAP has been implicated
to play an important role in the synergistic induction
of apoptosis by complementation with Apo2/TRAIL and
actinomycin D in CL-1, DU-145, and PC-3 prostate
cancer cells.38 Down-regulation of antiapoptotic proteins,
including XIAP, was implicated in apoptosis induced by
protein kinase inhibitors flavopiridol and 7-hydroxy-
staurosporine in B-cell chronic lymphocytic leukemia
cells.39 Down-regulation of XIAP protein induces apop-
tosis in chemoresistant, p53 wild-type human ovarian
cancer but not in the p53 mutated or null cells.40

Inactivation of XIAP has been shown to play a role in
apoptosis induced by phenoxodiol in ovarian cancer
cells.41 Down-regulation of XIAP and other IAP proteins
was also observed in mitotic arrest and apoptosis
induced by epothilone B in cisplatinum- and paclitaxel-
resistant ovarian cancer cells.42 Recently, overexpres-
sion of XIAP has been linked to the resistance of human
non small cell lung cancer H-460 cells to chemothera-
peutic agents.43 Collectively, these studies demonstrated
that XIAP may play a critical role for the resistance of
cancer cells to current chemotherapeutic agents, radia-
tion and TRAIL ligand and direct inhibition of XIAP
may represent a promising strategy for the development
of an entirely new class of anticancer drugs. Because
XIAP blocks apoptosis at the downstream effector phase,
a point where multiple signaling pathways converge,
strategies targeting XIAP may prove to be especially
effective to overcome apoptosis resistance of cancer cells.

Several approaches aiming at directly targeting XIAP
are currently being explored. Antisense oligonucleotides
that were designed to decrease the levels of the mRNA
and protein of XIAP have been shown to induce apop-
tosis and enhance chemotherapeutic activity against
human lung cancer cells in vitro and in vivo.44 Recently,
nonpeptidic, small-molecule inhibitors have been identi-
fied through high-throughput screening to target the
interaction between XIAP and caspase-3.45 High-
throughput assays have recently been established for
identification and design of small molecules that bind
to the BIR3 domain of XIAP.47

We are particularly interested in designing small-
molecule inhibitors that target the XIAP BIR3 domain
for several reasons. First, the XIAP BIR3 domain
potently binds to caspase-9, traps caspase-9 in its
inactive monomeric form, and prevents the formation
of the active dimer of caspase-9. Although XIAP also
directly binds to caspase-3 and -7 through the linker
region between its BIR2 and BIR3 domains, its binding
to caspase-9 through its BIR3 domain is most important
for its antiapoptotic activity. Second, the structural basis
of the interaction of the XIAP BIR3 domain with
caspase-9 has recently been elucidated in details through
the determination of a high-resolution experimental
three-dimensional (3D) structure.49 Third, Smac/
DIABLO (second mitochondria-derived activator of
caspases, or direct IAP binding protein with low pI), a
protein released from mitochondria in response to
apoptotic stimuli, was shown to interact directly with
the XIAP BIR3 domain and other IAP proteins and
promotes apoptosis in cells by antagonizing IAPs and

promoting the activity of caspase-9.50,51 High-resolution
3D structures of Smac protein and peptide in complex
with the BIR3 domain of XIAP clearly showed that
Smac interacts with the XIAP BIR3 domain through
four residues (alanine-valine-proline-isoleucine, or AVPI)
at the free N-terminus of Smac and a well-defined
binding pocket in XIAP.52,53 In fact, Smac and caspase-9
share a common four-residue IAP binding motif (or
IBM) with which to bind to the surface binding groove
in the XIAP BIR3 domain.54,55 In essence, Smac func-
tions as an endogenous inhibitor of XIAP through
targeting the XIAP BIR3 domain and removing the
inhibitory effect of XIAP to caspase-9 through a com-
petitive binding mechanism. Fourth, in contrast to most
other protein-protein interactions, the interaction of the
XIAP BIR3 domain with caspase-9/Smac is mediated by
a small and well-defined binding groove in the BIR3
domain of XIAP and only four residues in Smac/
caspase-9 proteins, making this site especially suitable
for designing druglike, small molecule inhibitors of
XIAP.52,53,55 Finally, three independent studies demon-
strated that short Smac peptides tethered to a carrier
peptide for intracellular delivery overcome resistance
of cancer cells to apoptosis and enhance the anticancer
activity of current anticancer drugs in vitro and in
vivo.29,48,43 Of significance, these cell-permeable Smac-
based peptides have little toxicity to normal cells or
tissues in vitro and in vivo.29,43,48 Importantly, XIAP and
cIAP were identified as the primary molecular targets
for these Smac-based peptides in cells.48 It was also
shown that the defect in apoptosome activity was
restored by cell-permeable Smac peptides by disrupting
XIAP-caspase-9 binding in non-small cell lung cancer
H460 cells.43 Thus, these recent studies using cell-
permeable Smac-based peptides have provided the
important proof-of-concept that targeting the XIAP
BIR3 domain represents a promising therapeutic strat-
egy for the design of a new class of anticancer drugs to
overcome apoptosis resistance of cancer cells with high
levels of XIAP.29,43,48

Peptide-based inhibitors derived from Smac and
caspase-9 proteins are powerful pharmacological tools
to elucidate the antiapoptotic function of XIAP and the
role of XIAP in response of cancer cells to chemothera-
peutic agents. But peptide-based inhibitors in general
have intrinsic limitations as potentially useful thera-
peutic agents. These limitations include their poor cell-
permeability and poor in vivo stability. Indeed, in the
published studies,29,43,48 Smac-based peptide inhibitors
had to be fused to carrier peptides to make them
relatively cell-permeable. For these reasons, we and
other groups are interested in discovering and designing
nonpeptidic, small-molecule inhibitors that directly bind
to the BIR3 domain of XIAP.46,47

