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Structural Basis for Bivalent Smac-Mimetics
Recognition in the IAP Protein Family
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XIAP is an apoptotic regulator protein that binds to the effector caspases -3
and -7 through its BIR2 domain, and to initiator caspase-9 through its BIR3
domain. Molecular docking studies suggested that Smac-DIABLO may
antagonize XIAP by concurrently targeting both BIR2 and BIR3 domains; on
this basis bivalent Smac-mimetic compounds have been proposed and
characterized. Here, we report the X-ray crystal structure of XIAP-BIR3
domain in complex with a two-headed compound (compound 3) with
improved efficacy relative to its monomeric form. A small-angle X-ray
scattering study of XIAP-BIR2BIR3, together with fluorescence polarization
binding assays and compound 3 cytotoxicity tests on HL60 leukemia cell
line are also reported. The crystal structure analysis reveals a network of
interactions supporting XIAP-BIR3/compound 3 recognition; moreover,
analytical gel-filtration chromatography shows that compound 3 forms a
1:1 stoichiometric complex with a XIAP protein construct containing both
BIR2 and BIR3 domains. On the basis of the crystal structure and small-
angle X-ray scattering, a model of the same BIR2-BIR3 construct bound to
compound 3 is proposed, shedding light on the ability of compound 3 to
relieve XIAP inhibitory effects on caspase-9 as well as caspases -3 and -7. A
molecular modeling/docking analysis of compound 3 bound to cIAP1-BIR3
domain is presented, considering that Smac-mimetics have been shown to
kill tumor cells by inducing cIAP1 and cIAP2 ubiquitination and
degradation. Taken together, the results reported here provide a rationale
for further development of compound 3 as a lead in the design of dimeric
Smac mimetics for cancer treatment.
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Introduction

The apoptotic process involves a cascade of events
that inactivate critical survival pathways in multi-
cellular organisms.1 Inhibition of apoptosis can
prevent physiological cell death, thus contributing
to the development and progression of tumor
malignancy.2 Apoptosis initiation and execution
phases are both dependent on a subset of caspases
(cysteine-dependent aspartyl-specific proteases3)
that are regulated by a family of inhibitor of
apoptosis proteins (IAPs4). By direct interaction
with initiator and executioner caspases, IAPs can
block cell death in response to diverse stimuli.
Therefore, these critical apoptosis regulators have
been recognized as attractive targets for the devel-
opment of innovative therapies in the treatment of
cancer and neurodegenerative diseases.5–7

The IAP proteins contain one to three zinc-binding
baculoviral IAP repeat (BIR) domains that are
required for anti-apoptotic activity.8 Most IAPs also
have a C-terminal RING domain, endowed with E3
ubiquitin ligase activity.9,10 The BIR domains host a
zinc-finger motif and are generally composed of five
α-helices and a three-stranded β-sheet. Some IAPs,
like cIAP1 and cIAP2, contain also a caspase-
associated recruitment domain (CARD) located
between the BIR3 domain and the C-terminal RING
domain.11 cIAP1 and 2 are crucial regulators of
receptor-mediated apoptosis,12,13 being able to inter-
act with tumor necrosis factor receptor (TNFR) and
tumor receptor-associated factors (TRAFs) through
the first two α-helices of their BIR1 domains.14–16
Another important member of the IAP family, the
X-linked IAP (XIAP), is highly expressed in many
human tumor cell lines and in tumor-affected
tissues from patients.17,18 XIAP selectively targets
initiator caspase-9 through its XIAP-BIR3 domain,19

whereas it inhibits both executioner caspase-320 and
caspase-721 by means of the XIAP-BIR2 domain
and, particularly, the domain's N-terminal, known
as the linker region (lk).
The inhibitory function of different IAPs is antag-

onized by the second mitochondria-derived activator
of caspases - direct IAP binding protein with low pI
(Smac-DIABLO22,23), an elongated α-helical dimeric
protein of 40 kDa, released from the mitochondria.
Structural and binding studies show that Smac-
DIABLO binds to the XIAP-BIR3 domain through a
specific IAP binding motif (IBM), built by its N-
terminal tetrapeptide Ala-Val-Pro-Ile (AVPI).24 Smac
AVPI competes directly with a similar tetrapeptide
(ATPF) of the activated caspase-921 promoting the
release of the protease from the IAP complex. When
IAPs are over-expressed, Smac-DIABLO may not be
sufficient to overcome the inhibitory effect on caspases.
In such cases, synthetic IBM-like molecules (Smac-
mimetics) may be employed to relieve caspase
binding, thereby promoting apoptosis in malignant
cells. Along these lines of thought, and in order to
avoid intrinsic limitations posed by peptide com-
pounds, several laboratories have been actively
designing Smac peptidomimetics and non-peptidomi-
metics with improved binding affinities, proper cell-
permeability, in vivo stability and bioavailability,25,26

as potential drug leads for new cancer therapeutic
approaches.
Since in silico molecular docking studies suggested

that Smac-DIABLO may bind simultaneously to
XIAP-BIR2 and -BIR3 domains,24 bivalent Smac-
mimetic compounds, targeting XIAP-BIR2 and -BIR3
domains, have been proposed and characterized.27,28

In particular, Li et al. synthesized a two-headed
compound (Fig. 1, compound 3) with improved
efficacy, relative to its monomeric form (Fig. 1,
compound 2), in caspase-3 activation assays on
HeLa cells extracts, and with high potency in
caspase-9 activation in vitro (Ki=0.12 μM).27 Such
results suggest co-inhibition of XIAP-BIR2 and -BIR3
domains by compound 3. Additionally, in vivo tests
on a human glioblastoma cell line show that
compound 3 synergizes with both TNFα and TNF-
related apoptosis-inducing ligand (TRAIL) in indu-
cing caspase activation and cell death, while Western
blot analysis shows the specificity of compound 3 for
cIAP1 and cIAP2.27 Recently, it was shown that
compound 3 treatment of a human tumor (HCC461),
xenografted into mice, reduced the size of the



Fig. 1. Structures of the monomeric compound 2 and its bivalent form, compound 3; each interacting atom of
compound 3 is named.
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neoplasm and, within the treatment group, 40% of
the animals remained tumor-free at the end of the
experiment.29 However, details of the interaction
between the bivalent compound 3 and XIAP (or
cIAP1, cIAP2) have not been described.
Here, we report the X-ray crystal structure of XIAP-

