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Abstract

We report the systematic rational design and synthesis of new monovalent Smac mimetics that
bind preferentially to the BIR2 domain of the anti-apoptotic protein XIAP. Characterization of
compounds /n vitro (including 9i; ML101) led to the determination of key structural requirements
for BIR2 binding affinity. Compounds 9h and 9j sensitized TRAIL-resistant breast cancer cells to
apoptotic cell death, highlighting the value of these probe compounds as tools to investigate the
biology of XIAP.

Programmed cell death plays an essential role in development, typically occurring in animal
species by apoptosis.! Defects in apoptosis are associated with many diseases characterized
by either insufficient cell death (e.g. cancer) or excessive cell death (e.g. degenerative
diseases).23 The inhibitor of apoptosis proteins (IAPs) contain ~70 amino acid motifs
termed baculovirus IAP repeat (BIR) domains.*° These BIR domains are primarily
responsible for the anti-apoptotic activity of IAPs due to their ability to bind and inhibit
distinct caspases, cysteine-aspartyl proteases that are critical for the initiation and execution
phases of apoptosis.8 Human X-linked inhibitor of apoptosis protein (XIAP) is the most
potent caspase inhibitor in the IAP family.” XIAP contains three BIR domains (designated
1, 2, and 3) which exhibit specificity for different caspases. A short linker peptide in the
BIR2 region of XIAP mediates the interaction with the effector caspases-3 and -7, whereas
the third BIR domain (BIR3) targets the initiator caspase-9.8:910 All apoptotic signaling,
triggered via either the intrinsic or the extrinsic pathway, converges on caspases-3 or -7 and
this points to the importance of developing novel chemical entities with preferential affinity
for the BIR2 domain of XIAP.

In the intrinsic cell death pathway, apoptotic signaling is regulated by the mitochondrial
protein Smac, an endogenous dimeric proapoptotic antagonist of XIAP. The release of Smac
from the intermembrane space of the mitochondria into the cytosol perpetuates the apoptotic
signal by competing with caspases for binding to XIAP.11 The four hydrophobic amino
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acids Ala-Val-Pro-lle (AVPI) at the N-terminus of mature Smac bind to the surface groove
on the BIR3 domain of XIAP, removing caspase-9 inhibition, and bind with lower affinity to
the BIR2 domain, alleviating inhibition by caspase-3 and -7.12 Up-regulation of XIAP
expression in tumors causes resistance to current chemotherapeutic agents, and thus
inhibition of the protein-protein interaction between XIAP and caspases-3, -7 and -9
represents a promising approach for the treatment of cancer.13

In the past few years substantial efforts have focused on small molecule Smac mimetics that
target the BIR3 domain of XIAP.14 Conversely, there have been only a few reports on the
design and synthesis of compounds that effect inhibition by binding to the BIR2 domain of
XIAP. Examples include bivalent dimers, macrocyclic peptides, polyphenylureas and the
natural product delaquinium.® While these compound classes exhibit interesting properties,
including cellular activity, their utility as potential drug leads is limited by high molecular
weight, low potency, poor solubility or other disadvantageous physicochemical properties.
The present study was performed within the framework of the Molecular Libraries Probe
Production Centers Network (MLPCN; http://mli.nih.gov/mli/mlpcn/) with the goal of
developing novel BIR2-selective probes. Herein we report the rational design and SAR of
low molecular weight tripeptide derivatives that bind to the BIR2 domain of XIAP with high
affinity. We further demonstrate that these small molecule probes are effective tools for
investigating the biology of XIAP in cells.

Monovalent Smac mimetics based on the AVPI tetrapeptide have previously been shown to
inhibit the interaction of XIAP with caspase-9 by binding to the XIAP BIR3 domain. For
our studies we used compounds exemplified by the structures shown in Fig. 1 as a starting
point and employed a rational design approach to investigate the structural requirements for
XIAP BIR2 vs. BIR3 domain potency.16

At the outset we developed a putative binding model based on the structures of 1a and 1b
(Fig. 2). Our approach consisted of retaining the common structural features of 1a and 1b,
namely the N-methyl alanine moiety at the P1 position and the proline residue at P3, while
investigating the effects of varying the P2 position and the C-terminal substituent. Thus, our
preliminary synthetic efforts were focused on: (1) investigating the optimal R and R*
substituents; and (2) studies to determine the effect of amino acid stereochemistry at the P2
and P3 positions on the potency of inhibitors at the BIR2 and BIR3 domains of XIAP.

