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Inhibitor of apoptosis proteins (IAPs) such as XIAP, cIAP1, and cIAP2 are upregulated in many cancer cells.
Several compounds targeting IAPs and inducing cell death in cancer cells have been developed. Some of
these are synthesized mimicking the N-terminal tetrapeptide sequence of Smac/DIABLO, the natural
endogenous IAPs inhibitor. Starting from such conceptual design, we generated a library of 4-substituted
azabicyclo[5.3.0]alkane Smac-mimetics. Here we report the crystal structure of the BIR3 domain from
XIAP in complex with Smac037, a compound designed according to structural principles emerging from
our previously analyzed XIAP BIR3/Smac-mimetic complexes. In parallel, we present an in silico docking
analysis of three Smac-mimetics to the BIR3 domain of cIAP1, providing general considerations for the
development of high affinity lead compounds targeting three members of the IAP family.

� 2008 Elsevier Inc. All rights reserved.
Apoptosis is a cellular process of programmed death essential for
homeostasis maintenance in multicellular organisms [1]. Inappro-
priate apoptotic regulation has been implicated in many human dis-
eases, including cancer [2,3] and neurodegeneration [4]; regulation
of the apoptotic pathway has therefore become focus of extensive
pharmaceutical research. Apoptosis initiation and execution phases
are both dependent on a subset of caspases (cysteine-dependent
aspartyl-specific proteases) that are regulated by members of the
IAP (Inhibitor of Apoptosis Proteins) family [5,6]. Within the IAP
family, XIAP (X-chromosome-linked IAP), cIAP1 and cIAP2 (cellular
IAPs) are characterized by three tandem BIR (Baculoviral IAP Repeat)
domains (BIR1-3), and by a C-terminal RING domain, endowed with
E3 ubiquitin ligase activity. In addition, cIAP1 and cIAP2 host a CAs-
pase Recruitment Domain (CARD) located before the RING domain;
cIAP1 and cIAP2 associate with two necrosis factor receptors (TNFR)
signaling proteins, TRAF1 and TRAF2, to participate in TNF a-in-
ll rights reserved.

rotein; cIAP, cellular IAP; BIR
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duced NF-kB activation [7,8]. In contrast, XIAP inhibits apoptosis
by binding to and inhibiting caspase-9 (initiator caspase) through
its BIR3 domain [9], and caspase-3 and -7 (executioner caspases)
through its BIR2 domain [10,11]. The Second Mitochondria-derived
Activator of Caspases (Smac)/Direct IAp Binding with LOw pI (DIA-
BLO) protein [12,13] is an endogenous antagonist of IAPs. High levels
of XIAP have been found in several cancer cells lines [14]; in such
cases, the physiological amounts of Smac/DIABLO released from
the mitochondria may not be sufficient to overcome the inhibitory
effect of XIAP on caspases. Inactivation of overexpressed XIAP by
Smac-mimetic molecules may relieve caspase inhibition, thereby
promoting apoptosis in malignant cells [15–20]. It has been shown
that small Smac-mimetic inhibitors, such as Smac001 (Fig. 1) in-
spired by the Smac N-terminal AVPI sequence [21], can bind the
XIAP BIR3 domain with submicromolar potency, promoting apopto-
sis in tumor cells.

Starting from the structure of Smac001 we generated a library of
4-substituted azabicyclo [5.3.0] alkane lead compounds, which dis-
play enhanced affinity to XIAP linker-BIR2 and/or BIR3 domains [22].
Crystal structure analysis of the complexes between XIAP BIR3 and
two 4-substituted Smac-mimetics (Smac005 and Smac010, Fig. 1)
brought us to the synthesis of Smac037 [22], displaying a longer 4-
substituted azabicyclo[5.3.0]alkane arm (-CH2-CH2-NH3+; Fig. 1).
Here we report the crystal structure of Smac037 in complex with
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Fig. 1. Chemical structures of Smac005, Smac010, and Smac037. For ease of comparison the chemical formulae of the Smac-mimetics dealt with are reported; arbitrary
names have been assigned to the atoms involved in main interactions with the BIR3 domain, in the three different compounds. In brackets the chemical structure of
Smac001 [21].

Table 1
Data collection and refinement statistics for BIR3/Smac037.