Traditional herbal medicine is a rich source for
modern, molecular target-specific drug discovery.56 In
the last several decades, a tremendous amount of effort
has been invested to isolate individual compounds from
traditional herbal medicine and to determine their
chemical structures.57 Many of these natural products
have been screened for the anticancer activity in cancer
cells and in animal models of human cancer. Although
the molecular mechanism of action of a few compounds
has been studied, for the majority of these compounds
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isolated from traditional herbal medicine, their precise
molecular mechanism of action is not well understood.
The lack of the knowledge of the molecular mechanism
of these natural products isolated from traditional
herbal medicine has impeded their further development
as potential useful new anticancer drugs.

Our laboratory is interested in the development of a
systematic and structure-based approach to elucidate
the underlying molecular mechanism of action of natu-
ral products isolated from traditional herbal medicine
and importantly to discover promising lead compounds
for molecularly targeted anticancer drug discovery. For
this purpose, we have built a searchable three-dimen-
sional structure database (TCM-3D) containing 8221
small organic molecules with diverse chemical struc-
tures isolated from nearly 1000 traditional Chinese
medicinal herbs. Unlike most commercial databases, all
the compounds in the TCM 3D-database are natural
products derived from traditional medicinal herbs,
which have been used for medicinal purposes in China
and other countries for centuries. The extensive use of
these traditional Chinese medicine recipes in humans
has generated a great amount of data about their
efficacy and safety. The TCM-3D database is a rich
resource for molecularly targeted anticancer drug dis-
covery.

Herein, we wish to report the discovery and charac-
terization of embelin as a fairly potent, nonpeptidic, cell-
permeable small molecule inhibitor that targets the
XIAP BIR3 domain through computational structure-
based computer screening of our in-house TCM-3D.

Results and Discussion

Development and Optimization of an FP-Based
Binding Assay. A sensitive, quantitative in vitro
fluorescence polarization (FP)-based binding assay was
developed in our laboratory based upon the interactions
between the XIAP BIR3 domain and Smac protein and
peptide.52,53 Binding of Smac to XIAP is mediated by a
few amino acid residues in Smac (Figure 1). In fact, a
4-mer Smac peptide (AVPI)46 and a 9-mer peptide
(AVPIAQKSE)52 derived from the Smac N-terminus
have the same affinities binding to the XIAP BIR3

domain as the mature Smac protein. Recently, Kipp et
al. has derived a mutated Smac tetrapeptide (ARPF),
which has a higher binding-affinity than the natural
Smac AVPI peptide.46 Accordingly, we synthesized two
fluorescent labeled Smac peptides: the natural 9-mer
Smac (AVPIAQKSEK) and a mutated 7-mer Smac
peptide (ARPFAQK) labeled with 6-carboxyfluores-
cein succinimidyl ester (FAM) as the fluorescence tag
(AVPIAQKSEK-FAM, termed S9F, and ARPFAQK-
FAM, termed SM7F, respectively). The unlabeled 9-mer
and 7-mer Smac peptides are used as the positive
controls. The human XIAP BIR3 protein (residues 241-
356) with a His tag is used for this FP-based binding
assay.

The dissociation constants (Kd) of the fluorescent
labeled S9F and SM7F peptides to the XIAP BIR3
protein was determined by using a fixed concentration
of the peptide (10 nM) and titrating with different
concentrations of the protein (0.5 nM to 40 µM). The
binding isotherms were produced by a nonlinear least-
squares fit to a single-site binding model (Figure 2A).
The Kd value for the natural Smac peptide (S9F) is 0.24
µM. Consistent with the previous report,46 SM7F showed
a higher binding affinity than S9F. SM7F has an
apparent Kd value of 0.038 µM in our FP-based binding
assay and is 2 times higher than the Kd value (0.02 µM)
measured using a different method.46 Thus, the obtained
Kd values for these two fluorescent labeled Smac pep-
tides using our FP-based assay are similar to the values
reported in the literature using other methods.46,52

Because the fluorescent labeled mutated Smac pep-
tide (SM7F) has a higher binding affinity than the
natural Smac peptide, we used this mutated Smac

Figure 1. Representation of the experimental 3D structure
of the BIR3 domain of XIAP in complex with Smac peptide
and the binding site used for computational structure-based
database searching of traditional herbal medicine 3D structure
database. The XIAP BIR3 is shown in green ribbon, and the
Smac peptide is shown in red balls.

Figure 2. (A) Titration curves of natural Smac peptide
(AVPIAQKSEK-FAM, termed S9F) mutated Smac peptide
(and ARPFAQK-FAM, termed SM7F), labeled with 6-car-
boxyfluorescein succinimidyl ester with XIAP BIR3 protein.
(B) Competitive binding curves of the wild-type Smac 9-mer
peptide (S9), mutated Smac 7-mer peptide (SM7), and embelin.
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peptide in our competitive binding assay. We chose to
use 10 nM of SM7F and 0.060 µM of XIAP BIR3 protein
as the assay conditions based on several criteria: 0.060
µM concentration of XIAP is 1.5 times of the Kd value
of SM7F; 10 nM concentration of SM7F is sufficient low
to allow the peptide tracer to be more than 50%
saturated by 60 nM of the XIAP BIR3 protein and has
sufficient fluorescence intensity to overcome the fluo-
rescence background for some inhibitors; under these
conditions, the peptide tracer is saturated at over 50%
by the XIAP BIR3 protein, which makes the assay very
sensitive; and the assay mP range (mP of bound peptide
- mP of free peptide) is 95.2 ( 3.0, which gives a large
polarization signal window for sensitive detection of the
binding of small molecule inhibitors to XIAP in competi-
tive binding experiments.