The general procedure for the synthesis of analogues is summarized in Scheme 1.
Condensation of amino acid derivative 2 with proline derivative 3, followed by acidic
cleavage of the N-terminal Boc protecting group afforded dipeptide 4. Condensation of 4
with alanine derivative 5 followed by hydrogenolysis of the benzyl ester afforded tripeptide
acid 6. Finally, condensation of 6 with the appropriate amine followed by removal of the
Boc group provided the target XIAP inhibitors 7.7

All of the Smac mimetics synthesized were evaluated for their ability to bind the BIR2 or
BIR3 domains of XIAP by employing fluorescence-polarization (FP) competition assays.18
The results are expressed as competitive inhibition constants (K;), derived from the
corresponding 1Csq values by application of a mathematical equation developed by Wang
and coworkers.1®

In the initial phase of SAR studies we investigated the effects of different substituents at the
P2 position on BIR2 and BIR3 potency. The results are summarized in Table 1. The
previously reported compound 1al6a was synthesized and tested as a benchmark against
which the new analogues were compared. Incorporation of cyclohexyl, phenyl, benzyl or
ethyl as the R2 substituent provided compounds 8a—d which exhibited moderate affinity for
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BIR2 and good BIR3 binding affinity. A valine residue at the P2 position (8e) improved
potency against both BIR2 and BIR3. Compounds 8f-8h that incorporate an amino acid
with unnatural D stereochemistry were essentially inactive, demonstrating the importance of
employing amino acids with natural L stereochemistry at P1, P2 and P3. Other R?
substitutents such as /iso-butyl, sec-butyl or propylamide (compounds 8i-8k) did not
improve on the BIR2 potency exhibited by 8e with Val at P2.

We next investigated the effect of varying the C-terminal substituent (R*) on BIR2 and
BIR3 potency and selectivity. For this phase the P1-P2-P3 tripeptide was retained as
NMeAla-Val-Pro and the C-terminal was varied to determine the optimal R* substituent.
Compounds 9a—-9j were synthesized and their BIR2 and BIR3 potencies determined in the
FP assays (Table 2). The approximate BIR2:BIR3 selectivity for each compound is shown
as a ratio in the last column of Table 2.

As shown in Table 1, the benzylamine derivative 9a exhibited similar BIR2 and BIR3
potency (K; = 3.36 uM and 0.59 pM) to the benzhydryl derivative 8e, while the isomeric
pyridinylmethanamine derivatives 9b—9d were significantly less potent than 9a at both BIR2
and BIR3. However, despite the loss of potency, the BIR2 vs BIR3 selectivity ratio
improved to 1:1 for 9¢ and 9d. The effect of a tetrahydronaphthyl-1-amine R* substituent
was investigated in compounds 9e—9g by analogy to compound 1b. As expected based on
previous studies, these compounds exhibited good potency vs. BIR3, with 9f, containing the
R-tetrahydronaphthyl-1-amine isomer, being especially potent against BIR3 (K; = 0.055
UM). A breakthrough came when the tetrahydronaphthyl substituent was replaced with a 1-
naphthyl group, as in 9h. Compound 9h displayed a significant potency boost for BIR2
(BIR2 Kj = 0.44 uM) and was 3-fold selective (BIR3 Kj = 1.51 uM). Interestingly, the
quinolin-5-amine derivative 9i was less potent (BIR2 K; = 1.91 uM; BIR3 K = 12.71 uM)
but showed improved selectivity for BIR2 vs. BIR3 (7:1), suggesting that heteroatom
incorporation may favor BIR2 selectivity. A second breakthrough occurred in the form of
the phenylhydrazine derivative 9j. Thus, compound 9j was found to be potent (BIR2 K =
0.39 uM; BIR3 K = 1.08 uM) and three-fold selective for BIR2 vs. BIR3.

Based on the promising selectivity for BIR2 displayed by the quinoline derivative 9i we
synthesized a small library of tripeptide derivatives with heteroaromatic (quinoline,
isoquinoline or indole) C-terminal substituents. The structures and data for these analogues
are shown in Table 3. Several of these compounds, including 9k-n, showed good selectivity
for BIR2 although with lower overall potency at both BIR2 and BIR3. Other analogues,
such as 9p-r, exhibited good potency but were not as selective as 9i. However,
incorporation of an indole moiety at the C-terminal position provided a compound (9t20)
that was both 7-fold selective for BIR2 and retained potency (BIR2 K; = 0.74 pM).

