Recognition of Smac-mimetic compounds
by the BIR domain of clAP1
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Abstract: Inhibitor of apoptosis proteins (IAPs) are negative regulators of apoptosis. As IAPs are
overexpressed in many tumors, where they confer chemoresistance, small molecules inactivating
IAPs have been proposed as anticancer agents. Accordingly, a number of IAP-binding pro-
apoptotic compounds that mimic the sequence corresponding to the N-terminal tetrapeptide of
Smac/DIABLO, the natural endogenous IAPs inhibitor, have been developed. Here, we report the
crystal structures of the BIR3 domain of clAP1 in complex with Smac037, a Smac-mimetic known
to bind potently to the XIAP-BIR3 domain and to induce degradation of clAP1, and in complex with
the novel Smac-mimetic compound Smac066. Thermal stability and fluorescence polarization
assays show the stabilizing effect and the high affinity of both Smac037 and Smac066 for clAP1-

and clAP2-BIR3 domains.

Keywords: apoptosis; IAP family; Smac-mimetics; oncology; clAP1; BIR3 domain

Introduction

The cellular process of apoptosis is essential for ho-
meostasis maintenance in multicellular organisms,’
being controlled by a subset of caspases (Cysteine-
dependent ASPartyl-specific proteASES) that are
regulated, among others, by members of the IAP (In-
hibitor of Apoptosis Proteins) family.>? Specific
members of the IAP family, XIAP (X-chromosome-
linked IAP), cIAP1 and cIAP2 (cellular IAPs), have

Abbreviations: BIR, baculoviral lap repeat; clAPs, cellular IAPs;
IAPs, inhibitor of apoptosis proteins; IBM, IAP binding motif;
Smac/DIABLO, second mitochondria-derived activator of cas-
pases/direct IAp binding with 10w pl; XIAP, X-linked IAP.
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been extensively investigated in the last few years
and proposed as drug targets, as they are known to
be abnormally expressed at high levels in the major-
ity of human malignancies.* IAPs are composed of
one to three tandem BIR (Baculoviral IAP Repeat)
domains (BIR1-3) and of a C-terminal RING domain
endowed with E3 ubiquitin ligase activity. It has
been extensively reported that XIAP and cIAPs act
differently: cIAP1 and cIAP2 participate in TNFa-
induced NF-xB activation,” whereas XIAP inhibits
apoptosis binding to the initiator caspase-9° and to
caspase-3 and -7 (executioner caspases), mainly via
its BIR3 and linker-BIR2 domains.”® IAPs are endo-
genously antagonized by Smac/DIABLO (Second Mi-
tochondria-derived Activator of Caspases/Direct IAp
Binding with LOw pI)*!° through the interaction of
the N-terminal AVPI tetrapeptide of the latter with
the BIR3 domains of IAPs. It has been recently
shown that synthetic compounds based on the Smac

Published by Wiley-Blackwell. © 2010 The Protein Society
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Figure 1. Chemical structures of Smac005, Smac010, Smac037, and Smac066. Note the four different substitutions in the
fourth position of the central ring. In brackets the chemical structure of Smac001.'®

N-terminal AVPI sequence ™ can bind to the BIR
domains of IAPs, relieving caspase binding through
a competitive mechanism, thus promoting apopto-
sis.}™ 2% In addition, recent results have shown that
Smac-mimetic compounds can kill cancer cells by
inducing the “ubiquitin-dependent” degradation of
cIAP1 and cIAP2 181921

Starting from a synthetic compound proposed by
Sun et al.'® (Smac001, Fig. 1: 20-fold more potent than
the natural Smac AVPI peptide in binding the XIAP-
BIR3 domain), we generated a library of 4-substituted
azabicyclo[5.3.0Jalkane compounds displaying high
BIRS3 binding affinities.’® In the last 2 years, Mastran-
gelo et al.** and Cossu et al.'® carried over two studies
based on X-ray crystallographic, simulative and func-
tional data on the protein/ligand complexes formed by
the BIR3 domain of XIAP and three different Smac-
mimetics (Smac005, Smac010, and Smac037) displaying
different 4-substitutions (—CH;—OH, —CHy—NHj , and
—CH,—CHy—NH3, respectively, see Fig. 1). These stud-
ies showed that, in relation to the different substituents,
Smac037 displayed the highest affinity for XIAP-BIR3
and induced cIAP1 degradation in the MDA-MB231
cell line.

However, compared to other derivatives, Smac037
did not show optimal membrane permeability in in
vitro profiling ADMET tests.'* To enhance Smac037
lipophilicity, gain beneficial effects on cytotoxicity, and
promote its intracellular uptake, Seneci et al. designed
Smac066,'® where a methyl group has been added to
the terminal amine and the 4-substituent in the cen-
tral ring has been further elongated to produce a more
apolar arm (resulting in —CH,—CH,—NH—CHy-Phe-
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nyl, Fig. 1). Smac066 presents low nanomolar potency
on XIAP-linkerBIR2BIR3 and on the MDA-MB231 cell
line, but also low micromolar potency on HL-60 and
PC-3 cells.’® This compound may thus represent an
early lead to be further characterized and optimized in
vitro and in vivo. Moreover, as several examples of bi-
valent Smac-mimetics that simultaneously bind to dif-
ferent BIRs of the same IAP molecule!? have been
reported as very potent pro-apoptotic agents (i.e.,
SM164),2223 we also considered Smac066 4-substitu-
ent as a Smac-mimetics dimerization platform. In par-
ticular, the addition of a —CHy-Phenyl group, resem-
bling the linker portion that joins the two SM164
mimic heads, allowed us to study a potential linker to
produce bivalent molecules, in terms of rigidity pat-
terns, possible binding ability, spacing characteristics,
and bioavailability.