BIR3 domain in complex with compound 3, at 3.0 Å
resolution, together with melting temperature assays,
fluorescence polarization binding assays, and cyto-
toxicity tests on the human HL60 leukemia cell line.
The crystal structure highlights a specific network of
interactions supporting XIAP-BIR3/compound 3
recognition, that are reminiscent of those described
for XIAP-BIR3/AVPI24 and XIAP-BIR3/monovalent
Smac-mimetic compounds,30–32 or for the XIAP-
BIR3/bivalent Smac-mimetic peptide.33 The capabil-
ity of compound 3 to bind the BIR2 domain was
assessed experimentally by microcalorimetric assays.
Besides, we show that the binding mode of com-
pound 3 to the BIR2 domain, analyzed by in silico
docking, is comparable to those observed experimen-
tally for the BIR3 domain. The simultaneous binding
of compound 3 to BIR2 andBIR3domainswas further
investigated through gel-filtration chromatography
and small-angle X-ray scattering (SAXS) experiments,
providing a low-resolution structure of a XIAP
construct, including the N-terminal segment of the
BIR2 domain (lkBIR2BIR3) in the presence/absence of
the dimeric compound. Finally, we present a mole-
cular modeling/docking analysis, and propose bind-
ing modes for compound 3 to cIAP1-BIR3 domains.
The results here reported have implications for the
development of high-affinity lead compounds able to
bind the three IAP family members XIAP, cIAP1 and
cIAP2.
Results and Discussion

Synthesis and choice of dimeric Smac mimetics

The Smac-mimetic compounds considered in this
study are the bivalent compound 3 in comparison
with its monomeric homolog compound 2 (Fig. 1),
which were synthesized as described.27 The bivalent
compound 3 was taken into consideration in order
to study the roles of the two inhibitory heads that
can both interact with XIAP-BIR2 and -BIR3
domains within the same XIAP protein molecule.
Earlier, compound 3 had shown enhanced efficacy
on caspase-3 activation in HeLa cells extracts,
relative to its monomeric counterpart.27 Moreover,
besides XIAP, compound 3 exhibits promising
ability to bind to cIAP1 and cIAP2,27 thus poten-
tially preventing the compensative expression of
other IAP family members that would impair its
pro-apoptotic action.
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Smac-mimetics binding assays

Monomeric compound 2 and dimeric compound 3
were tested for their in vitro binding toXIAP-BIR3 and
-lkBIR2BIR3, using two reported assay formats.34,35

The Ki values (Table 1) show that compound 3 is a
better inhibitor for both XIAP-BIR3 and -lkBIR2BIR3
relative to compound 2. The higher affinity of
compound 3 (IC50 of 230.8±32.8 nM) for XIAP-BIR3,
compared to that displayed by compound 2 (IC50 of
387.0±33.5 nM), can be explained by the dimeric
nature of compound 3. In fact, for a well known
statistical effect,36 the macroscopic dissociation con-
stant of a divalent ligand can be lower by a factor of 2–
4 relative to that measurable for the corresponding
monomeric ligand with identical microscopic disso-
ciation constant (free energy of interaction). This is
true under the assumption of truly independent sites,
which is an ideal situation. The observed ratio (1/1.7)
is in keepingwith such an explanation, and suggests a
modest destabilizing interaction between the two
sites upon binding.
The monomeric compound 2 shows an IC50 value

for XIAP-lkBIR2BIR3 similar to that displayed for
XIAP-BIR3 (Table 1). Such behavior is expected, since
BIR3 is the high-affinity binding site for the Smac N-
terminal AVPI peptide (Kd∼500 nM), while BIR2 is
the low-affinity binding site (Kd∼10 μM) for the same
peptide.35 Thus, the presence of the BIR2 domain in
the XIAP-lkBIR2BIR3 construct should not affect the
measured IC50 for a monomeric compound. In
contrast, simultaneous binding of compound 3 to
XIAP-BIR2 and -BIR3, as shown by gel-filtration
analysis and the SAXS structure (see below), results in
a significant increase in potency (IC50 of 3.3±0.6 nM;
Table 1, right).

Microcalorimetric assays

Isothermal titration calorimetry (ITC) can provide
accurate information on the thermodynamic contri-
butions of enthalpy and entropy changes to free
energies of binding, directly measuring the heat
exchanged during a biomolecular binding event,
providing an estimate of the dissociation constant.
ITC experiments run on the protein domains here
revealed a micromolar affinity of the XIAP-BIR2
Table 1. Cytotoxicity and in vitro IC50 values of
compounds 2 and 3

Cytotoxicity Fluorescence binding assays

IC50 (μM) IC50 (nM)

Compound HL60 XIAP-BIR3 XIAP-lkBIR2BIR3

2 7.00±1.64 387.0±33.5 295.4±61.5
3 0.07±0.02 230.8±32.8 3.3±0.6

Cytotoxic activity in vivo displayed by compounds 2 and 3 on the
HL60 leukemia cancer cell line, determined in three independent
experiments. In vitro IC50 values of compounds 2 and 3 on XIAP-
BIR3 and XIAP -lkBIR2BIR3 determined by fluorescence binding
assays in three independent experiments. All data are expressed
as mean±SD.
domain for both compound 2 (Kd=9.0±1.6 μM;
Supplementary Data Fig. S4A) and compound 3
(Kd=3.0±0.6 μM; Supplementary Data Fig. S4B).
These results complement the information pro-
vided by analytical gel-filtration and SAXS experi-
ments, demonstrating the actual binding of BIR2 to
compound 3, proving that the enhanced affinity of
compound 3 for lkBIR2BIR3 is due to simultaneous
binding of the divalent molecule to two distinct
protein domains.

Cell based inhibition assays

Compounds 2 and 3 were tested for 72 h on HL60
leukemia cells. The results given in Table 1 indicate
that the IC50 of the dimeric compound 3 (0.07 μM) is
100-fold lower than that of themonomeric compound
2 (7 μM), underlining its “drug-like” potential. More-
over, it has been reported recently that various human
cancer cell lines undergo apoptosis upon treatment
with compound 3, without requiring exogenous pro-
apoptotic stimuli or co-treatment with chemothera-
peutic agents.29