The specificity of this assay was verified in competi-
tion experiments with corresponding unlabeled mutated
Smac 7 (SM7) and the natural Smac 9-mer (S9) pep-
tides. In both cases, the unlabeled peptides were able
to abrogate binding of the labeled tracer (Figure 2B).
We obtained an IC50 value of 2.83 ( 0.67 µM for S9 and
0.57 ( 0.11 µM for SM7 (Figure 2B) from three
independent experiments in triplicates. The obtained
IC50 values for these unlabeled Smac peptides are
higher than the Kd values of the corresponding fluores-
cently labeled peptides, but the relative affinities of the
two Smac peptides for the XIAP protein correlates well
with the published results46 and their Kd values. The
ratio of the Kd values between labeled SM7F and S9F
(7.3 times) and the ratio of the IC50 values for the
unlabeled SM7 and S9 (5.0 times) are similar. The
obtained IC50 values could be lowered if lower protein
concentrations are used, but using too low protein
concentrations decreases the signal-to-noise ratio and
makes the assay less robust. For this reason, for small
molecule inhibitors, their IC50 values are reported with
the IC50 value of the natural Smac peptide (S9) and the
mutated Smac peptide (SM7) under the same conditions
for comparison, together with the Kd values of labeled
SM7F and S9F.

Discovery of Embelin as an Inhibitor That Binds
to the XIAP BIR3 Domain. Using the DOCK pro-
gram,58 we have performed computational structure-
based database searching of the TCM-3D database
containing 8221 small organic molecules with diverse
chemical structures isolated from traditional Chinese
medicinal herbs to identify potential small-molecule
inhibitors that bind to the XIAP BIR3 domain where
caspase-9 and Smac bind. The high-resolution structure
of the XIAP BIR3 domain in complex with Smac protein
was used to define binding site for the database search-
ing (Figure 1).52 The sum of the electrostatic and van
der Waals interactions as calculated in the DOCK
program was used as the ranking score. The top 1000
candidate small-molecules with the best scores were
rescored using our recently developed consensus scoring
program, X-score.59 After the reranking, the top 200
compounds were considered as potential small molecule
inhibitors of XIAP.

We have obtained samples of 36 potential small-
molecule inhibitors primarily from the Developmental
Therapeutics Program, the National Cancer Institute,
and from commercial sources in some cases and tested

their binding affinities to the XIAP BIR3 protein in our
optimized FP-based biochemical binding assay as de-
scribed above. To date, we have discovered five natural
products from the TCM-3D that bind to XIAP BIR3
protein and directly compete with SM7F peptide. Among
these five inhibitors, embelin is the most potent inhibi-
tor, with IC50 value of 4.1 ( 1.1 µM (Figure 2B) from
three independent experiments in triplicates, which is
slightly less potent than the natural 9-mer Smac peptide
(IC50 value ) 2.8 ( 0.7 µM). The chemical structure of
embelin is shown in Figure 3.

Conclusive Confirmation of the Binding of Em-
belin to XIAP BIR3 Where Smac/Caspase-9 Bind
by NMR. The FP-based binding assay showed that
embelin abrogates the interaction between the Smac
peptide and the XIAP BIR3 protein by displacing Smac
peptide but does not provide precise direct information
on which residues in XIAP embelin binds to. To con-
clusively confirm that embelin binds to the XIAP BIR3
domain where Smac and caspase-9 bind and rule out
any potential false positive, we performed an analysis
using nuclear magnetic resonance (NMR) heteronuclear
single quantum coherence spectroscopy (HSQC) method.
The human XIAP-BIR3 domain (residues 241-356)
fused to His-tag was expressed in M9 medium contain-
ing 15N ammonium chloride to uniformly label protein
with 15N and was purified. 15N HSQC NMR spectra
were recorded with embelin and without it at 30 °C.
Overlay of two 15N HSQC spectra of the BIR3 domain
of human XIAP with embelin (red) and without (black)
is shown in Figure 4. Upon the basis of the partially
completed backbone assignment, it was found that
several residues in XIAP BIR3 protein were affected by
the binding of embelin, including W 323 (tryptophan
323) and Y324 (tyrosine 324) residues. Analysis of
experimental structures of the XIAP BIR3 domain in
complex with Smac protein and peptide and with
caspase-9 showed that W323 and Y324 in XIAP are two
crucial residues that Smac and caspase-9 interact.49,52,53

Therefore, our NMR studies conclusively demonstrated
that embelin binds to the surface groove in the XIAP
BIR3 domain where Smac and caspase-9 bind.

Embelin Selectively Inhibits Cell Growth in
Cancer Cells with High Levels of XIAP. We per-
formed a Western blot analysis on the XIAP expression
status in several prostate cancer cell lines, as well as
in normal prostate epithelial cells (PrEC) and in normal
fibroblast WI-38 cells. We found that the widely studied
prostate cancer cell lines PC-3, LNCap, CL-1, and DU-
145 have high levels of XIAP expression (Figure 5),
consistent with previous reports.26,30 XIAP has a very
low level in normal PrEC (Figure 5) and in normal
fibroblast WI-38 cells (data not shown).