Here, we characterize the binding affinity of four
known Smac-mimetics (Smac001, 005, 010, and 037)
together with Smac066 to the cIAP1- and cIAP2-BIR3
domains through fluorescence polarization assays.??
Next, using thermal stability assays on both cIAP1-
BIR3 and cIAP2-BIR3 domains, we explore the stabi-
lization induced in both protein domains following
the addition of Smac001, Smac005, Smac010,
Smac037, and Smac066. Furthermore, we present
the crystal structures of cIAP1-BIR3 in complex with
Smac037 and with Smac066, highlighting details of
the Smac-mimetics binding modes and validating
hypotheses put forward by our previous molecular
modelling/docking study.!® Analysis of the crystal
structures is presented at the light of the known
binding mode of the AVPI tetrapeptide to the IBM
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Table I. Fluorescence Polarization Assay. In Vitro EC5o Values and Standard Errors for the Different
Smac-mimetics in Complex with cIAPI- (left) and cIAP2-BIR3 (right), Measured over Three Independent

Experiments
cIAP1-BIR3 cIAP2-BIR3
L()g EC50 EC50 SE% LOg EC50 EC50 SE%

Smac001 0.4 2.6 21.1 0.6 3.7 8.6
Smac005 0.6 3.6 25.6 0.8 6.2 6.9
Smac010 0.3 1.9 17.6 0.6 3.9 7.2
Smac037 0.04 1.1 25.8 0.5 3.6 7.3
Smac066 NA NA

(IAP Binding Motif) groove of cIAP1-BIR3 reported
by Kulathila et al.?* and of the ligand binding mode
observed for the XIAP-BIR3/Smac037 complex.!?
Considering the structural conservation of the
IBM groove in the BIR3 domains of cIAPs, and at the
light of our thermal stability assays on c[AP2-BIR3,
we finally tested in vitro the capabilities of Smac037
and Smac066 to induce cIAP1 and cIAP2 degradation
in the MDA-MB231 cell line, as previously shown for
cIAP1 after treatment with Smac005, 010, and 037.1°

Results

Fluorescence polarization assays
Binding and displacement assays based on fluores-
cent polarization were used to evaluate the affinities
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of the synthesized Smac-mimetics for the cIAP1- and
cIAP2-BIR3 domains. EC5y values are reported in
Table I.

We first performed two saturation binding
experiments to determine the binding affinity of the
fluorescent probe (Smac-5F) to cIAP1- and cIAP2-
BIR3 domain. Under our experimental conditions,
the K4 values were evaluated as 4.8 = 0.6 nM for
cIAP1-BIR3 and 23.6 = 1.6 nM for cIAP2-BIR3 (Fig.
2, panel A), in agreement with the previous results
by Lu et al.?? Competitive binding assays revealed
that all compounds tested displayed low nanomolar
ECs5o values: Smac037 and Smac001 showed the
greatest affinity for cIAP1-BIR3 and cIAP2-BIR3,
compared to the other compounds of this series. The
ECs5o value for Smac066 could not be obtained,
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Figure 2. Fluorescence Polarization Assays. (A) Fluorescence polarization saturation curves of the probe used (2 nM) mixed
with increasing concentrations of recombinant clAP1- (left) and clAP2-BIR3 (right). (B) Displacement of the fluorescent probe
from clAP1- (left) and clAP2-BIRS (right) using the unsubstituted Smac001 as matched up-control and the three 4-substituted
azabicyclo[5.3.0]alkane Smac-mimetics (Smac005, Smac010, and Smac037). The symbols represent Smac001(l), Smac005
(A), Smac010 (V¥), and Smac037 (). The curve for Smac066 is not reported because its affinity exceeds the sensitivity limit

of the probe.
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Table II. Melting Temperatures (°C) of the cIAP1-BIR3
and cIAP2-BIR3 Domains Alone and Relative Increase
in the T, in Presence of the Selected Smac-mimetics,
Reported as the Difference (AT,,) Between the Adducts
and the Proteins Alone. The T,, Are Determined by
Three Independent Experiments

cIAP1-BIR3 cIAP2-BIR3
Water 58.7 = 0.3 49.1 = 0.8
Smac001 +27.1 +23.6
Smac005 +28.0 +25.2
Smac010 +24.5 +21.8
Smac037 +25.8 +21.9
Smac066 +24.6 +21.1

because its affinity is too high relative to that of the
fluorescent probe.