Structural modeling of 9t on the BIR2 domain was performed based on binding modes
observed in BIR3/SMAC and BIR2 complexes®12 and suggests a basis for the properties of
the compound (Fig 3). Thus, compound 9t was first manually docked into the Smac-binding
pocket of BIR2 based on available BIR3-Smac and BIR2-Caspase-3 structures followed by
energetic minimization.2! The model suggests that BIR2 residues Lys 206 and GIn 197
contribute to the binding of the indole moiety of 9t which can readily be accommodated in
the P4 pocket. In this binding mode the aliphatic stem of Lys 206 is poised to assist binding
of the aromatic ring structure, while GIn 197 is positioned to form a hydrogen bond with the
indole nitrogen. Comparison to the equivalent surface on BIR3 indicates that in BIR3 Lys
206 is replaced by a Glycine and GIn 197 by a Lysine residue. The resulting pocket is
unlikely to accommodate the indole as favorably, accounting for the increased BIR2
selectivity of compound 9t.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2012 September 13.
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To assess the activity of the compounds in a relevant cellular context their ability to sensitize
TRAIL-resistant cells to apoptosis was investigated. Thus, MDA-MB-231 breast
adenocarcinoma cells were incubated with the respective compounds as described for 4 h
before adding varying concentrations of TRAIL for 20 h, at which time cell viability was
assessed.2? Both 9h (BIR2 selective) and 9f (BIR3 selective) showed strong TRAIL
sensitizing activity (Fig. 4). Compound 9j (BIR2 selective) showed a similar trend but was
slightly less potent at the concentration used. An LDsq value could not be achieved in MDA-
MB-231 cells with TRAIL alone but values of 12.2 ng/mL (0.68 nM), 11.3 ng/mL (0.63

nM) and 24.6 ng/mL (1.37 nM) were obtained with 5 uM 9h, 9f, and 9j, respectively. Most
interestingly, these compounds showed little to no toxicity as single agents (data not shown)
but rather sensitized the cells to TRAIL-induced apoptosis. Thus these agents are cell
permeable TRAIL sensitizing agents that may serve as potential lead compounds in the
search for clinically relevant drugs to circumvent TRAIL-resistant cancers.

In summary, using a rational design approach we have systematically optimized small
molecule monovalent Smac mimetics that inhibit XIAP by binding preferentially to the
BIR2 domain. Compounds 9h, 9j, and 9t bind to the BIR2 domain with submicromolar
affinities and are 3- to 7-fold selective for BIR2 over BIR3. In addition, the XIAP inhibitory
potency observed /n vitrotranslates into cell killing activity in breast cancer cells,
suggesting that these compounds are potentially useful tools for probing apoptosis signaling
pathways in cells. Further optimization of these compounds towards the discovery of potent
and selective drug-like analogues is currently in progress.
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The specific details of model-generation to illustrate the putative binding mode of compound 9t to
XIAP BIR2 are as follows. The experimental basis for the approach was the prototypical structure
of a Smac peptide (AVPI) bound to XIAP BIR312, and our previous crystal structure showing a
“Smac-like” binding of the N-terminus of caspase-3 from a crystallographic neighbor to the Smac
binding groove on XIAP BIR2 as described in ref. 8. The latter still represents the only
experimental structural data available for Smac-like binding by the XIAP BIR2 domain. The BIR
domains of both structures were overlaid using fitting algorithms from COOT and Pymol, which
resulted in an overlay of the P1-P3 residues of bound SMAC (AVP) and caspase-3 (SGV) of
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compound 9t onto BIR2 with backbone architecture and sidechain-like moieties of compound 9t
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orientation observed for the lle residue of AVPI. This procedure was followed by a final energetic
and geometrical minimization step using Phenix23Comparison of this model with AVPI and the
BIR3 SMAC binding groove pointed to a generally very similar putative binding of AVPI/
compound 9t between XIAP BIR2 and 3 but revealed a different binding pocket composition in P4
as described in the text and illustrated in Fig. 3
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Figure 1.
Examples of monovalent tripeptide XIAP BIR3 inhibitors.
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Figure 2.
Initial tripeptide binding model.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2012 September 13.