We evaluated the effect of embelin on cell growth in
prostate cancer cells (PC-3 and LNCaP) versus normal
cells. Figure 6 shows the representative data of WST-1
cytotoxicity assay which had been repeated for three

Figure 3. Chemical structure of embelin.
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times with similar results. Embelin inhibited cell growth
of both PC-3 and LNCap cells in a dose-dependent
manner, with IC50 values of 3.7 and 5.7 µM, respectively

(Figure 6). To evaluate its selectivity, we also tested its
activity in normal PrEC and in WI-38 cells. The IC50
values were found to be 20.1 µM and 19.3 µM in normal
PrEC and in WI-38 cells, respectively (Figure 6). Thus,
embelin appears to display certain selectivity for cancer
cells with high levels of XIAP versus normal cells with
low levels of XIAP.

Embelin Induces Apoptosis through Activation
of Caspase-9 in Cancer Cells with High Levels of
XIAP. We further tested embelin for its ability to induce
apoptosis in PC-3 prostate cancer cells using the An-
nexin V-FITC staining. Three separate experiments
were performed, which showed that embelin dose-
dependently induces apoptosis in PC-3 cells and the
results from a representative experiment are shown in
Figure 7. After treatment of the cells with 25 and 50
µM of embelin for 48 h, 30% and 75% of PC-3 cells
underwent apoptosis, representing approximately 3-
and 9-fold increase as compared to control cells, respec-
tively (Figure 7). Of note, higher doses of embelin were
used in this apoptosis assay than the WST-1 cytotoxicity
assay due to the shorter exposure time (48 h versus 5
days) of embelin to cells.

The most critical antiapoptotic function of XIAP is
thought to be mediated by directly binding and inhibit-

Figure 4. Superposition of 15N-HSQC spectra of free XIAP BIR3 domain (black) and that of the XIAP BIR3 with embelin (red).
W323 and Y324 were found to be affected by embelin, similar to Smac, suggesting that embelin and Smac both interact with
these common residues

Figure 5. Western blot analysis of the expression of XIAP in
human prostate cancer cells and normal cells. 30 µg of cell
lysate was loaded per lane on a 12% SDS-PAGE gel, as
described in Materials and Methods. The 57 kDa positive band
is the expressed XIAP protein. PrEC: normal human prostate
epithelial cells. WI-38: normal human fibroblast cell line.
HSP70: heat shock protein 70 kDa for gel loading control.

Figure 6. Inhibition of cell growth by embelin in prostate
cancer cells (PC-3 and LnCap) and its selectivity in normal
human prostate epithelial cells (PrEC) and normal human
fibroblast cell line, WI-38. 5000 cells per well in a 96-well cell
culture plate were treated with various concentrations of
embelin in triplicates. Five days later, the cell growth was
measured by WST-1 cell growth assay kit as described in
Materials and Methods. The cell growth results are expressed
as the % of control and calculated from the % of absorbance of
treated wells versus that of vehicle control. IC50 value is the
drug concentration needed to achieve 50% cell growth inhibi-
tion versus control cells.

Figure 7. Induction of apoptosis by embelin in PC-3 prostate
cancer cells. 1 × 106 PC-3 cells per well in six-well culture
plates were treated with embelin for 48 h and stained with
Annexin V-FITC and propidium iodide for apoptosis by flow
cytometry. The results are shown as % of Annexin V-FITC
positive apoptotic cells (n ) 3).
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ing caspase-9 via its BIR3 domain, which leads to
inhibition of caspase-3.54 The crystal structure of
caspase-9 in complex with the XIAP BIR3 domain shows
that the XIAP-BIR3 domain traps caspase-9 in a
monomeric state and deprives it of any possibility of
catalytic activity.49 Smac and caspsase-9 compete for the
same binding pocket in XIAP BIR3.49,52,53 Since embelin
binds to the BIR3 binding site in XIAP where Smac and
caspase-9 bind, we hypothesize that the binding of
embelin to XIAP BIR3 will block the binding of XIAP
to caspase-9, which subsequently leads to activation of
caspase-9. To directly test this hypothesis, we evaluated
the ability of embelin to activate caspase-9 in PC-3 cells.

Embelin effectively activates caspase-9 in a dose-
dependent manner (Figure 8A and 8B). When treated
with 20 and 40 µM of embelin for 42 h, which are the
effective doses and optimal time point for embelin to
induce early apoptosis, 33.0% and 62.1% of PC-3 cells
were positively stained for activated caspase-9, respec-

tively. These represent 10- and 20-fold increase in the
activated caspase-9 as compared to vehicle treated
control cells (3.1%), respectively. The activation of
caspase-9 can be effectively inhibited by zVAD peptide,
a pan-caspase inhibitor (Figure 8A and 8B). To evaluate
if the activation of caspase-9 by embelin is selective to
cancer cells with high levels of XIAP, we also tested
embelin in normal PrEC and found that embelin has
no significant effect as compared to vehicle treated
control cells (Figure 8B). Hence, embelin selectively
activates caspase-9 in PC-3 prostate cancer cells with
high levels of XIAP and has minimal effect in normal
epithelial prostate cells with low levels of XIAP.