Melting temperature shift assays
Thermal shift assay is an experimental technique
monitoring fluorescence variations reported by a pro-
tein-bound dye during protein thermal denaturation.
We take the AT, values as indicative of the amount
of stabilization induced by the ligands tested. The T,
values measured for the cIAP1- and cIAP2-BIR3 con-
structs showed shifts of about 20°C toward higher
temperatures when the proteins were bound to refer-
ence Smac mimetics (Smac001, 005, and 010), which
bear different substituent groups in the fourth
position of the central ring,'* and to Smac037
and Smac066, which host a longer 4-substituted
azabicyclo[5.3.0]alkane arm (—CHy;—CH,—NHJ and
—CH,—CH>,—NH—CH,-Phenyl, respectively, as
reported in Fig. 1). The presence of an elongated
amino substituent in Smac037 yielded a more pro-
nounced stabilizing effect on the XIAP-BIR3 domain
relative to other reference Smac mimetic com-
pounds.** On the contrary, Smac037 higher stabiliza-
tion was not observed for the BIR3 domain of cIAPs.
In detail, the cIAP1-BIR3 and the cIAP2-BIR3
isolated domains displayed a T, of 58.7 + 0.3°C and
49.1 + 0.8°C, respectively. Smac010 binding resulted
in the minimum stabilization, with average AT, val-
ues of +24.5 and +21.8°C when tested on cIAP1-
and cIAP2-BIR3, respectively. Smac005 displayed
the highest T, values among the compounds tested
(average AT, values on three independent measure-
ments of +28.0°C for cIAP1-BIR3 and +25.2°C for
cIAP2-BIR3). Although the effects on T, are clear
cut, suggesting that among the compounds tested on
the cIAP1- and cIAP2-BIR3 domains, Smac037 and
Smac066 do not represent the most stabilizing
ligands (AT, shifts of +25.8°C and +24.6°C for
cIAP1-BIR3/Smac037 and /Smac066, respectively,
and +21.9°C and +20.8°C for cIAP2-BIR3/Smac037
and /Smac066, respectively), such assays must be
taken only as a qualitative indication of their affin-
ities for the different BIR domain constructs. Never-
theless, the T, data suggest that the positively
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charged 4-substituent (as in Smac010 and Smac037)
is less effective than the —CH,OH substituent (of
Smac005) in defining the Smac-mimetic affinity for
cIAP1- and cIAP2-BIR3 domains, whereas the
Smac066 4-substituent does not result in a signifi-
cant stabilization effect when compared to the other
Smac-mimetics tested (Table II).

clAP1-BIR3/Smac037 and /Smac066 complex
structures

Analysis of the binding modes of Smac037 and
Smac066 to cIAP1-BIR3 were addressed by X-ray
crystallography based on crystals of the purified do-
main grown in the presence of the two Smac-mim-
etics. The 3D structures were solved through the
molecular replacement method using as model the
structure of cIAP1-BIR3 reported by Kulathila et
al.?* in complex with Smac-AVPI; the structures
were refined at 2.6 A and 3.0 A resolution for cIAP1-
BIR3/Smac037 and /Smac066, respectively (Rge, and
Rp.. values together with refinement statistics are
reported in Table III). Both crystals display four
molecules in the asymmetric unit. Each BIR3 do-
main is composed of six a-helices (a0 1-2 at the N-ter-
minus, and o 3—6 at the C-terminus) and a three-
stranded B-sheet; the structure is stabilized by a
Zinc-finger motif, conserved in the homologous
XIAP-BIR3 domain (Fig. 3, panels A and B). The
four independent BIR3 domains display very similar
structures, showing r.m.s.d. values in the 0.22-0.54
A (/Smac037) and 0.41-0.62 A (/Smac066) ranges
(calculated over 110 Ca pairs), with significant struc-
tural deviations localized at their N- and C-terminal
ends only.

After molecular replacement, all BIR3 chains
showed strong residual electron density in the IBM
groove, comprised between the B3 strand and the o3
helix, roughly lined by residues Gly306, Arg308,
Cys309, Glu31l, Asp314, Glu319, and Trp323. Such
residual electron density could be modelled and
refined as bound Smac037 and Smac066 moieties
(Fig. 3, panels A and B). Also, about 11 amino acids
in the C-terminal o helix, not present in the initial
model of cIAP1-BIR3/Smac037 structure, were built
during the refinement. When compared to the struc-
ture of Smac037 in complex with cIAP1-BIR3, the
structure of cIAP1-BIR3 in presence of Smac066
presents higher B values (average B values of the
BIR3 domain/ligands of 24.1/19.6 A? for the first
structure vs. 64.4/72.3 A2 for the second structure).
Finally, chain D from cIAP1-BIR3/Smac066 struc-
ture displays high level of mobility in the crystal,
showing elevated B-factor values over the whole
chain (average B value of 53.7 A? over chains A B
and C; 106.6 AZ over chain D).

It should be noticed that, in both crystal struc-
tures, crystal packing does not result in direct inter-
molecular contacts to any of the Smac-mimetic

PROTEIN SCIENCE ‘ VOL 19:2418-2423 2421



Table III. X-ray Data-Collection and Refinement Statistics for the cIAPI1-BIR3/Smac037 and /Smac066

Complexes

cIAP1-BIR3/Smac037

cIAP1-BIR3/Smac066

Data Collection Statistics
Space group .
Unit-cell parameters (A)

Solvent content %

N of molecules per a.u.

Resolution (A)

Mosaicity (°)

No of unique reflections

Completeness (%)

Redundancy

Rmerge® (%)

Average I/c (I)

Refinement statistics

R factor® (%)

Rfreec (%)

r.m.s. Bond lengths (A)

r.m.s. Bond angles (°)

Average protein B factor (A?)
Ramachandran Plot

Residues in most favoured regions (%)
Residues in additionally allowed regions (%)

a=T16A b="T98A,c=0984A,
o=y =090°p =925

C2 (;222 .
a=1136 A, b =1146 A,
c=929A a=7y=p=90°

50.8 51.2
4 4
98.3-2.6 92.9 - 3.0
1.3 0.8
15,911 (2,377) 11,909 (1,745)
93.3 (96.3) 96.3 (98.0)
2.3 (2.3) 3.8 (3.9)
9.3 (36.9) 12.7 (59.2)
5.5 (2.0) 7.4 (2.0)
22.6 19.2
28.8¢ 25.7°
0.009 0.010
1.06 1.12
24.2 66.9
86,0% 89,0%
13,4% 9,8%

Values in parentheses are for the highest resolution shell.