Data collection statistics

Space group I4132
a = b = c = 170.4 Å

Unit-cell parameters a = b = c = 90�
Solvent content% 64.2
No. of molecules per asymmetric unit 2
Resolution (Å) 40.0–3.0
Mosaicity (�) 0.7
No. of unique reflections 8730 (1243)
Completeness (%) 99.7 (100)
Redundancy 11.6 (12.0)
Rmerge

a (%) 9.2 (66.3)
Average I/r (I) 20.9 (3.7)

Refinement statistics
Rfactor

b (%) 18.9
Rfree

c (%) 23.9
r.m.s. bond lengths (Å) 0.007
r.m.s. bond angles (�) 1.06
Average protein B factor (Å2) 50.6

Ramachandran plot
Residues in most favoured regions (%) 87.1%
Residues in additionally allowed regions (%) 12.9%

Values in parentheses are for the highest resolution shell: 3.16–3.00 Å.
a Rmerge = R |I � (I)|/R I � 100, where I is intensity of a reflection and (I) is its

average intensity.
b Rfactor = R |Fo � Fc|/R|Fo| � 100.
c Rfree is calculated on 5% randomly selected reflections, for cross-validation.
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XIAP BIR3 solved at 3 Å resolution. Moreover, since Smac-mimetics
have been reported to kill cancer cells mainly by inducing the degra-
dation of cIAP1 and cIAP2 [19,20,23], we analyzed through in silico
molecular modeling/docking the binding mode of Smac005,
Smac010, and Smac037 to the cIAP1 BIR3 domain, whose crystal
structure is known [24]. The structure and simulation results are dis-
cussed at the light of in vitro experiments showing the effective deg-
radation of cIAP1 induced by the Smac-mimetics proposed here.

Materials and methods

Chemistry, cloning, expression, purification, and crystallization of
XIAP BIR3/Smac037. Human XIAP BIR3 domain and Smac037 were
produced/purified as described [22,25]. The purified recombinant
protein was stored in 20 mM Tris pH 7.5, 200 mM NaCl, 10 mM
DTT, and concentrated to 10 mg ml�1. Microbatch crystallization
experiments were assembled using an Oryx-8 crystallization robot
(Douglas Instruments, East Garston, UK), from a 2:1 mixture of the
protein stock solution with 5 mM of Smac037, and the precipitant
solution. The 0.3 ll assembled droplets were covered by equal
amounts of al’s oil and paraffin oil. The crystallization screening
solutions were those of Crystal Screens I and II and Index from
Hampton Research (Aliso Viejo, CA, USA), Wizard 1 e 2 (deCode
Genetics, Emerald Biostructures Products), and of the JBScreening
Classic 1, 2, 3, and 4 (Jena Bioscience GmbH, Jena, Germany). Very
small crystals, obtained in 0.1 M ammonium acetate, 0.1 M BIS–
Tris pH 5.5, 17% PEG 10K, were used for microbatch seeded crystal-
lization experiments, assembled from a 2:1:1 mixture of the pro-
tein solution containing 5 mM Smac037, the suspended
microseeds, and precipitant solutions, for a total volume of
0.5 ll. Prismatic crystals of approximately 200 � 30 � 30 lm3 of
the XIAP BIR3/Smac037 complex were obtained after 1 week, at
20 �C, using 0.2 M magnesium formate as precipitant. Before X-
ray data collection, crystals were soaked in a cryoprotectant solu-
tion (0.2 M magnesium formate, 25% glycerol) and flash-cooled in
liquid nitrogen. The crystals diffracted to a maximum resolution
of 3.0 Å using synchrotron radiation on beam-line ID 23-1, at the
ESRF (Grenoble, France). The diffraction data were processed with
MOSFLM [26], and intensities were merged using SCALA [27].

Structure determination and refinement. The three-dimensional
structures of XIAP BIR3/Smac037 was solved by the molecular
replacement method using the program Phaser (3.0 Å resolution
[28]) and the XIAP BIR3 structure in complex with Smac005 (PDB
id 3CLX [22]) as search model. The two BIR3/Smac037 independent
molecules located by molecular replacement were subjected to ri-
gid-body refinement (R/Rfree = 36.5/38.8), and subsequently re-
fined/modeled using REFMAC5 and Coot [29–31]. Inspection of
difference Fourier maps at an intermediate refinement stage showed
strong residual density, located between the a3 helix and the main b-
sheet, compatible with one Smac-mimetic inhibitor that was accord-
ingly model-built for each molecule in the asymmetric unit.