To demonstrate that the activation of caspsas-9 and
early apoptosis events occurred in the same cells,
Annexin V and active caspase-9 double staining was
performed on PC-3 cells treated with 40 µM of embelin
for 48 h. As shown in Figure 9A-2, PC-3 cells treated
with embelin showed intensive active caspase-9 staining
in the cytoplasm together with Annexin V-FITC posi-
tive staining on the cell membrane, the latter being
characteristic of early apoptosis. Figure 9B shows an
enlarged view of embelin treated PC-3 cells. Both
Annexin V-FITC and active caspase-9 double staining
can be blocked by pan-caspase inhibitor zVAD-FMK
(Figure 9A-3), indicating that embelin-induced apoptosis
requires activation of caspases. In contrast, vehicle
control cells show no staining for apoptosis and caspase-9
activation (Figure 9A-1). To rule out nonspecific red
fluorescence staining, some of the embelin-treated PC-3
cells were taken out before staining, preincubated with
20 µM of a caspase-9 inhibitor LEHD-FMK for 5 min,
then stained for active caspase-9. As shown in Figure
9A-4, preincubation with excessive caspase-9 inhibitor
LEHD-FMK blocked the active caspase-9 staining in
Annexin V-FITC positive cells (e.g., loss of red signal
in Figure 9A-4), but preincubation with excessive
caspase-3 inhibitor zDEVD-FMK did not (photo not
shown), confirming that the observed red signal was
specific for active caspase-9. It is worth noting that
virtually only the apoptotic cells show co-staining of both
Red (active caspase-9) and Green (Annexin V) fluores-
cence (Figure 9A-2, 9B-1, and 9B-2), indicating that
embelin-induced apoptosis is indeed accomplished by
the activation of caspase-9.

Embelin Overcomes the Protective Effect of
XIAP to Drug-Induced Apoptosis in XIAP-Trans-
fected Jurkat Cells and Has No Effective in Jurkat
Cells Transfected with Vector Control. It has been
shown that XIAP overexpression renders the cancer
cells resistant to drug-induced apoptosis. We employed
stably XIAP-transfected Jurkat cells to investigate
whether embelin can attenuate or block the protective
effects of XIAP and enhance the chemodrug-induced
apoptosis. As shown in Figure 5, Jurkat cells transfected
with vector control (Jurkat-Vec) has a very low level of
XIAP protein, while Jurkat cells stably transfected with
human XIAP has a very high level of XIAP protein.

As shown in Figure 10A, Jurkat cells stably trans-
fected with XIAP (Jurkat-XIAP cells) become resistant
to apoptosis induced by etoposide as compared to Jurkat
cells transfected with vector control (Jurkat-Vec cells),
indicating that XIAP-overexpression protects Jurkat
cells from etoposide-induced apoptosis. Consistent with

Figure 8. Activation of caspase-9 by embelin in PC-3 prostate
cancer cells and its selectivity in normal prostate epithelial
cells. (A) Flow cytometry histograms of active caspase-9
stained PC-3 cells that were treated with 40 µM of embelin
with or without zVAD, as indicated in the graph. (B) Embelin
effectively activates caspase-9 in PC-3 cells in a dose-depend-
ent manner, but has minimal effects on normal PrEC cells. 1
× 106 PC-3 or PrEC cells per well in six-well culture plates
were treated with embelin for 42 h. An additional control was
prepared by adding the pan-caspase inhibitor Z-VAD-FMK (2
µM final) 5 min before adding embelin, to inhibit caspase
activation. The cells were collected and stained for active
caspase-9 by CaspGLOW Red Active Caspase-9 Staining Kit
and analyzed by flow cytometry in PI channel.
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the apoptosis assay, Jurkat-XIAP cells also become less
sensitive to etoposide in cell growth assay than Jurkat-
Vec cells. While 94.3% ( 0.6% of Jurkat-Vec cells were
killed with 2.5 µM of etoposide for 72 h, only 59% ( 2%
Jurkat-XIAP cells were killed under the same condi-
tions. Increasing the concentration of etoposide to 10
µM only killed 85% ( 0.1% Jurkat-XIAP cells. These
results demonstrated that XIAP overexpression protects
the transfected Jurkat cells from etoposide-induced
apoptosis and cytotoxicity.

We also evaluated the response of Jurkat-Vec and
Jurkat-XIAP cells to embelin in cell growth assays
(Figure 11). As expected, embelin only has a weak
activity in Jurkat-Vec cells (IC50 ) 20 µM). Interest-
ingly, embelin also has a weak activity in Jurkat-XIAP
cells, essentially identical to that in Jurkat-Vec cells.
Of note, both Jurkat-Vec and Jurkat-XIAP cells unlikely

depend on the protective effect of XIAP for survival since
the parental Jurkat cells have a very low level of XIAP
protein. Therefore, treatment of Jurkat-Vec and Jurkat-
XIAP cells which do not rely on XIAP protein for
survival with a small-molecule inhibitor of XIAP such
as embelin is not expected to effectively achieve cell
growth inhibition or induce apoptosis.

When used in combination, embelin did not increase
etoposide-induced apoptosis as compared to etoposide
alone in Jurkat-Vec cells (Figure 10B). This suggests
that in cells with a very low level of XIAP protein, XIAP
protein plays a minimal role to protect cells from
etoposide-induced apoptosis and consequently inhibition
of XIAP using a small-molecule inhibitor of XIAP
(embelin) has little impact on how cells respond to
etoposide. In contrast, combination of embelin and
etoposide significantly increases the percentage of apo-

Figure 9. Embelin-induced apoptosis is accompanied by the activation of caspase-9. PC-3 cells were treated with embelin for 48
h and double-stained with Annexin V-FITC and Red Active Caspase-9 Staining Kit, as described in detail in Materials and
Methods. A-1: vehicle control; A-2: 40 µM embelin treated; A-3: pan-caspase inhibitor Z-VAD-FMK (1 µM final) was added 5
min before embelin, to inhibit caspase activation; A-4: 40 µM embelin treated as A-2, but preincubated with 20 µM caspase-9
inhibitor LEHD-FMK for 5 min and then stained for active caspase-9. Preincubation with excessive caspase-9 inhibitor blocked
the active caspase-9 staining in Annexin V-FITC positive cells and confirmed that the observed red signal was indeed specific
active caspase-9. B-1 and B-2: enlarged view of cells from A-2; note that only apoptotic cells show costaining of both red (active
caspase-9) and green (Annexin V) fluorescence, indicating that embelin-induced apoptosis is accompanied by the activation of
caspase-9. DIC: differential interaction contrast images.