Crystal structures of XIAP-BIR3/compound
3 complex

Analysis of compound 3 bindingmode to the XIAP-
BIR3 domain was addressed through X-ray crystal-
lography. XIAP-BIR3/compound 3 3D structure was
solved by the molecular replacement method at 3.0 Å
resolution (Rgen=23.1%, Rfree=31.1%, eight BIR3
molecules per asymmetric unit; see Materials and
Methods). As reported earlier,20,21,24 the XIAP-BIR3
domain is composed of five α-helices and a three-
stranded β-sheet, hosting a zinc-finger motif (Fig. 2a).
Inspection of difference Fourier maps at various
stages of the crystallographic refinement revealed
strong residual electron density located in the IBM
groove (the XIAP-BIR3/AVPI recognition groove),
comprised between the β3 strand and the α3 helix
(Fig. 2a and b), for all the eightmolecules in the crystal
asymmetric unit. One head of compound 3 could be
modeled promptly in such residual densities, and
accordingly refined. Therefore, the refined model is
composed of eight BIR3 molecules (XIAP residues
253±2 through 351±5) and eight compound 3
molecules, each of which has an inhibitory head
bound to BIR3 and the other devoid of any contact to
the protein. The eight asymmetric unit copies of the
XIAP-BIR3/compound 3 complex can be divided into
two structural groups: group I, subunits A, C, E, and
G; and group II, subunits B, D, F, and H. For the four
molecules in group I it was possible to model the C-
terminal α-helix only up to residue 347±1; in group I,
the free head of compound 3 is fully disordered in the
solvent. On the other hand, for the molecules
belonging to group II, the entire C-terminal α-helix
(up to residue 357±1) could be modeled, and
compound 3 is entirely defined (two heads) in the
electron density. However, in group II, pairs of
compound 3-free heads (B and D; F and H) share
common locations in the asymmetric unit. The



Fig. 2. (a) A 3D stereo-view of the overall architecture of XIAP BIR3 domain. The five α-helices building BIR3 are
shown in purple, the three anti-parallel β-strands are shown in yellow; note the extended C-terminal α5 helix. The core
zinc atom is represented as a coral sphere. The difference electron density falls in the IBM groove between the β3 strand
and the α3 helix, where one monovalent part of compound 3 binds. (b) Detail of the crystal packing of two BIR3 molecules
(B and D) in presence of compound 3: it is clear how the two free heads of compound 3 share the same electron density in
correspondence to a 2-fold axis. (c) A view of the BIR3/compound 3 interaction network. The main residues involved in
stabilizing interactions with compound 3 are shown in green; nitrogen atoms are shown in blue, and oxygen atoms are
shown in red. The compound 3 molecule is in light blue; the main hydrogen bonds linking BIR3 and the compound 3 are
shown as broken lines (drawn with CCP4 mg58).
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matching of the location shared by two heads is
clearly deduced by the shape of their electron density
(Fig. 2b). We therefore modeled the superimposing
heads of two ligand pairs with 0.5 occupancy, thus
implying that when one half of compound 3 (e.g. free
head B) occupies the observed position, half of the



Table 2. X-ray data-collection and refinement statistics
for the BIR3/compound 3 complex

A. Data collection
Space group P31
Unit-cell parameters
a=b (Å) 119.1
c (Å) 105.6
α=β (°) 90
γ (°) 120
Solvent content (%, v/v) 65.9
Molecules/per asymmetric unita.u. 8
Resolution (Å) 40.0–3.0
Mosaicity (°) 0.9
№ of unique reflections 33,440 (4861)
Completeness (%) 99.8 (99.9)
Redundancy 3.6 (3.7)
Rmerge

a (%) 10.1 (64.0)
Average I/σ (I) 13.3 (2.2)

B. Refinement
R-factorb (%) 23.1
Rfree

c (%) 31.1
r.m.s.d. from ideal
Bond lengths (Å) 0.011
Bond angles (°) 2.042
Average protein B-factor (Å2) 73.1
Average compound 3 B-factor (Å2) 50.6
Ramachandran plot
Residues in most favored regions (%) 80.7
Residues in additionally allowed regions (%) 19.0
Residues in generously allowed regions (%) 0.3

Values in parentheses are for the highest resolution shell.
a Rmerge=Σ |I – (I)| / Σ I×100, where I is the intensity of a

reflection and (I) is its average intensity.
b R-factor=Σ |Fo – Fc| / Σ |Fo|×100%
c Rfree for cross-validation was calculated with 5% of reflections

that were selected at random and were not included in the
refinement.
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other compound 3 (e.g. free head D) is disordered in
the solvent and vice versa. Such peculiar feature can be
explained by the mutual orientation of the B-D and F-
H protein dimers in group II. In fact, in each dimer a
couple of antiparallel C-terminal α-helices closes the
ligand in a sort of “hug”, restraining the conforma-
tional freedom of the free head that results in the
observed superposition (Fig. 2b).
Table 3

XIAP-BIR3/compound 3
(crystal structure)

XIAP-BIR2/co
(docking m

Residue Interaction Mean (Å) Residue Interact

Thr 308 N-OAI 3.0 Lys 208 N-OA
N-O 3.1 O-NB

Oγ1-OBS 3.4
Glu 314 Oɛ1-N 2.8 Asp 214 Oδ2-N

Oɛ2-N 2.8
Gln 319 Oɛ1-N 3.4 Glu 219 Oɛ1-N

Oɛ1-O
Trp 323 Nɛ1-O 3.1 His 223 Nɛ1-O

Nɛ2-O

Left: Average distances (in Å) between atoms of compound 3 and BIR3
observed in the crystal structure. Centre: Compound 3/XIAP-BIR2 in
BIR3 interactions from the docking model.
Superposition of the eight BIR3 protein domains
(amino acids 253–344) yields r.m.s.d. values of 0.13–
0.24 Å among molecules belonging to the same
structural group, and 0.46–0.52 Å when comparing
the two different structural groups. Data collection
and refinement statistics are given in Table 2, together
with stereochemical quality of the structure.

Structure and recognition in the
XIAP-BIR3/compound 3 complex

Superposition of the eight independent molecules
in the crystal asymmetric unit shows contained
conformational variability for the protein residues
interacting with compound 3. In particular, all the
atoms from amino acids falling within 4.0 Å from the
ligand (292, 297–299, 306–310, 314, 319, and 323–324)
have an r.m.s.d. of 0.4±0.1 Å. Comparison of the
crystal structures shows that the protein/ligand
interactions stabilizing the XIAP-BIR3/compound 3
complex resemble those observed in the XIAP-BIR3/
Smac-DIABLO structure (PDB code 1G73;24; r.m.s.d.
0.38Å) and in the XIAP-BIR3/ bivalent Smac-mimetic
peptide (the cyclized (CH3-AKPF)2 peptide; PDB code
2VSL33). One of the two heads of compound 3 is
bound to the IBM groove (roughly lined by residues
Lys297, Thr308-Asp309,Glu314, andTrp323), exchan-
ging hydrogen bonds and van der Waals contacts
with residues Gly306, Thr308, and Asp309, located in
the β3 strand, with Glu314 and Gln319 belonging to
theβ3 –α3 loop, andwithTrp323 andTyr324 in theα3
helix (Table 3, left and Fig. 2c). In particular, the N-
terminal part of the compound 3 head is bound to the
protein mainly by electrostatic interactions, while
mimicking an antiparallel β-sheet, as shown for the
Ala1-Val2 N-terminal residues of Smac-DIABLO and
for the Ala1-Lys2 N-terminal residues of the bivalent
Smac-mimetic peptide.33 In contrast, the remaining
part of the same head (pyrrolidine, tetrazole and
phenyl rings) provides van der Waals interactions
only. In detail, the N-terminal-bound end of
compound 3 exchanges a salt bridge with Glu314
(2.8±0.2 Å; distance averaged over the eight inde-
pendent molecules) and a loose hydrogen bond with
mpound 3
odel)

cIAP1-BIR3/compound 3
(docking model)

ion Dist. (Å) Residue Interaction Dist. (Å)