The refined XIAP BIR3/Smac037 model covers residues 254–
354; while the N-terminal residues 241–253 and the last C-termi-
nal residues 355–356 are disordered. The stereochemical quality of
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the model [32] together with data collection and refinement statis-
tics are summarized in Table 1. Atomic coordinates and structure
factors for XIAP BIR3/Smac037 complex have been deposited with
the Protein Data Bank [33] with accession code 3EYL.

Molecular modeling of Smac-mimetics cIAP1 interaction. Auto-
Dock4 [34] was used for the docking analysis and Python Molecule
Viewer 1.4.5 (http://mgltools.scripps.edu/packages/pmv) to ana-
lyze the data. The cIAP1 BIR3/SmacAVPIAQ structure (PDB id
3D9U [24]) was used to model the binding of Smac005, Smac010
and Smac037 to the cIAP1 BIR3 domain. The center of the docking
search was set at Leu313, with a search grid extending 52 grid
points in each dimension (148877 grid nodes, with a period of
0.375 Å) resulting in a cubic box of 20 Å/edge. In the docking sim-
ulation the protein was constrained as a rigid body while the
Smac-mimetic molecules were allowed free rotation around all
single bonds (11 rotatable bonds for Smac005, 12 for Smac010,
and 13 for Smac037, respectively). Fifty independent genetic algo-
rithm (GA) runs were used to carry over the docking procedure
[34]. The conformations showing lower free energy of binding for
each ligand were saved for analysis of the docking models.
Fig. 2. (A) Overall architecture of XIAP BIR3 domain (in white) showing the five a -heli
Fourier map (contoured at 3r), calculated after few refinement cycles of the protein s
between the b3 strand and the a3 helix, where Smac037 has been modeled (in light blu
interactions are shown. Smac037 is in light blue, while the protein residues (labeled) are
linking BIR3 and Smac037 are shown as dashed lines. (C) Superposition of the XIAP BIR
BIR3/Smac037 crystal structure. The XIAP BIR3 protein component crystal structure and
the crystal structure is light blue, the docked molecule is cyan. (For interpretation of the
this article.)
IAP degradation cell-based assays. The MDA-MB231 cell line was
treated with 5 lM of each Smac-mimetic, or left untreated as con-
trol. After 3 h, cells were harvested and lysed. Proteins were re-
vealed by Western blot using antibodies specific for XIAP (BD
Biosciences), cIAP1 (R&DSystems), and bActin (Sigma) as control.

Results and discussion

Crystal structures of XIAP BIR3/Smac037 complex

The XIAP BIR3/Smac037 complex crystallized in the cubic space
group I4132, with unit cell parameters a = b = c = 170.4 Å, two pro-
tein molecules in the asymmetric unit (VM = 3.4 Å3 Da�1, 64.2% sol-
vent content [35]). The protein structure was solved using the
molecular replacement method, and refined to 3.0 Å resolution,
to R/Rfree values of 18.9/23.9% (Table 1).

As previously reported [36], the XIAP BIR3 domain is composed
of five a-helices (a 1–2 at the N terminus, and a 3–5 at the C-ter-
minus), and a three-stranded b -sheet, hosting a Zinc-finger motif.
The a5 helix of the XIAP BIR3/Smac037 complex here reported is
ces and the three anti-parallel b -strands. The red cage shows the Fo–Fc difference
tructure alone. The difference electron density falls in the IBM groove, comprised
e). (B) BIR3/Smac037 interaction network. The main residues involved in stabilizing

green; nitrogen atoms are shown in blue, oxygen in red; the main hydrogen bonds
3/Smac037 docked model (showing the lowest free energy of binding) on the XIAP
residue Asp309 are in grey, the docked model is in white. The Smac037 molecule of
references to color in this figure legend, the reader is referred to the web version of

http://mgltools.scripps.edu/packages/pmv
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involved in intermolecular contacts, resulting in a dimeric BIR3
assembly, stabilized in the crystal asymmetric unit by a Cys351-
Cys3510 disulfide bridge (buried area 890 Å2, as defined by pro-
gram PISA; http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html).
Both asymmetric unit BIR3 chains showed strong residual electron
density, located in the IAP binding motif (IBM) groove, comprised
between the b3 strand and the a3 helix, that could be modeled
and refined as a bound Smac037 moiety (Fig. 2A).