Figure 10. (A) Dose-dependent induction of apoptosis by etoposide in Jurkat cells transfected with vector control (Jurkat-Vec)
and stably transfected with XIAP (Jurkat-XIAP cells). (B) Induction of apoptosis by etoposide and embelin alone and in combination
in Jurkat-Vec and Jurkat-XIAP cells. 1 × 106 Jurkat-XIAP or Jurkat-Vec cells per well in six-well culture plates were treated
with etoposide and embelin alone, or in combination for 15 h, and then stained with Annexin V-FITC and propidium iodide for
apoptosis by flow cytometry. The results are shown as % of Annexin V-FITC positive apoptotic cells.
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ptotic cells as compared to either drug alone in Jurkat-
XIAP cells and the effect appears to be more than
additive (Figure 10B). This result suggests that when
XIAP protein plays a significant role to protect cells from
etoposide-induced apoptosis, inhibition of XIAP using
a small-molecule inhibitor of XIAP (embelin) overcomes
the protective effect of XIAP protein to cells and restores
sensitivity of cells to etoposide.

Traditional Herbal Medicine is a Rich Resource
for Molecular-Targeted Drug Discovery. Embelin
is a plant-based benzoquinone natural product originally
isolated from the Japanese Ardisia Herb (Herba Ardi-
siae Japonicae). The Japanese Ardisia Herb has been
used as a key ingredient in several traditional Chinese
anticancer herbal recipes for the treatment of pancreatic
and other types of cancer. Embelin was shown to exhibit
significant antitumor activity in methylcholanthrene-
induced fibrosarcoma in albino rats,60 although its
cellular molecular mechanism for its anticancer activity
was not understood. Our discovery that embelin is a
fairly potent inhibitor of XIAP suggests that its anti-
cancer activity is mediated at least in part by its direct
binding to XIAP and inhibition of the antiapoptotic
function of XIAP protein in cancer cells. Therefore,
embelin may represent a promising lead compound that
directly targets the BIR3 domain of XIAP for further
optimization and development.

Summary

Employing a computational structure-based database
searching strategy, we discovered embelin as a potent,
nonpeptidic, cell-permeable small molecular-weight in-
hibitor of XIAP from our in-house traditional herbal
medicine 3D structure database containing over 8000
natural products isolated from 885 traditional herbs.
Embelin competes with the Smac peptide for binding
to XIAP BIR3 protein and has a binding affinity similar
to the natural Smac peptide. Using NMR HSQC experi-
ments, we conclusively confirmed that embelin interacts
with several key residues in the XIAP BIR3 domain
where Smac and caspase-9 bind. Embelin selectively
inhibits cell growth in cancer cells with high levels of
XIAP protein and has a much less activity in normal
cells with low levels of XIAP proteins. Consistent with
the proposed underlying molecular mechanism that
embelin functions as an inhibitor of XIAP, embelin

induces apoptosis in PC-3 prostate cancer cells, which
is accompanied by the activation of caspase-9.

Embelin effectively overcomes the protective effects
of XIAP to etoposide-induced apoptosis in Jurkat cells
stably transfected with XIAP but has no interaction
with etoposide in induction of apoptosis in Jurkat cells
transfected with vector control, suggesting that embelin
directly targets XIAP in Jurkat cells transfected with
XIAP and inhibits the ability of XIAP to block apoptosis
induced by etoposide. Taken together, our data indicates
that embelin represents a promising initial lead com-
pound for the design of an entirely class of anticancer
drugs that target XIAP BIR3 domain.

Our present study also demonstrates that traditional
herbal medicine is a valuable resource for current
molecular-targeted anticancer drug discovery. Our sys-
tematic and computational structure-based database
searching strategy appears to be effective to discover
novel and promising lead compounds for specific mo-
lecular targets of interest, and this strategy also helps
the elucidation of the possible underlying molecular
mechanism of potentially promising anticancer com-
pounds isolated from traditional herbal medicine.

Experimental Section

Traditional Chinese Medicine (TCM) Three-Dimen-
sional Database. We have built a searchable three-dimen-
sional structure database (the TCM 3D-database), which now
contains 8221 individual small-molecule weight natural prod-
ucts isolated from 885 traditional herbs. The details of this
herbal medicine database and its associated database manage-
ment tools will be described elsewhere in a separate publica-
tion.

The two-dimensional chemical structure of each compound
was drawn using the ISIS Draw program,61 which was saved
in the MOL format and then converted into three-dimensional
(3D) structures using the Sybyl modeling package.62 Each 3D
structure was minimized using the Sybyl program to obtain a
low energy structure. The minimized structures were con-
verted into the Mol2 format for structure-based database
screening using the DOCK program.58

Computational Structure-Based Database Searching.
The experimental 3D structure of the BIR3 domain of XIAP
in complex with Smac52 (pdb code 1G73 from the protein data
bank63) was used for structure-based database searching of
the TCM 3D-database. The program DOCK (version 4.0.1),63

was used for 3D-database screening to identify potential small-
molecule inhibitors of XIAP that can effectively interact with
the XIAP BIR3 binding site.