I 2.7 Arg 308 N-OAI 3.1
O 2.7 O-NBO 2.9

O-OBS 3.0
2.8 Asp 314 Oδ2-N 2.7

2.8 Glu 319 Oɛ1-N 2.5
3.6
3.8 Trp323 Nɛ1-O 3.2
3.0

amino acids involved in the main protein/ligand interactions, as
teractions from the docking model. Right: Compound 3/cIAP1-
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Gln319 (3.4±0.4 Å) as observed for XIAP-BIR3/
monovalent Smac-mimetic compounds (Smac005,30

Smac010,30 Smac037,31 and compound 2132). In fact,
all the bicyclic Smac-mimetic compounds terminal
amines lose hydrogen bonds/van der Waals contacts
with Gln319, gaining other interactions mainly
involving Thr308 (Smac005 and compound 21) and
Asp309 (Smac010, Smac037 and compound 21). The
compound 3 methyl group (CB) is well inserted in a
hydrophobic surface depression lined by Leu307
and Trp310. The next peptide plane is stabilized
by hydrogen bonds with the side chain of Trp323
(3.1±0.2 Å) and the main-chain carbonyl group of
Thr308 (3.1±0.3 Å). The carbonyl OAI is hydrogen
bonded to the peptide N atom of Thr308 (3.0±0.2 Å)
and, partially, with its side chain (3.4±0.4 Å). The
following two rings (pyrrolidine and tetrazole) are
involved in hydrophobic contacts mainly with
Gly306, Trp323 (stacking interaction with pyrroli-
dine ring), and Tyr324. Finally, the terminal phenyl
group is well located in a hydrophobic dip encircled
by the side chains of Leu292, Lys297, and Lys299.
When compared to the XIAP-BIR3/AVPI and XIAP-
BIR3/bivalent Smac-mimetic peptide complexes,33

the XIAP-BIR3/compound 3 structure shows the
conservation of all electrostatic interactions, but the
loss of a hydrogen bond to the main-chain carbonyl
group of Gly306.
Conversely, the second head of compound 3

(when traceable in density) is not found in contact
with any part of the protein in the crystal structure.

Melting temperature thermal shift assays

Thermal shift assay is an experimental technique
monitoring fluorescence variations reported by a
protein-bound dye during protein thermal denatura-
tion. The method was developed originally for drug
discovery, to allow rapid identification of protein
ligands by screening compound libraries.37 Since
small molecules (e.g. an enzyme inhibitor) bound to
a protein can affect (often stabilize) its structure, the
assay monitors the variation in melting temperature
(Tm) induced by ligand binding. Sypro orange, the
fluorescent dye used here, binds efficiently to the
unfolded protein displaying an increase of fluores-
cence intensity during temperature-dependent pro-
tein unfolding.36

The Tm values for the protein constructs considered
here were shifted toward higher temperatures by the
binding of both the monomeric/dimeric Smac-
mimetic compounds. Taking the Tm values as
indicative of increasing stabilization of the protein/
ligand adducts produced, compound 2 was found to
stabilize all constructs, with ΔTm values of +10.1
degC, +9.0 degC and+14.3 degC inXIAP-BIR2, -BIR3
and -lkBIR2BIR3, respectively, while the ΔTm values
for compound 3 were +10.3 degC, +10.0 degC and
+17.6 degC in XIAP-BIR2, -BIR3 and -lkBIR2BIR3,
respectively. Interestingly, the stabilization of XIAP-
lkBIR2BIR3 by compound 2 is lower by more than 3
degC (ΔTm +14.3 degC) than that measured for
compound 3 (ΔTm +17.6 degC). Such findings
indicate that the stabilization effects of both the
monomeric and dimeric Smac mimetics on a single
protein domain are similar, but that compound 3
induces higher stability for the XIAP-lkBIR2BIR3
construct. Such an effect may be explained by the
simultaneous binding of compound 3 to the XIAP-
BIR2 and -BIR3 domains, resulting in (i) the stabiliza-
tion of the two domains, and (ii) a more compact
shape of the overall protein structure. The latter
structural effect is supported by the gel-filtration
assays and the SAXS analysis described below.
Although the effects on Tm are clear-cut, and may
show a trend, such assays must be taken only as a
qualitative ranking of Smac-mimetics affinity for the
three BIR constructs. Themain result suggested by the
thermal shift assays is that all compounds bind
effectively to XIAP-BIR3, and to the XIAP-BIR2
domain. (Experimental sigmoid Tm plots, as well as
other experimental data given below are reported in
graphical form as Supplementary Data).

Analytical gel-filtration assays

In order to check whether the crystallization
conditions might have prevented the simultaneous
interaction of compound 3 with two XIAP-BIR3
domains, we performed analytical gel-filtration
assays using a fixed concentration of protein
(33 μM) and an excess of compound 2 or 3 (5 mM).
The chromatograms obtained for XIAP-BIR3 in the
presence of compound 3 show a peak at an elution
volume (Ve) of 10.6 ml, corresponding to the dimeric
form of the protein. In the presence of compound 2, or
in the absence of the Smac-mimetics, a peak at Ve of
11.8 ml, corresponding to the monomeric form is
present in the chromatogram. The absence of a
dimeric assembly from our crystal structure obtained
in the presence of compound 3 is likely due to the
crystal growth conditions, i.e. higher concentrations
of protein and salt relative to the analytical gel-
filtration tests.
We investigated the interaction of compound 3with

the XIAP-lkBIR2BIR3 construct. The chromatogram
shows a peak shift of Ve from 10.5 ml to 10.8 ml in the
presence of an excess of compound 3 (5 mM),
suggesting an actual reduction of the protein volume.
A more compact protein moiety is compatible with
the simultaneous binding of compound 3 to the two
domains of the construct, as confirmed by the SAXS
data (see below). Similar results have been reported
recently for two different bivalent Smac-mimetics: the
bivalent cyclic peptide inRef. 33, and the bivalent SM-
164 in Ref. 28. In both cases, the presence of a divalent
compound causes a shift of the GF peak toward
higher Ve values, suggesting the simultaneous bind-
ing of the bivalent compounds to the BIR2 and the
BIR3 domains. Moreover, in both cases, a mutation of
the BIR2 domain in the IBM groove (E219R) alters the
binding of the divalent compounds, indicating that
the BIR2 IBM groove is directly involved in the
interaction. In contrast, analytical gel-filtration in the
presence of compound 2 (5 mM) shows that XIAP-
lkBIR2BIR3 does not change its shape (Ve 10.5 ml).
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Virtual docking of compound 3 to XIAP-BIR2