? Rmerge = = 1T — (D1/Z I x 100, where I is intensity of a reflection and (J) is its average intensity.

beactor:z' IFO_Fcl/Z |F0| x 100.

¢ Rivee 18 calculated on 5% randomly selected reflections, for cross-validation.

4798 reflections
¢ 575 reflections.

compounds, thus not affecting the binding mode of
the Smac-mimetics to the cIAP1-BIR3 IBM pocket.

The clAP1-BIR3/Smac-mimetics binding modes
As mentioned above, in all four chains of the crystal
asymmetric unit, the ligand molecules are bound to
the IBM groove, exchanging hydrogen bonds with
main chain of residues Gly306, Arg308, and Cys309
(B3 strand) and salt bridges with the side chains of
residues Glu311, Asp314, Glu319 (in p3-a3 loop and
in a3).

Trp323 is one of the most conserved residues
within the IBM grooves of known IAP BIR3
domains. Its side chain has been shown to establish
van der Waals interactions with the pyrrolidine ring
of a conserved Pro in the IBMs of Smac/DIABLO
and Caspase-9, and with the corresponding central
ring moiety of the Smac-mimetic molecules reported
so far in our'®'®? and other available structures of
IAP complexes.2®2” Such interaction occurs also in
the complex structures here presented (Fig. 3, C and
D), where the side chain of cIAP1-BIR3 Trp323
stacks on the seven-carbon central ring of Smac037
and Smac066 (distances of 4.0 = 0.5 A). A second
stacking interaction (n-cation interaction) is pro-
vided by Arg308, whose guanidine group is parallel
to/and localizes at 3.9 + 0.3 A from the Smac037
and Smac066 phenyl moiety adjacent to the cIAP1-
BIR3 B3 strand (Fig. 3, panels C and D). Details of

2422 PROTEINSCIENCE.ORG

all interactions stabilizing the cIAP1-BIR3/Smac037
and /Smac066 complexes are listed in Table IV and
displayed in Fig. 3, panels C and D.

The cIAP1-BIR3/Smac-mimetics structures shed
light on the role played by the 4-substituent groups
(—CH2CHoNH; and —CH,CHoNHCHyPhenyl) rela-
tive to complex stabilization. Inspection of the
cIAP1-BIR3/Smac037 crystal structure suggests that
the 4-substituent affects the Smac-mimetic location
due to a negative surface patch (Glu31l, Asp314,
Glu319) that attracts the two charged amino groups
in the 4-substituent arm and in the N-terminal por-
tion of Smac037. Such “pulling effect” is likely re-
sponsible for repositioning Smac037 in the IBM
pocket relative to the XIAP-BIR3/Smac037 com-
plex,’® and may be one of the factors defining the
lower melting temperatures measured for the cIAP1-
BIR3/Smac010 and /Smac037 complexes (both bear-
ing an amino 4-substituent) compared to cIAP1-
BIR3/Smac001 and /Smac005 (Table II). In fact,
small shifts of Smac010 and Smac037 within the
IBM groove may result in weaker B-like interactions
with the BIR3 domain B3 strand, as discussed below.

Although the long 4-substituent on Smac066
appears disordered in the solvent, we observed the
same shift in the Smac-mimetic position within the
BIR3 active pocket as in Smac037. In fact, at
the crystallization pH both Smac066 N-methyl and
the secondary amine in the 4-substituent “arm” are

IAP/Smac-Mimetics Recognition



Cys309

Figure 3. Overall architecture of clAP1-BIR3/Smac037 and /Smac066 complexes (A, B) and details of the clAP1-BIR3
interaction with Smac037 and Smac066 (C, D). (A, B) The clAP1-BIR3 molecule is drawn according to its secondary structure:
the six a-helices building BIR3 are shown in purple, the three anti-parallel f-strands in yellow, the two B-turns in pink, and,
finally, coiled regions are represented in grey. The core Zn-atom is represented as an orange sphere. The magenta cage
shows the Fo-Fc difference Fourier map (contoured at 7.5 o), calculated after few refinement cycles of the protein structure

alone. The difference electron density falls in the IBM groove, comprised between the 3 strand and the a3 helix, where the
Smac-mimetics bind (panel A, Smac037; panel B, Smac066) (represented in fat bonds coloured by atom with green carbons,
blue nitrogens, and red oxygens). (C, D) The main residues involved in stabilizing interactions with the Smac-mimetics are
labelled and shown in gold. The Smac-mimetics are represented in fat bonds with magenta carbons, nitrogen atoms in blue,

and oxygens in red; the Smac-mimetics interacting atoms are labelled in magenta; clAP1-BIR3 overall structure is shown in
light green. The main hydrogen bonds linking BIR3 and the Smac-mimetics are shown as red dashed lines (drawn with

PyMOL*Y).

positively charged and thus subjected to the pooling
effect of the protein negative patch. Such observa-
tion is in agreement with the similar thermal shift
values observed for Smac37 and Smac66 ( AT, =
+25.8 and +24.6, respectively). Fluorescence polar-
ization assays, however, show that Smac066 affinity
for cIAP1- and 2-BIR3 domains remains very high,
effectively exceeding the sensitivity limit of the FP
technique. Such an effect could be due to a role
played by the hydrophobic moiety on the Smac66 4-
substituent arm that is not evident in our structural
analysis.