The interactions between Smac protein and BIR3 domain
of XIAP protein in the experimental complex structures define
the crucial binding elements between them. Thus, the spheres
used in the DOCK program were defined by the coordinates
of the N-terminal five residues of Smac in the experimental
complex structure.52 All residues of the XIAP BIR3 protein
within 8 Å from these five Smac residues were considered as
part of the binding site in the screening. United atom KOLL-
MAN charges were assigned for atoms in the XIAP binding
site using the BIOPOLYMER module in the Sybyl program.62

The Geisterger method as implemented in Sybyl was used to
assign charges to all the compounds in the TCM 3D database.

The conformational flexibility of the compounds in the TCM
3D-database was explicitly explored during the database
screening in the DOCK program,58 and their positions and
conformations were optimized using single anchor search and
torsion minimization. Fifty configurations per ligand building
cycle and 100 maximum anchor orientations were used in the
anchor-first docking algorithm. All docked configurations were
energy minimized using 10 iterations and 2 minimization
cycles. A scaling factor of 0.5 was used for the electrostatic

Figure 11. Inhibition of cell growth by embelin in Jurkat cells
transfected with empty vector control (Jurkat-Vec) or with
XIAP (Jurkat-XIAP) using same assay conditions as described
in Figure 6.
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interaction calculations. The sum of the electrostatic and van
der Waals interactions as calculated in the DOCK program
was used as the ranking score. In the database search, the
small molecules were ranked according to their scores as
calculated using the energy score function in the DOCK
program. The top 1000 candidate small molecules with the best
scores were rescored using the recently developed consensus
scoring program, X-score.59 After the reranking, the top 200
compounds were considered as potential small molecule in-
hibitors of XIAP. To date, we have obtained samples of 36
compounds for testing in biochemical binding assays to the
XIAP BIR3 protein.

Fluorescence Polarization Competitive Binding As-
say. Asensitive and quantitative in vitro binding assay using
the fluorescence polarization (FP)-based method was developed
and used to determine the binding affinity of small molecules
to XIAP protein. For this assay, fluorescein-5(6)-carboxami-
docaproic acid N-succinimidyl ester was coupled to the lysine
side chain of the mutated peptide, ARPFAQK, derived from
the N terminus of a Smac peptide (SM7F), which has been
shown to bind to the surface pocket of the XIAP protein with
high affinity.46 The unlabeled peptides, wild type and mutated
Smac peptides, were used as the positive control in the binding
assay. The recombinant XIAP BIR3 protein of human XIAP
(residues 241-356) fused to His-tag was stable and soluble
and was used for the FP based binding assay.

Fluorescence polarization experiments were performed in
Dynex 96-well, black, round-bottom plates (Fisher Scientific)
using the Ultra plate reader (Tecan U. S. Inc., Research
Triangle Park, NC). The dose-dependent binding experiments
were carried out with serial dilutions of the active compound
in DMSO. A 5 µL sample of the tested compound, and
preincubated XIAP BIR3 protein (0.060 µM) and SM7F (0.010
µM) in the assay buffer (100 mM potassium phosphate, pH
7.5; 100 µg/mL bovine gamma globulin; 0.02% sodium azide,
purchased from InviTrogen Life Technologies), were added to
96-well plates to produce a final volume of 125 µL. For each
assay, the bound peptide control containing XIAP BIR3 protein
and SM7F (equivalent to 0% inhibition) and free peptide
control containing only free SM7F (equivalent to 100% inhibi-
tion) were included. The plates were mixed and incubated at
room temperature for 3 h to reach equilibrium. IC50, the
inhibitor concentration at which 50% of bound peptide is
displaced, was determined from the plot using nonlinear least-
squares analysis, and curve fitting was performed using
GraphPad Prism software.

NMR Experiments. The recombinant BIR3 domain (resi-
dues 241-356) of human XIAP protein fused to His-tag
(pET28b, Novagen) was overexpressed from Escherichia coli
BL21(DE3) cells (Nogaven) in M9 medium containing 15NH4-
Cl as the sole nitrogen source to produce uniformly 15N-labeled
protein.64,65 Most of the protein was found in the soluble
fraction, and it was purified using TALON (Clontech) affinity
chromatography, followed by G75 size-exclusion chromatog-
raphy (Pharmacia).

The NMR experiments were performed on a Varian Inova
500 with pulse field gradient (PFG) HSQC, with the water flip
back to maximize the signal intensity and to minimize the
destruction from the water signal66,67 (300 µM XIAP, 50 mM
phosphate buffer pH 7.3, 2 mM DTT at 25 °C). 15N HSQC NMR
spectra were recorded with samples containing 100 µM of the
15N protein in 50 mM Tris (pH 7.2), 50 µM Zn(Cl)2, 1 mM DTT
at 30 °C with 100 µM embelin and without it. Then two spectra
were compared to identify the chemical shifts induced by the
additions of the inhibitor. The NMR data were processed with
the programs pipe and nmrDraw.68,69

Cell Lines and Reagents. Human prostate cancer cell
lines (PC-3, LNCap, CL-1, DU-145) and normal human
fibroblast cell line WI-38 were obtained from the American
Type Culture Collection (ATCC) and were grown and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% FBS (Life Technology, Inc.). Normal human
prostate epithelial cells (PrEC) were obtained from Clonetics
(Cambrex Inc., MD) and maintained in the special medium

provided by the company. Jurkat T-cells stably transfected
with either empty vector (Jurkat-Vec), or XIAP(Jurkat-XIAP)
were kindly provided by Dr. Colin Duckett at the University
of Michigan and were cultured in RPMI 1640 containing 10%
fetal calf serum and 1 µg/mL puromycin. Cell cultures were
maintained in a humidified incubator at 37 °C and 5% CO2.