XIAP is well known to inhibit caspase-3 and -7 by
means of a protein region located N-terminal to the
BIR2 domain (the so-called linker region).20,21 How-
ever, a recent study showed that additional interac-
tions between BIR2 and caspases -3 and -7 involve a
region of the BIR2 domain structurally related to the
IBM groove described for the XIAP-BIR3/caspase-9
interaction.19 The BIR2 domain IBM groovemay thus
strengthen the binding between XIAP and caspases -3
and -7. As a consequence, Smac-mimetics able to bind
the XIAP-BIR2 IBM groove might promote caspase-3
and -7 activity in apoptosis. Moreover, compounds
showing high affinity for other XIAP homologs, such
as cIAPs, would enhance the apoptosis-promoting
effect.
An in silico docking approach based on the

program AutoDock438 was used to propose a
model for compound 3 binding to XIAP-BIR2. In
particular, we performed virtual docking searches
using the high-resolution crystal structure of XIAP-
BIR2 (PDB code 1I3O, subunit E20). The BIR2/
Smac-mimetic complex model obtained was subse-
quently compared to the crystal structure of XIAP-
BIR3/compound 3, considering that XIAP-BIR2
and -BIR3 domains display an amino acid sequence
identity of 41.5%, and their crystal structures have
an r.m.s.d. of 0.89 Å (77 Cα pairs). The model
produced in silico indicated that compound 3
roughly binds to the BIR2 domain as observed
experimentally for the XIAP-BIR3 domain. More-
over, the estimated binding free energy of com-
pound 3 to BIR2 appears to be close to that obtained
for the XIAP-BIR3 complex model (about –8.6 kcal/
mol for XIAP-BIR2/compound 3, and –8.1 kcal/mol
for -BIR3/compound 3).
Analysis of the ligand/protein interaction network

in the XIAP-BIR2/compound 3 model (Fig. 3)
indicates that some conservatively substituted amino
acids, such as XIAP-BIR2 Lys208, Asn209, Asp214,
Glu219, and His223, are predicted to be involved in
productive hydrogen bonding interactions with the
Smac-mimetic compound (Table 3, centre).

XIAP-lkBIR2BIR3 SAXS study

The two scattering patterns of XIAP-lkBIR2BIR3
solutions in the absence/presence of the compound
3 inhibitor, are shown in Fig. 4a. They are composite
curves obtained by combining data recorded at low
(small-angle) and higher (wider-angle) concentra-
tions, as explained in Materials and Methods. They
exhibit significant differences, suggesting that com-
pound 3 binding causes a global conformational
change in the protein. Guinier plot analysis of the
two curves shows a reduction of the radius of
gyration in the presence of the inhibitor, from
27.7±0.3 Å to 24.6±0.3 Å. I(0)/c values yield a
molecular mass estimate of about 28 kDa and 29 kDa
for the apo protein and the complex with the
inhibitor, respectively, in good agreement with the
values of 28,847 Da derived from the protein amino
acid sequence, and of 971 Da for the inhibitor. This
agreement shows that protein samples at a concen-
tration of 1 mg/ml were essentially free of inter-
molecular interactions. The distance (or pair)
distribution functions p(r) (Fig. 4b) yield values of
105±5 Å and 29.1±0.2 Å for the maximal diameter
and radius of gyration of the apo protein, respec-
tively, to be compared with 95±5 Å and 25.2±0.2 Å,
respectively, obtained in the presence of the inhibitor.
All these results point to a conformational transition
of XIAP-lkBIR2BIR3 from an extended to a more
compact conformation upon inhibitor binding. The
p(r) profile of the apo protein is broadly spread,
with a first peak around 20 Å and a clear shoulder
between 35 and 60 Å, corresponding predominantly
Fig. 3. Virtual docking models
for the XIAP-BIR2/compound 3
complex. The main residues
involved in stabilizing interactions
with BIR2/compound 3 (labeled)
are shown in purple. The com-
pound 3 molecule is shown in light
blue; and the protein non-interact-
ing residue is shown in orange.
Nitrogen atoms are shown in blue,
and oxygen atoms are shown in red
(drawn with CCP4 mg58).



Fig. 4. XIAP-lkBIR2BIR3 SAXS patterns. The scattering patterns (a) and distance (or pair) distribution functions p(r) (b)
of XIAP-lkBIR2BIR3 solutions in the absence/presence of compound 3 are shown in blue and red, respectively. c and d,
Most typical SAXS models of XIAP-lkBIR2BIR3 in the absence (c) or in the presence (d) of compound 3 obtained with the
program Dammin (surfaces are shown in white). (e) XIAP-lkBIR2BIR3/compound 3 model (BIR2 in cyan, BIR3 in
magenta, and compound 3 in orange) superimposed on the most typical dummy residue model obtained with Gasbor
(dummy atoms are shown as white spheres). The left-hand and right-hand views are related by a 90° rotation around a
vertical axis. The figure was realized using Pymol [http://pymol.sourceforge.net/].
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to intra- and interdomain distances, respectively,
while most distances are found in a narrow range
(15–45 Å) in the presence of the inhibitor. This
suggests that the BIR2 and BIR3 structured domains
are well resolved in the apo protein and likely
mobile around a flexible linker. Conversely the