The XIAP BIR3/Smac037 complex in comparison with XIAP BIR3/
Smac005 and BIR3/Smac010 crystal structures

We designed Smac037 elongating the grafted arm of Smac010
by a methylene group [22] in order to (i) establish an electrostatic
Table 2
Summary of the interaction network stabilizing the XIAP BIR3/Smac037 complex. In parentheses the average interatomic distances of the three XIAP BIR3/Smac037 models
generated by the docking analysis [22]. The average distances observed in XIAP BIR3 complexes with Smac005 and Smac010 [22] are reported in the fourth column for
comparison. cIAP1 residues structurally matching those of XIAP BIR3 domain together with the ligand/protein interactions predicted by in silico docking are reported in the last
three columns.

XIAP BIR3 Interaction Smac037 crystal (docking) Smac005/Smac010 cIAP1 BIR3 Interaction Smac005/Smac010/Smac037

Gly306 O-NW 3.3 (2.8) 3.3/3.7 Gly312 O-NW 3.3/3.8/4.0
Thr308 N-OE 2.8 (3.0) 3.1/2.9 Arg314 N-OE 2.7/3.4/2.8

O-NX 3.2 (2.7) 3.0/2.8 O-NX 2.8/NA/3.0
N-NX 2.8/NA/NA
Ne-OD 3.1/NA/NA

Asp309 O-N 3.2 (3.1) 3.3/3.4 Cys315 O-N 3.4/NA/NA
Od-NB 3.6 (3.4) -/3.3 O-NB -/2.7/NA

Glu314 Oe1-N 2.9 (2.8) 2.8/2.8 Asp320 Od1-N NA/NA/3.5
Oe2-N 3.0 (2.9) 3.0/2.9 Od2-N 2.9/NA/2.8

Od1-NB -/3.9/NA
Od2-NB -/2.6/NA

Gln319 Oe1-O 3.8 (3.6) 3.3/NA Glu325 Oe1-O 3.2/NA/3.1
Oe1-N 3.8/2.8/2.7
Oe2-N NA/2.6/NA
Oe2-NX NA/2.8/NA

Trp323 Ne1-O 3.3 (3.4) 3.2/NA Trp329 Ne1-O 3.3/NA/NA
Fig. 3. (A) Structure-based alignment of the XIAP and cIAP1 and cIAP2 BIR3 amino acids
network. (B) Superposition of the cIAP1 BIR3/Smac005 /Smac010 and /Smac037 simulat
coral and Smac010 is yellow. The color coded cIAP BIR3 molecular surface (electrostatic
components of the Smac-mimetics molecules with the surface properties of the BIR3 dom
was normalized for the levels of b-Actin. The symbol � refers to untreated cells. (For inter
web version of this article.)
interaction with Asp309 (as in Smac010), and (ii) avoid a previ-
ously observed shift of the inhibitor moiety in the IBM (as in
Smac010 [22]). The crystal structure of the XIAP-BIR3/Smac037
complex shows that all the protein/inhibitor interactions displayed
by Smac005 are preserved in Smac037 and, in addition, a new elec-
trostatic interaction between the elongated 4-substituted azabicy-
clo [5.3.0] alkane arm and Asp309 is established.

As described for other XIAP inhibitors, binding of Smac037 to
the BIR3 IBM groove is stabilized by a network of hydrogen bonds
and van der Waals contacts involving Gly306, Thr308, and Asp309,
in the b3 strand, and Glu314, in the b3–a3 loop (Fig. 2B). Details of
the XIAP BIR3/Smac037 stabilizing interactions are summarized in
Table 2, in comparison to XIAP BIR3/Smac005 and Smac010 inter-
actions previously reported [22]. From the analysis of such data we
mainly building the IBM groove. In bold the amino acids involved in the interaction
ed complex models. Smac037 (from the crystal structure) is light blue, Smac005 is
potential coding: red -39 kTe-1, blue +39 kTe-1) shows matching of the polar/apolar
ain. (C) cIAPs degradation in presence of Smac005, Smac010 and Smac037. The blot
pretation of the references to color in this figure legend, the reader is referred to the

http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
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can conclude that XIAP BIR3/Smac037 crystal structure displays
most of the interactions predicted by our previous docking model
[22], within ±0.2 Å of the intermolecular contacts length observed
(Table 2 and Fig. 2C). As a result, the overall agreement between
the crystal structure here presented and the theoretical docking
model of the XIAP BIR3/Smac037 complex previously reported
[22] prompted us to investigate the cIAP1/Smac-mimetics interac-
tion using in silico docking approaches (see below).