Relative positioning of Smac037 and AVPI in the
IBM groove of clAP1

Inspection of the cIAP1-BIR3/Smac037 crystal struc-
ture here reported compared to that of the cIAP1-
BIR3/Smac-AVPI complex (PDB code 3D9U)?** shows

Cossu et al.

a r.m.s. displacement of 0.38-0.48 A (over 92 Co
pairs); according to expectations, the protein/peptide
mimetic and the protein/peptide interactions are
closely similar in the two complexes (Fig. 4, panel
A). Specific interactions gained or lost in the cIAP1-
BIR3/Smac037 binding mode, when compared to the
BIR3/AVPI complex are summarized in Table IV. In
general, there is an overall shift of Smac037 relative
to AVPI toward the negative patch, mentioned above
(about 0.5 A), but also away from the B3 strand
(about 0.8 A). These shifts are probably due to a con-
certed effect of a “pulling action” on the positive
charges of Smac037 by the negative patch of the
IBM groove, and of a “pushing effect” provided by
Trp310 toward the Smac037 N-terminal ethyl moi-
ety. In fact, such ethyl substituent of Smac037 is
bulkier than the Ala side chain in AVPI, potentially
resulting in a collision with the side chain of Trp310

PROTEIN SCIENCE ‘ VOL 19:2418-2423 2423



Table IV. Hydrogen Bonds Distances in A Measured for cIAP1-BIR3/Smac037 in Comparison with cIAP1BIR3/
Smac066 (A), cIAP1-BIR3/AVPI (B), and XIAP-BIR3/Smac037 (C). Distances for the Complex Structures Here
Reported Have Been Measured as an Average of the Four Independent Observations in the Asymmetric Unit

(A) cIAP1-BIR3/Smac037 in Comparison with cIAP1BIR3/Smac066

037/066 Gly306 {O} Arg308 {O} {N} Cys309 {O} Asp314 {032} Glu319 {01} Trp323 {Nel}
NY 2.8 + 0.1/3.0 = 0.2
NX 3.2 +0.130=*04
0z 3.2 +0.1/29 = 0.3
N 3.2 +0.1/ 3.3 + 0.1/
3.6 =05 3.4 +0.7
(0] 3.3 +0.2/ 3.8 0.2/
3.9 +0.3 3.9 +0.3
(B) cIAP1-BIR3/Smac037 in Comparison with ¢cIAP1-BIR3/AVPI
037/AVPI Gly306 {O} Arg308 {O} {N} Cys309 {O} Asp314 {052} Glu319 {01} Trp323 {Nel}
NY /Tle4 {N} 2.8 = 0.1/2.9
NX/Val2 {N} 3.2 £ 0.12.9
0Z/Val2{0} 3.2 +0.1/2.8
N/Alal{N} 3.2*0.1 3.3 =0.1/2.8 2.9
0/Ala1{0O} 3.3 +0.2/35 3.8 +0.2/3.1
(C) cIAP1-BIR3/Smac037 in Comparison with XIAP-BIR3/Smac037
cIAP1/XIAP Gly306 {O} Arg308 {O}*/{N} Cys309 {O} Asp314 {052} Glu319 {01} Trp323 {Nel}
Thr308 {O}*/{N} Asp309 {O} Glu314 {081/2}  GIn319 {Oel}
037/NY 2.8 £ 0.1/3.3
037/NX 3.2 + 0.1%/2.9%
037/0Z 3.2 +0.1/3.2
037/N 3.2+0.1/32 3.3 =*0.1/2.9/3.0
037/0 3.3 £0.2/3.8 3.8+ 0.2/3.3

that would require a 0.8 A displacement to be
released.

Relative positioning of Smac037 in the IBM
groove of clAP1 and XIAP

The binding mode of Smac037 to cIAP1-BIR3 is also
similar to that observed for the same ligand on
XIAP-BIR3 (Fig. 4, panel B). In fact, 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, except for Leu292, replaced by Val in
cIAPs; XIAP Glu314 is conservatively substituted
with Asp in cIAP1, while GIn319 is Glu319 in cIAP1
(and GIn319 in cIAP2). Finally, residues Thr308 and
Asp309 that were found relevant for the interaction
of XIAP-BIR3 with the Smac-mimetics are replaced
in cIAPs by Arg308 and Cys309 (Fig. 4, panel C). As
expected, the hydrogen bonds that involve the
cIAP1- and XIAP-BIR3 3 backbone are generally
maintained, with significant variations concerning
the residues belonging to the B3-03 loop. First, the
presence of Asp314 in cIAP1 (Glu314 in XIAP)
causes the sliding of Smac037 toward such residue
(and toward the cIAP1 negative patch Glu3l1l,
Asp314, and Glu319, which in XIAP hosts Lys311,
Glu314 and GIn319, respectively) to establish opti-
mal electrostatic interactions (Fig. 4, panel B).
Besides, the nonconservative substitution of XIAP-
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BIR3 Lys311 with Glu311 in cIAP1-BIR3 makes the
negative pocket more attractive compared to the
XIAP-BIR3 homologous patch, where the Smac-mi-
metic shift is not observed.