Fig. 5. (a) Alignment between XIAP-BIR3, cIAP1-BIR3 and cIAP2-BIR3 domains: “.” and “:” stand for half-
conservative and conservative substitutions, respectively. “⁎” stands for conserved residues. (b) Model of the interaction
of compound 3 with cIAP1-BIR3. Compound 3 is shown in purple and interacting residues are represented in orange.
(c) cIAP1 degradation experiment in the presence of compounds 2 and 3. Proteins were revealed by Western blot using
antibodies specific for XIAP, cIAP1 and βActin. The symbol “-” is for the negative control of the cells in the absence of
the Smac-mimetics.
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bivalent inhibitor binds to both active sites (one on
each domain), bringing BIR2 and BIR3 in closer
proximity, thereby leading to the narrower distance
distribution observed.
The shape of XIAP-lkBIR2BIR3 in the absence/

presence of compound 3 was investigated ab initio
using programs Dammin39 and Gasbor.40 Ten low-
resolution models were calculated for each confor-
mation before superimposition, to determine the
most typical model. All calculated scattering patterns
are in excellent agreement with the experimental
data. Values of ∼1.2 and ∼1.0 of the normalized
spatial discrepancy (NSD) are obtained for the
protein in the absence/presence of compound 3,
respectively, showing that all shapes in a series are
very similar. The shape of XIAP-lkBIR2BIR3 in the
absence of the bivalent Smac-mimetic appears to be
elongated and rather thin, large enough to accom-
modate the two domains in non-contiguous posi-
tions together with the linker (Fig. 4c). This also
explains the higher NSD value commonly observed
with elongated particles, since it is sensitive to minor
local differences between globally very similar
shapes. In contrast, XIAP-lkBIR2BIR3 in the presence
of compound 3 shows a broader compact shape,
large enough to accommodate the two domains
together with a small appendage that may be
representative of the N-terminal linker (Fig. 4d).
It was possible to model the interaction between

BIR2 and BIR3 domains in the presence of the ligand
using the peculiar crystallographic arrangements of
dimers observed in our structure as described in
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Materials and Methods. Figure 4e shows the model
for XIAP-lkBIR2BIR3 complexed with compound 3
thus obtained, superimposed on the most typical
SAXS dummy residue model for XIAP-lkBIR2BIR3/
compound 3. The dummy residue model fits quite
satisfactorily our XIAP-lkBIR2BIR3 model that was
assembled on the basis of independent principles. It
should be noted that here we do not propose a high-
resolution model of XIAP-lkBIR2BIR3 compound 3
interaction (a high-resolutionmodel of the interaction
with a different dimeric compound has been reported
recently33) but just a low-resolution molecular shape
that is in agreement with the SAXS experimental
results.

Compounds 2 and 3 in cIAP degradation

It has been reported recently that Smac-mimetics
may kill cancer cells via a mechanism involving
ubiquitination and degradation of cIAP1 and cIAP2,
resulting in TNFα-mediated cell death.16,29,41 Since
compound 3 was shown to interact with cIAP1 and
cIAP2,13,27 we performed a virtual docking search
analyzing the possible binding mode(s) of com-
pound 3 on the cIAP1-BIR3 domain, whose crystal
structure was published recently (PDB code 3D9U,
subunit A42).
A superposition of XIAP-BIR3/compound 3 crystal

structure on the cIAP1-BIR3 domain (40 Cα pairs)
indicates a r.m.s.d. of 0.58 Å. The two homolog BIR3
domains (XIAP-BIR3 and cIAP1-BIR3) show a
sequence homology of 37% and a good conservation
of the residues belonging to their IBMpockets (Fig. 5a,
the cIAP1-BIR3 residues number are that of the PDB
3D9U). Among all amino acids involved in the
interaction network between XIAP-BIR3 and com-
pound 3 observed in the crystal structure, most are
conserved (Gly306 and Trp323) or substituted con-
servatively (Asp311, Glu319, and Phe324). Only
Arg308 and Cys309 are not conserved within the
pocket (Fig. 5a). Nevertheless, the analysis of the
predicted binding mode for compound 3 (Fig. 5b)
suggests that the non-conservative substitutions
should not affect its affinity for cIAP1-BIR3 (the
binding free energy value for cIAP1-BIR3/compound
3 complex is –10.5 kcal/mol). The cIAP1-BIR3/
compound 3 complex model suggests conservation
of crucial interactions that involve the Gly306 and
Arg308 backbones, the Asp314, Glu319 and Phe324
(Table 3, right and Fig. 5b). Compound 3 pyrrolidine
ring establishes hydrophobic contacts to Trp323 and
Phe324. Moreover, since amino acids involved in the
cIAP1-BIR3/compound 3 interactions are well con-
served in the cIAP2-BIR3 domain (Fig. 5a), the same
interaction network might stabilize compound 3
binding to cIAP2.
The experimental approaches here adopted to

characterize compound 3 binding to XIAP-lkBIR2-
BIR3 led us to extend our views to cIAP1 and -2
members of the family through the simulative
approaches described. Since the interactions of the
Smac-mimetics with cIAP1-BIR3 predicted by the
docking algorithms suggested efficient binding, as an
independent approach, we carried out cIAP1 degra-
dation experiments in the presence of both com-
pounds 2 and 3 (similar results are shown in Ref. 43),
using the MDA-MB231 cell line. In keeping with the
hypothesis suggested by our docking results,Western
blot analysis revealed that both the Smac-mimetic
compounds were able to induce degradation of the
cIAP1 protein (Fig. 5c).
As awhole, our results provide comprehensive new

structural and recognition information on the inter-
action of Smac-mimetics with the IBM grooves of
XIAP (BIR2 and BIR3 domains), of cIAP1 and cIAP2.
New working grounds for the development of high-
affinity lead compounds specifically binding the three
members of the IAP family are thus available.
Materials and Method

Chemistry

Compounds 2 and 3 were synthesized as described.27

Cloning, expression and purification of human XIAP
BIR domains

The cDNA coding for human XIAPwas retro-transcribed
from a pool of human mRNAs. The sequences coding for
regions 241–356 (XIAP-BIR3), 124–356 (XIAP-lkBIR2BIR3)
and 140–240 (XIAP-BIR2) were cloned in pET28(b) (Nova-
gen), in NheI-BamHI sites. All the plasmids were used to
transform Escherichia coli strain BL21(DE3) as described.31

The proteins were stored in 20 mM Tris pH 7.5, 200 mM
NaCl, 10 mM DTT.
Fluorescence polarization assays