Gonzélez-Lopez et al. Page 9

Figure 3.
Model of compound 9t (magenta) bound to BIR2 (grey) with residues Lys 206 and GIn 197
depicted in yellow.
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Apoptosis in TRAIL-resistant cells sensitized with compounds 9f, 9hor 9j.
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Scheme 1.
General synthetic route for the synthesis of small molecule XIAP inhibitors. Reagents and

conditions: (a) EDC, HOBt, N-methylmorpholine, DMF (b) TFA, CH,ClI, (c) H,, Pd/C,
MeOH.
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Table 1

Binding affinities to BIR2 or BIR3 domains of XIAP for analogues 8a—8k

H O R2
Me/N\i)LN)ﬁ(N
Me H O

o N

H

OO

Cmpds. R? BIR2 BIR3
K, M@ Ki, pma

la Iso-propyl 1.36 (£ 0.02) 0.25 (= 0.03)
8a cyclohexyl 3.58 (£ 0.11) 0.66 (£ 0.11)
8b phenyl 8.06 (+ 0.28) 0.66 (+ 0.06)
8c benzyl 9.07 (£ 3.24) 1.05 (£ 0.31)
8d ethyl 3.12 (+ 0.69) 0.70 ( 0.01)
8e iso-propyl 1.84 (+ 0.96) 0.44 (£ 0.13)
8f iso-propyl? > 56 >39
89 iso-propyl© > 56 >39
gh iso-propyl? >56 29.88 (+0.17)
8i iso-butyl 1.67 (+0.11) 0.35 (+ 0.01)
8j sec-butyl 4.41 (+0.31) 0.80 (+ 0.01)
8k propylamide 2.33 (+0.45) 0.65 (+0.02)

a\/alues were determined in duplicate and reported as the Kj +, standard deviation which is given in parentheses.

bD valine at P2.
c .
D proline at P3.

dD alanine at P1.
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Table 2
Binding affinities to BIR2 or BIR3 domains of XIAP for selected tripeptide analogues 9a—9j

ITI @)
MG/N\)J\N N R4
H

I\élle O N’
o N
9 H

Cmpds. R4 BIR2 BIR3 BIR2
K;, M@ Ki, pM2 vs BIR3 Selectivity
9% NS 3.36(20.96)  0.59 (+0.03) 1:6
9b Xyt 9.70(132) 562 (x044) 1:2
9c Ny 1093 (£0.96)  8.18 (£ 0.45) 1:1
ad NI, 2007 (21.71)  26.15(0.96) 1:1
% _% 2.01(x0.16)  0.12 (£ 0.02) 1:17
of _f 137 (x0.11)  0.055 (+ 0.011) 1:25
9g T 497 (x0.04)  1.40(x0.22) 1:4
9h T 0.44 (£0.02)  1.51(+0.13) 3:1
9i T 191(x0.35)  12.71(+0.81) 7:1
M
9j ™ 0.39 (x0.17)  1.08 (0.06) 3:1

g

la\/alues are determined in duplicate and reported + standard deviation which is given in parentheses.
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Binding affinities to BIR2 or BIR3 domains of XIAP for selected heterocyclic analogues 9k-9t.

Table 3

Compds R4 BIR2 BIR3 BIR2 vsBIR3
K;, pM2 Ki, uM2 selectivity ratio
ok b “f% 7.20 (+1.06) 56.13 (+10.73) 8:1
i
al AT\%% 6.07 (£ 0.08)  37.06 (+ 7.88) 6:1
.’//‘x.“.”
9m m 494 (+0.15) 13.78 (+ 0.64) 3:1
N Me
9n N 2.55(+0.13) 1621 (+1.22) 6:1
o
% PN 140 (£0.10)  4.07 (£0.07) 3:1
9 (%% 129 (+0.05)  1.50 (+0.15) 1:1
e N
9q Mo 129(001) 054 (+0.01) 1:2
or |_“ N 0.99 (+0.08)  0.42 (+0.03) 1:2
9s T onome 475(x032)  6.10(x0.10) 1:1
e
9t Ay 0.74 (£0.08) 5.5 (£0.09) 7:1
|

aVaIues are determined in duplicate + standard deviation which is given in parentheses.

bln this case the residue employed at P2 was Abu instead of Val.
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