In conclusion, although the Smac037 interaction
network is generally conserved among the two BIR3
domains, there are some amino acid substitutions
that, on the whole, slightly weaken Smac037 binding
to cIAP1-BIR3 relative to XIAP-BIR3, shifting the
ligand of about 1.5 A toward the negative patch
described.

clAPs degradation by Smac-mimetics

in MDA-MB231 cell line

Although apoptotic regulation is performed differ-
ently by XIAP and cellular IAPs, these members of
the IAP family are structurally homologous. XIAP
shows an amino acid sequence identity to cIAP1 and
cIAP2 of 36% and 39%, respectively, whereas the
amino acid sequence identity between cIAP1 and
cIAP2 is 70%. In particular, the region of BIR3 do-
main, where are located the critical residues
involved in Smac-mimetics recognition, is well con-
served among the three IAPs analyzed (Fig. 4, panel
C). As a consequence of such prominent structural
conservation, Smac-mimetics are shown to be
broadly effective on the most characterized members
of the IAP family: they mimic Smac/DIABLO in pre-
venting XIAP inhibition of initiator and effector

IAP/Smac-Mimetics Recognition
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Figure 4. clAP1-BIR3/SmacAVPI and clAP1-BIR3/Smac037 superposition (A), XIAP-BIR3/Smac037 and clAP1-BIR3/Smac037
structure superposition (B), clAP1-BIR3, clAP2-BIR3, and XIAP-BIR3 alignment (C), and clAP2 degradation assay (D). (A) The
superposition of clAP1-BIR3/SmacAVPI and clAP1-BIR3/Smac037 highlights the relative locations of Smac AVPI (light blue)
and Smac037 (magenta) once bound to clAP1-BIR3 (green ribbons). The interacting residues in clAP1-BIR3 are represented
in gold. The figure also reports the detail of the negative patch composed by the negatively charged residues Glu311, Asp314
and Glu319, that produces a Smac037 displacement of 0.5 A relative to Smac AVPI towards the negative patch. The
hydrophobic region designed by Trp310 side chain is also shown in grey, to evidence its role in the Smac037 shift of 0.8 A
relative to Smac AVPI, away from the B3 strand (structure and surfaces drawn with Pymol*'). (B) XIAP-BIR3/Smac037 and
clAP1-BIR3/Smac037 superposition: clAP1-BIR3 (green ribbons, 60% transparency) binding groove residues are in gold
sticks, corresponding XIAP-BIR3 (cyan ribbons, 60% transparency) residues are highlighted in cyan. Substituted residues are
labeled as follows (clAP-BIR3/XIAP-BIR3). Smac037 in complex with clAP1-BIR3 is reported in magenta, whereas the ligand
in complex with XIAP-BIR3 is shown in cyan sticks. (C) The clAP1-BIR3 and XIAP-BIR3 IBM-specific groove sequence
alignment: the nonconservatively substituted residues are reported in magenta, whereas the residues that are conservatively
substituted are reported in light blue. (D) clAPs degradation in presence of Smac037 and Smac066 in MDA-MB231 cell line.

The blot was normalized for the levels of b-Actin. The DMSO lane refers to untreated cells.

caspases, and in parallel they can kill malignant
cells by inducing auto-degradation of cIAP1 and
cIAP2, thus leading to TNF-receptor mediated
apoptosis. 181921

The melting temperature shifts of cIAP1- and
cIAP2-BIR3 induced by the Smac-mimetic com-
pounds here considered and the crystal structures
provide evidence of efficient Smac-mimetic binding
to the target proteins, that result in XIAP seizure
and cIAPs auto-ubiquitination. Based on the high
amino acid sequence conservation of the three IAP
family members, in particular between cIAP1-BIR3
and cIAP2-BIR3 (Fig. 4, panel C), we speculated
that the Smac-mimetics here discussed could also
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bind to the cIAP2-BIR3 domain. For this reason, we
tested in vitro the effects of Smac037 and of
Smac066 in inducing both cIAPs degradation in the
MDA-MB-231 cell line, as previously reported for
the cIAP1-BIR3 domain after cell treatment with
Smac005, 010, and 037.1® The Western blot analysis
showed that Smac037 and 066 effectively induce the
degradation of cIAP1'® but not completely that of
cIAP2 (Fig. 4, panel D). In fact, it has been shown
that abrogation of Smac-mimetics-induced apoptosis
can occur by upregulation of cIAP2, which although
initially degraded, is refractory to subsequent degra-
dation.?® This suggests that cIAP2 may require the
presence of cIAP1 for its own ubiquitination, like
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other IAPs?®; on the other hand, ¢cIAP1 degradation
induced by Smac-mimetics may prevent the com-
plete removal of cIAP2, whose upregulation may
result in the long-term restoration of cellular IAPs
activity. These results, together with the structural
details of the cIAP1-BIR3/Smac037 and cIAP1-BIR3/
Smac066 complexes, provide new hints for the devel-
opment of lead compounds able to bind XIAP, cIAP1,
and cIAP2, thus acting in different apoptotic
pathways.