Fluorescence polarization experiments were performed
as described.34,35 Briefly, the experiments were performed
in black, flat-bottom 96-well microplates (GREINER BIO-
ONE), and fluorescence polarization was measured with
an Ultra plate reader (Tecan). For the XIAP-BIR3 construct,
a fluorescently labeled Smac peptide (AbuRPF-K(5-Fam)-
NH2) (FITC-Smac35) was used at a final concentration of
5 nM, added to an assay buffer together with increasing
concentrations of XIAP-BIR3 (0 – 20 μM). For the XIAP-
lkBIR2BIR3 construct, a fluorescently labeled dimeric Smac
peptide (Smac-1F34) was used at a final concentration of
1 nM, added to the assay buffer together with increasing
concentrations of lkBIR2BIR3 (0 – 2 μM). The final volume
in each well was 125 μl, with the assay buffer consisting of
100 mM potassium phosphate pH 7.5, 100 μg/ml bovine γ-
globulin, 0.02% (w/v) sodium azide. After shaking for
15 min, the plate was incubated for 3 h at room
temperature. Fluorescence polarization was measured at
excitation and emission wavelengths of 485 nm and
530 nm, respectively. The equilibrium binding graphs
were constructed by plotting millipolarization units (mP)
as a function of protein concentration. Data were analyzed
using Prism 4.0 software (Graphpad Software). Compound
3 and the monomeric control compound 2 were evaluated
for their ability to displace the fluorescent probe from
recombinant protein. Fluorescent probe (5 nM FITC-Smac
for XIAP-BIR3 or 1 nM Smac-1F for XIAP-lkBIR2BIR3), and
serial dilutions of the two Smac-mimetics (concentration
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0.4 nM –4 μM) were added to each well, to a final volume
of 125 μl in the assay buffer described above. After mixing
on a shaker for 15 min and incubation for 3 h at room
temperature, fluorescent polarization was measured with
the Ultra plate reader (Tecan).

Microcalorimetric experiments

The binding affinity of compound 2 and compound 3 to
the XIAP-BIR2 domain were tested with ITC experiments
using VP-ITC technology. Comparable results were
obtained for the two compounds (monomeric and dimeric
form) with two separate ITC experiments. The measure-
ments were done at 4 °C after 30 consecutive injections of
constant volumes (10 μl) of compound 2 (concentrated at
500 μM) or of compound 3 (concentrated at 300 μM) to the
protein sample (2 ml, concentrated at 28 μM). The heat
measurements were analyzed using the program Origin
7.0 (OriginLab Corporation, One Roundhouse Plaza,
Northampton, MA 01060) with a specific package for
processing microcalorimetric data (Microcal Origin).

In vitro profiling: cytotoxicity

The HL60 human promyelocytic leukemia cell line was
obtained from Interlab Cell Line Collection (ICLC, Genova,
Italy). The cell linewas cultured at density of 1×105 cells/ml
in RPMI 1640 medium supplemented with 10% (v/v) fetal
bovine serum (FBS) at 37 °C in a 5% (v/v) CO2 fully
humidified atmosphere.
The effect of compound 2 and compound 3 on cell

growth was evaluated by means of a colorimetric assay for
the quantification of cell proliferation and viability based
on the cleavage of the WST-8 tetrazolium salt by
mitochondrial dehydrogenases in viable cells (Promokine,
Germany). The kits utilize the tetrazolium salts WST-8 that
are reduced to water-soluble, orange formazan dyes by
dehydrogenases present in viable cells. The absorbance of
the formazan dye is proportional to the number of
metabolically active cells. Briefly, at time zero and after
treatment with Smac-mimetic compounds for 72 h, 10 μl of
WST-8 was added to each of the 96-well culture plates
containing 1×104 cells in 100 μl of complete medium. After
incubation at 37 °C for 4 h, the absorbance at 450 nm was
measured using a microplate reader 1420 VICTOR multi-
label counter (EG&G Wallac, Finland). The data were
expressed as mean percentage of three replicates normal-
ized to the untreated control. IC50 values were calculated
as the concentration of compound inhibiting growth by
50%, relative to control cultures. The results are summar-
ized in Table 1.
cIAP degradation assay

The MDA-MB231 cell line was treated with 5 μM Smac-
mimetics or left untreated. After 3 h, cells were harvested
and lysed. Proteins were revealed by Western blot with
antibodies specific for XIAP (BD Biosciences), cIAP1
(R&DSystems) and βActin (Sigma).

Crystallization

Crystallization trials of XIAP-BIR3 in the presence of
various amounts of compound 2 or compound 3 were
performed at 20 °C using an Oryx-8 crystallization robot
(Douglas Instruments, East Garston, UK) in microbatch
plates, that were covered at the end of the experiment with
1.5 ml of paraffin oil and 1.5 ml of Al's oil (50:50 mixture of
paraffin oil and silicon oil). Elongated hexagonal prisms of
about 100×30×30 μm were obtained only for the XIAP-
BIR3/compound 3 complex after two weeks using 20%
(w/v) polyethylene glycol monomethyl ether (PEG MME)
2000, 60 mM sodium acetate trihydrate, pH 4.6, 120 mM
ammonium sulfate, 400 mM sodium potassium tartrate
tetrahydrate. For X-ray data collection, crystals were
harvested in a cryoprotectant solution (25% (w/v) PEG
MME 2000, 60 mM sodium acetate trihydrate pH 4.6,
120 mM ammonium sulfate, 400 mM sodium potassium
tartrate tetrahydrate, 25% (v/v) glycerol) before being flash-
cooled in liquid nitrogen. The crystals diffracted to a
maximum resolution of 3.0 Å on beamline ID 29 at the
European Synchrotron Radiation Facility (ESRF-Grenoble,
France).

Structure determination and refinement

The X-ray diffraction data for the XIAP-BIR3/
compound 3 complex were indexed (MOSFLM44) and
scaled, cutting the resolution to 3.0 Å (SCALA45) in the
trigonal P3 space group. A molecular replacement
search (PHASER46), using the structure of XIAP-BIR3,
from the Smac-DIABLO complex (PDB code 1G7324),
from which the C-terminal α-helix had been deleted
(thus retaining amino acids 253–347), was used as search
model, locating nine XIAP-BIR3 molecules in space
group P31 (log-likelihood gain=1081). Rigid body
refinement (REFMAC;47 R-factor 44.4%, Rfree 43.8%)
and restrained refinement (R-factor 37.6%, Rfree 41.8%)
followed by visual inspection of the map (COOT48)
showed steric clashes between two of the nine chains,
which were therefore omitted from the asymmetric unit
model (thus retaining seven model molecules, R-factor
36.0%, Rfree 39.9%). An additional subunit was deleted
based on refinement and B-factor value considerations
(leaving six chains/asymmetric unit, R-factor 35.3%,
Rfree 39.0%). Inspection of residual electron density, and
the observation that the asymmetric unit at this stage
displayed two dimers (interface area 310 Å2) and two
isolated chains, helped locating two additional XIAP-
BIR3 chains that, together with the isolated ones, yielded
two additional dimeric assemblies, for a total of eight
asymmetric unit chains (R-factor 32.3%, Rfree 37.0%).
Residual map inspection at this stage showed clear
electron density close to the IBM groove. Such density
allowed us to model compound 3 bound to each
molecule in the crystal asymmetric unit. Several refine-
ment cycles (Refmac5 and Buster49) and manual
rebuilding48 resulted in the refined model (R-factor
23.0%, Rfree 31.4%) composed of eight BIR3 molecules
(amino acids 253±2 through 351±5) and eight com-
pound 3 molecules. The stereochemical quality of the
model was checked using the program Procheck.50