Smac-mimetics role in cIAPs inhibition

It has recently been reported that Smac-mimetics can kill
malignant cells by binding to cIAP1 and cIAP2, leading to TNF-
receptor mediated apoptosis [19,20,23]. The three members of
the IAP family, XIAP, cIAP1, and cIAP2, are structurally homologous
(XIAP amino acid sequence identity to cIAP1 and cIAP2 of 36% and
39%, respectively, the amino acid sequence identity between cIAP1
and cIAP2 is 70%). In particular, the BIR3 IBM region, where the
critical residues involved in Smac-mimetics recognition are lo-
cated, is well conserved among the three IAPs (Fig. 3A). The XIAP
BIR3 residues involved in van der Waals contacts (Val298,
Lys299, and Trp310) and hydrogen bonds (Gly306, Leu307, and
Trp323) with the inhibitory compounds are conserved (Fig. 3A).
Minor exceptions are Leu292, replaced by Val in the cIAPs,
Glu314 substituted by Asp in both cIAPs, and Gln319, which is
Glu325 in cIAP1, and Gln311 in cIAP2. Finally, residues Thr308
and Asp309 that were found relevant for Smac-mimetics interac-
tion with XIAP BIR3, are replaced by Arg314/Arg300 and Cys315/
Cys307 in cIAP1/cIAP2, respectively (Fig. 3A).

Based on the above observations we speculated that the Smac-
mimetics here discussed could also bind to, and inhibit, the cIAP
BIR3 domains. To further investigate such hypothesis, we per-
formed Smac-mimetics docking simulations on the recently pub-
lished structure of cIAP1 BIR3 (PDB id 3D9U [36]). The docked
models produced show that essentially the same set of Smac-mi-
metic/XIAP BIR3 interactions described above can be established
to the cIAP1 BIR3 domain (Fig. 3B and Table 2). Among these, the
crucial hydrogen bonds with the backbone of the conserved
Gly312 (corresponding to XIAP Gly306), and with Arg314 (XIAP
Thr308). cIAP1 Asp320 and Glu325 side chains may interact with
the N-terminal portion of the Smac-mimetics, similarly to Glu314
and Gln319 in XIAP BIR3. On the other hand, loss of Smac-mimetic
interaction with Cys315 (XIAP Asp309) and Trp329 (XIAP Trp323)
may be balanced in cIAP1 BIR3 by the gain of multiple hydrogen
bonds to Glu325 (Gln319 in XIAP BIR3), to Glu319 (XIAP Lys311),
and to the backbone of Leu313.

Since the interactions of the Smac-mimetics with cIAP1 BIR3
predicted by the docking algorithms suggested efficient binding,
which may result in promoting cIAP1 auto ubiquitination and
receptor-mediated apoptosis [19,20,23], we tested in vitro the ef-
fects of Smac005, Smac010 and Smac037 in inducing cIAPs degra-
dation in the MDA-MB231 cell line. The results of such tests, as
indicated by Western blot analysis, show that all three Smac-
mimetics effectively induce cIAP1 degradation (Fig. 3C).

Conclusions

The structure-based analysis of Smac005 and Smac010 recogni-
tion by the XIAP BIR3 domain led us to design Smac037. The XIAP
BIR3/Smac037 crystal structure, in agreement with our previous in
silico studies (Fig. 2C, [22]), confirms the validity of the design cri-
teria adopted. Moreover, we have shown that the three Smac-
mimetics considered are effective in inducing cIAPs degradation,
an experimental observation that is in keeping with their (simu-
lated) binding to cIAP1 BIR3 domain. These results, together with
consideration of the Smac-mimetic/BIR3 domain recognition prin-
ciples detailed, cast new ideas for the development of lead com-
pounds able to bind XIAP, cIAP1 and cIAP2, thus targeting
different aspects of the apoptotic pathway.
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