Western Blot Analysis. To analyze the XIAP protein
expression in prostate cancer cell lines, Western blot analysis
was employed as described previously. Briefly, the cells were
lysed at 4 °C in RIPA buffer (50 mM Tris-HCl, pH 7.4, 1%
NP-40, 0.25% sodium deoxycholate, 150 mM NaCl), supple-
mented with a tablet of Mini protease inhibitor cocktail
(Roche). The cell lysates (30 µg) were separated on 12% sodium
dodecyl sulfate-polyacrylamide gel (Ready-Gel, Bio-Rad, Her-
cules, CA). The proteins were blotted onto a Hybond nitrocel-
lulose membrane (Amersham, Arlington Heights, IL) and
blocked with 2% nonfat dry milk plus 1% BSA (Sigma) in Tris-
buffered saline (TBS)/Tween (0.1% Tween-20 in TBS). The
blots were incubated with monoclonal anti-XIAP antibody
(Transduction Labs, 1:2000) in 10 mL of the 5% BSA for 1 h
at room temperature. The blots were washed three times with
TBS/Tween and then incubated with horseradish peroxidase
coupled ImmunoPure goat anti-mouse antibody (1:20 000)
(Pierce, Rockford, IL) in 5% BSA for 1 h at room temperature,
washed three times again, and developed with SuperSignal
chemiluminescence reagent (Pierce, Rockford, IL). The blots
were reprobed with Heat Shock Protein 70kDa (HSK70)
antibody (Santa Cruz) as loading control.

Cell Growth Inhibition Assay. Cell growth was deter-
mined by the MTT-based assay using Cell Proliferation
Reagent WST-1 (Roche) according to the manufacturer’s
instruction. The WST-1 assay is a colorimetric assay that
measures the reduction of WST-1 by mitochondrial succinate
dehydrogenase, which belongs to the respiratory chain of the
mitochondria and is active only in viable cells. The WST-1
enters the cells and passes into the mitochondria, where it is
reduced to a soluble, colored formazan product. The amount
of formazan dye formed directly correlates to the number of
metabolically active cells in the culture. Cells (5000 cells/well)
were grown in medium with 10% FBS, and various concentra-
tions of drugs were added to the cells in triplicates. Four to
five days later, WST-1 was added to each well and incubated
for 1-3 h at 37 °C. Absorbance was measured with a plate
reader at 450 nm with correction at 650 nm. The results are
expressed as the % of absorbance of treated wells versus that
of vehicle control. IC50, the drug concentration giving 50%
growth inhibition was calculated via sigmoid curve fitting
using GraphPad Prism 3.0 (GraphPad, Inc.).

Analysis of Apoptosis. PC-3 cells, 1 × 106 cells per well
in six-well culture plates, were treated in triplicates with
various concentrations of embelin for 24 or 48 h and then
trypsinized and washed with PBS. For Jurkat cells, 1 × 106

Jurkat-XIAP or Jurkat-Vec cells per well in six-well culture
plates were treated with etoposide, embelin, or both for 15 h.
For flow cytometry apoptosis assay, cells were stained with
Annexin V-FITC and propidium iodide using the Annexin-
V-FLUOS Kit (Roche) according to the manufacturer’s in-
struction. The fluorescence of Annexin V-FITC and propidium
iodide of individual cells were analyzed by FACScan. The
results are shown as % of Annexin V-FITC positive apoptotic
cells.

Activation of Caspase-9 Assay. 1 × 106 PC-3 cells per
well in six-well culture plates were treated with various
concentrations of embelin, or the same amount of solvent
DMSO as vehicle control, for up to 48 h. An additional control
was prepared by adding the pan-caspase inhibitor Z-VAD-FMK
(1 µM final) 5 min before adding embelin, to inhibit caspase
activation. The cells were collected for staining of active
caspase-9 by CaspGLOW Red Active Caspase-9 Staining Kit
(BioVision, Inc., Mountain View, CA) according to the manu-
facturer’s instructions, with modification. Briefly, to each tube
containing 1 × 106 treated or control cells in 0.3 mL complete
culture medium were added 1 µL of Red-LEHD-FMK and
incubated for 0.5 h at 37 °C incubator with 5% CO2. For double

2438 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 10 Nikolovska-Coleska et al.



staining with Annexin V-FITC, the cells were spun down and
resuspended in 100 µL of binding buffer containing 1X Annexin
V-FITC from the Annexin-V-FLUOS Kit (Roche) and incu-
bated at room temperature for 10 min. The cells were then
washed two times with Wash Buffer from the Active Caspase-9
Staining Kit. The cells were resuspended in 0.3 mL of binding
buffer and analyzed by flow cytometry, using PI channel for
active caspase-9 and FITC channel for apoptosis.

The active caspase-9 and Annexin V double stained cells
were also observed under Zeiss Laser Scanning Confocal
Microscope LSM 510 Meta, using the fluorescent filter sets
for rhodamine (Red) and FITC (green) channels. Early apop-
totic cells show green fluorescence on cell membrane while
caspase-9 positive cells show bright red staining in cytoplasm.
Photos were taken at original magnification of 630×. Cellular
morphology was observed with differential interference con-
trast (DIC) using DIC channel.
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