Thermal shift assays

To monitor protein unfolding, the fluorescent dye Sypro
orange was used to monitor the unfolding transition.
Using a MiniOpticon Real Time PCR Detection System
(Bio-Rad), designed originally for PCR,51 thermal shift
assays were conducted in the presence of the Smac-
mimetics. Solutions of 2.4 μl of the purified XIAP-BIR
protein constructs (XIAP-BIR2, -BIR3 and -lkBIR2BIR3)
were mixed with 3.5 μl of Sypro orange (Sigma)
diluted 60-fold, 19 μl of the protein storage buffer and
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0.1 μl of 10 mM Smac-mimetics (compounds 2/3).
Distilled water was added in place of the inhibitors for
the control samples. The final concentrations of protein
ranged between 0.5 mg/ml and 5 mg/ml; the sample
plates were heated from 25 C to 95 C at a heating rate
of 2 degC/min. The fluorescence intensity was mea-
sured within the ranges excitation 470–505 nm, emis-
sion 540–700 nm.

Analytical gel-filtration experiments

Analytical gel-filtration experiments were done with a
Superdex 75 column (GE Healthcare) coupled to an AKTA
Purifier system using 20 mM Tris–HCl pH 7.5, 200 mM
NaCl, 10 mM DTT. Recombinant XIAP-BIR3 (residues
241–356) was run on the column at a concentration of
1 mg/ml either alone or after incubation for 30 min with
an excess of compound 3 (5 mM). The recombinant XIAP-
BIR3 and -lkBIR2BIR3 (residues 124–356), each at a
concentration of 1 mg/ml, were subsequently run on the
column alone or after incubation with 5 mM compound 2
as a control.

Molecular modeling

The AutoDock4 package38 was used for docking
compound 3 to the protein targets, and the Python
Molecule Viewer 1.4.5 was used to analyze the data. The
XIAP-BIR220 (PDB code 1I3O, subunit E) crystal structure
was adopted to produce in silico models of the XIAP-
BIR2/compound 3 complex; the cIAP1-BIR3 crystal
structure (PDB code 3D9U, subunit A) was used for the
cIAP1-BIR3/compound 3 complex model. A docking
grid (32×46×44 points; grid step of 0.375 Å) was
centered at Leu207, or Leu307, in XIAP-BIR2 and
cIAP1-BIR3, respectively, resulting in a 3416 Å3 box, in
which the search was performed. Only one active head of
the inhibitor was used to model the protein/compound 3
interactions. During the docking simulation, the protein
models were rigidly constrained, whereas 10 rotations
around single bonds were allowed for compound 3. The
docking procedure consisted of 100 independent genetic
algorithm (GA) runs.38 The three protein/compound 3
docked models displaying the lowest binding free energy
were retained for structural analysis.

Model of BIR2-BIR3 in complex with compound 3

The model of XIAP-lkBIR2BIR3 complexed with com-
pound 3 was produced by a simple superposition of two
halves of two compound 3 molecules. In particular, rigid
translation of subunit D so as to superimpose the head of
compound 3 bound to subunit D to the head of compound
3 not bound to subunit B produced a dimeric assembly of
subunits B and D bridged by one molecule of inhibitor
(Fig. 2b). Finally, the crystal structure of BIR2 (PDB 2VM5)
was superimposed on BIR3 subunit D, thereby producing
a model of the BIR2-BIR3 assembly in the presence of
compound 3. This model (composed of 215 amino acids
over 250 of the real assembly) was further used in
combination with the SAXS results.

Small-angle X-ray scattering

X-ray scattering data were collected at the beamline
SWING of Synchrotron SOLEIL (Gif-sur-Yvette, France).
The data were recorded using a CCD-based detector
(AVIEX)with a sample-detector distance of 1.84m, covering
the range of momentum transfer 0.012bqb0.45 Å-1 (q=4π
sinθλ, where 2θ is the scattering angle and λ=1.033 Å the
wavelength of the X-rays). XIAP-lkBIR2BIR3 with and
without the inhibitor compound 3 was studied in 20 mM
Tris–HCl buffer pH 7.5, 200 mM NaCl, 10 mM DTT at
protein concentrations between 1 mg/ml and 6 mg/ml.
Solutions were circulated continuously during data record-
ing through the 1.8 mm diameter quartz capillary using the
automatic sample changer (Agilent) at a flow-rate ensuring
an irradiation time of ∼1 s. Under these conditions, no
radiation damage could be detected in preliminary tests. All
measurements were performed at 10 °C. Data were
averaged after normalization to the intensity of the
transmitted beam before buffer subtraction using the
program package PRIMUS.52 The forward scattering I(0)
and the radius of gyration (Rg) were evaluated using the
Guinier approximation.53 The curves of the most dilute,
interaction free, and of the most concentrated samples were
spliced after scaling to protein concentration to yield a
combined, complete scattering pattern. The distance dis-
tribution function p(r) corresponds to the distribution of
distances between any pair of volume elements within one
particle. It was determined using the indirect Fourier
transform method as implemented in the program
GNOM.54 The molecular masses of the solutes were
evaluated by comparison of the forward scattering with
that of a reference 3.9 mg/ml lysozyme solution in 50 mM
sodium acetate buffer pH 4.5, 100 mM NaCl.
Low-resolution shapes can be determined using the

programDammin,whichdescribes the protein as a compact
assembly of identical dummy atoms.39 Typically, 10 models
are calculated and superimposed using the Damaver suite
of routines.55 They are compared using a measure of
similarity called NSD,56 the smaller the NSD value the
higher the similarity. Ab initio models were also produced
using the program Gasbor, which describes the protein as a
chain ofNdummyresidues,whereN is the actual number of
protein residues (250 amino acids for XIAP-lkBIR2BIR3).40

In away similar to Dammin, 10modelswere calculated and
compared using NSD values.

Protein Data Bank accession numbers

Atomic coordinates and structure factors have been
deposited with the Protein Data Bank with accession
number 3G76.57
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