Discussion

IAPs are crucial players in the major apoptotic path-
ways, and their blockade seems to be one of the
most promising strategies for tumor suppression.
The identification of lead compounds mimicking the
natural antagonist of IAPs, Smac/DIABLO, is now
the focus of extensive research, as it has been
broadly reported that Smac-mimetics induce apopto-
sis in many neoplastic cell lines, especially in combi-
nation with other chemioterapics, as recently
reported by Lecis et al.>° for melanoma cell line. The
Smac-mimetics proposed in this study present high
affinity for cIAP1- and 2-BIR3 in fluorescence bind-
ing assays and high stabilization ability on the pro-
tein construct tested, suggesting enhanced capability
to specifically recognize the active pockets on the
target IAP proteins. The crystal structures here
described provide new ideas for the design of more
potent drug leads, which can be accurately devel-
oped for the BIR3 domains of XIAP and cIAP1. In
particular, the small number of amino acid differen-
ces in IAPs BIR3 highlight three regions in the
Smac-mimetic compounds that can be exploited to
modulate affinity for the diverse proteins. (1) Smac-
mimetic phenyl end: the n-cation interaction with
Arg308 in cIAPs is not present in XIAP (substituted
by Thr309), and the hydrophobic cavity hosting the
phenyl moiety is smaller in cIAPs (lined by Val292)
than in XIAP (Leu292). (2) Smac-mimetic 4-substitu-
ent arm: it is possible to modulate its interaction
with amino acid 309 (Cys in cIAPs and Asp in
XIAP). (3) Smac-mimetic N-terminal end interacts
with the IBM negative patch that is wider and more
charged in cIAPs than in XIAP. As a general conse-
quence, referring to points 1 and 3, we can speculate
that a limited extension of a Smac-mimetic com-
pound both at its phenyl and N-terminal ends could
maintain its affinity for cIAPs-BIR3, reducing that
for XTAP.

In addition, as bivalent Smac-mimetic molecules
have been reported as very potent agents on
tumors,?? mobile noninteractive portions of the
Smac-mimetics could be elongated to allow the
design of bivalent compounds, simultaneously tar-
geting different BIR domains of the same IAP. In
this context, the addition of Smac066 4-substituent'®
could be a useful tool to begin the characterization

2426 PROTEINSCIENCE.ORG

of different linkers joining two Smac-mimetic heads.
In particular, a noninteractive linker would be pref-
erable, to favor the Smac-mimetic/IBM groove inter-
actions only and avoid secondary binding motives
that would produce an impairment of the usual
IAPs-Smac-mimetics recognition. In the cIAP1-BIR3/
Smac066 structure here reported, the Smac066
4-substitution meets such requirement, being free in
the solvent and exposed enough to be linked to a
second Smac-mimetic molecule. Although the crystal
packing here observed may not be consistent with
the real distances between the BIR of the same IAP
molecule, and with their relative positions, the
structure here described provides general ideas on
how to join two Smac-mimetic heads, to be subse-
quently tested in a wider drug design study.

All the efforts in Smac-mimetics optimization
rely on the fact that they are versatile compounds,
acting on different IAP members that are involved
in distinct apoptotic pathways; these small mole-
cules competitively bind to the IBM pocket of XIAP,
preventing caspase inhibition, and induce cIAPs deg-
radation, as shown here. Although the former activ-
ity has been extensively described, the molecular
mechanism by which Smac-mimetics produce cIAPs
auto-ubiquitination has not been defined yet. In this
context, further structural and functional characteri-
zation of the full length cIAP proteins may be of
prime interest.

Materials and Methods

Chemistry

All the Smac-mimetics were synthesized following
the procedures described.’*'® The chemical proce-
dure for Smac066 synthesis and the rational bases
for its design are reported by Seneci et al.,'® where
Smac066 is named as “40d.” Smac037 and Smac066
were suspended in water at a final concentration of
0.1M.

Cloning, expression, and purification

of human clAP1-BIR3

The sequence coding for cIAP1- and cIAP2-BIR3
domains residues 245-357 (XIAP-BIR3 structural
homology numbering) were cloned in pET21(a) vec-
tor (Novagen) with a C-terminal 6xHis-tag. The
plasmids were used to transform Escherichia coli
strain BL21(DE3). The recombinant proteins were
purified using Ni-NTA (His-trap FFcrude, Ge-
Healthcare), followed by gel filtration (Superdex
200, Ge-Healthcare). The recombinant proteins were
eluted in 20 mM Tris pH 8.0, 250 mM NaCl, and 10
mM DTT, and cIAP1-BIR3 was concentrated to 10
mg mL~! for crystallization tests using an Amicon
Ultra centrifugal filter (10 kDa cut-off).
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Fluorescence polarization assays
Fluorescence polarization experiments were per-
formed according to Lu et al.?2 Briefly, the fluores-
cently labelled Smac peptide SM5F (AbuRPF-K(5-
Fam)-NHs, final concentration of 2 nM), and increas-
ing concentrations of cIAP1- and cIAP2-BIR3 from 0
to 20 uM, were added to an assay buffer consisting
of 100 mM potassium phosphate, pH 7.5, 100 pg/mL
bovine y-globulin, 0.02% sodium azide. After shaking
(15 min), the plate was incubated for 3 h at room
temperature. Fluorescence polarization was meas-
ured on an Ultra plate reader (Tecan), at excitation
and emission wavelengths of 485 nm and 530 nm,
respectively. The equilibrium binding curves were
drawn by plotting experimental data (millipolariza-
tion units, mP) as a function of recombinant concen-
tration. All experiments were performed in black,
flat-bottom 96-well microplates (Greiner bio-one).
Four-substituted azabicyclo[5.3.0]Jalkane Smac-
mimetics were evaluated for their ability to displace
the fluorescent probe from recombinant protein. Flu-
orescent probe (2 nM), cIAP1-BIR3 (10 nM) or cIAP2
(25 nM) and serial dilutions of 4-substituted azabicy-
clo[5.3.0]alkane Smac-mimetics (concentration rang-
ing from 4 pM to 0.4 nM) were added to each well,
to a final volume of 125 uL in the assay buffer
described above. After 15 min mixing on a shaker,
and 3 h incubation at room temperature, fluorescent
polarization was measured on the Ultra plate reader
(Tecan). The ECs, values are shown in Table 1.

Melting temperature shift assays

To monitor protein unfolding, the fluorescent dye
Sypro Orange, an environmentally sensitive dye,
was used. The fluorescence intensity increases dur-
ing protein unfolding because the fluorescent dye
binds efficiently to the unfolded protein, and dis-
plays a higher quantum yield in a lower dielectric
environment. The melting temperatures are calcu-
lated as the maximum in the first derivative of the
recorded sigmoid. The overall continuous decrease of
the fluorescence intensity, after unfolding, is due to
dye decay and, likely, to aggregation of the dena-
tured protein—dye complexes.>?

Thermal shift assays for the different Smac-
mimetics were conducted in a MiniOpticon Real-
Time PCR Detection System (Bio-Rad). Solutions of
2.2 uL of the cIAP1 or cIAP2 BIR protein were
mixed with 3.5 uL of Sypro orange (Sigma) diluted
1:60, 19 pL of the respective buffers, and 0.3 pL of
50 mM Smac-mimetics (Smac001, Smac005,
Smac010, Smac037, and Smac066). Distilled water
was added in place of the inhibitors for the control
samples. The final protein concentrations ranged
between 0.4 and 0.5 mg/mL; the sample plates were
heated from 4 to 99°C, with a heating rate of 0.2°C/5
sec. Fluorescence intensity was measured within the
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excitation/emission ranges 470-505/540-700 nm. All
the experiments were performed in triplicate to pro-
duce an average Ty, value and an error estimation
(Table II).

Crystallization and crystallographic data
reduction

Sitting drop crystallization experiments were pre-
pared using an Oryx-8 crystallization robot (Douglas
Instruments, East Garston, UK), from a 2:1 mixture
of the protein stock solution (provided with 5 mM of
Smac037 and of Smac066) and the precipitant solu-
tion to a final drop volume of 0.3 pL for the initial
screenings and of 0.5 pL for the optimization trials.
After 4 days of vapour diffusion at 20°C, one irregu-
lar globular crystal of cIAP1-BIR3 in complex with
Smac037 of ~80 pum® was obtained in 25% PEG
3350, 0.1M Hepes pH 7.5 and 0.2M Lithium Sul-
phate. A prismatic crystal for the complex cIAP1-
BIR3/Smac066 was obtained after 4 days of vapor
diffusion at 20°C in 25% PEG 3350, 0.1M Tris, pH
8.0, and 0.1M Sodium Citrate. Before being fresh-
cooled in liquid nitrogen, the crystal for the cIAP1-
BIR3/Smac037 was soaked in paraffin, whereas the
crystal of the complex with Smac066 was harvested
in a cryoprotectant solution (25% PEG 400, 0.1M
Tris, pH 8.0, 0.1M Sodium Citrate and 25% glycerol).
The crystals diffracted to a maximum resolution of
2.6 A for the complex with Smac037 and of 3.0 A for
Smac066, using synchrotron radiation on beam-line
ID 14-4, at the European Synchrotron Radiation Fa-
cility (ESRF-Grenoble, France). The diffraction data
were processed with MOSFLM,?? and intensities
were merged using SCALA %2

Structure determination and refinement

The cIAP1-BIR3/Smac037 and /Smac066 crystals
belong to the C2 and C222 space groups with unit cell
parameters a = 71.4, b = 79.7, ¢ = 98.3 A (Smac037
complex) and a = 113.6, b = 1146, ¢ = 92.9 A
(Smac066 complex); in both cases, there are four pro-
tein molecules in the crystal asymmetric unit (Vy; =
25 A3 Da!, 51% solvent content for both com-
plexes).?* The crystal structure was solved with mo-
lecular replacement (molrep®®), using the structure of
the BIR3 domain in the cIAP1-BIR3/SmacAVPI com-
plex (PDB code 3D9U?%) as search model. The four in-
dependent molecules were subjected to rigid-body
refinement (R/Rfree = 42.0/41.3 for the cIAP1-BIR3/
Smac037 complex, R/R¢ee = 42.2/44.6 for the cIAP1-
BIR3/Smac066), and subsequently refined using
REFMACS5.3¢ A random set comprising 5% of the data
was omitted from refinement for R-free calculation.
Manual rebuilding®” and additional refinement®®
were subsequently performed. Inspection of difference
Fourier maps at this stage showed strong residual
density, located between the a3 helix and the main -
sheet, compatible with one Smac-mimetic inhibitor
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for each molecule in the asymmetric unit, which was
accordingly model-built. The last refinement cycles
have been performed using program Buster®® with
TLS (Translation Libration Screw-motion) and NCS
(Non crystallographic symmetry) restrains.

The refined cIAP-BIR3/Smac037 and /Smac066
models display almost the entire amino acid chain;
the first 12 N-terminal residues (241-253) and the
last 2 C-terminal residues are disordered. Data col-
lection and refinement statistics are summarized in
Table I. The stereochemical quality of the models
was checked using the program Procheck® and is
summarized in the Table I. Atomic coordinates and
structure factors for cIAP1-BIR3/Smac037 and /
Smac066 complexes have been deposited with the
Protein Data Bank?® with accession codes SMUP
and 30Z1, respectively.

IAP degradation cell-based assays

The MDA-MB231 cell line was treated with 5 uM of
Smac037 or Smac066, or left untreated as control.
After 3 h, cells were harvested and lysed. Proteins
were revealed by Western blot using antibodies spe-
cific for XIAP (BD Biosciences), cIAP1 and cIAP2
(R&DSystems), and BActin (Sigma) as control.
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