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Abstract
Two cyclopeptidic Smac mimetics, 2 and 3, were designed and synthesized. These two
compounds bind to XIAP and cIAP-1/2 with low nanomolar affinities, and restore the activities of
caspase-9 and caspase-3/-7 inhibited by XIAP. Compound 2 potently inhibits cancer cell growth
and is 5–8 times more potent than the initial lead compound.
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Apoptosis, or programmed cell death, is a cell suicide process essential for normal
development, host defense and suppression of oncogenesis.1 Dysfunction of apoptosis
machinery is a hallmark of cancer, and targeting key apoptosis regulators has emerged as an
attractive strategy for the development of new approaches to human cancer treatment.1

Inhibitors of apoptosis proteins (IAPs) are a class of key regulators of apoptosis
characterized by containing one to three baculoviral IAP repeat domains (BIRs).2 Eight
members of IAPs have been discovered. Of these, cIAP-1 and cIAP-2 inhibit tumor necrosis
factor mediated apoptosis,3 and XIAP binds to and inhibits the activity of three caspases, an
initiator caspase-9 and two effectors, caspase-3 and -7, thus blocking both the intrinsic and
extrinsic apoptotic pathways.4 XIAP, cIAP-1 and cIAP-2 have three BIR domains. While
the BIR3 domain of XIAP binds to initiator caspase-9, its BIR2 domain, together with the
linker preceding it, binds to the effectors caspase-3 and -7.5 Although the BIR3 domain of
cIAP-1 and -2 can also bind to caspase-9, biological studies indicate that they do not inhibit
the activity of this caspase.

Smac (second mitochondria-derived activator of caspase) is a potent and direct endogenous
inhibitor of IAPs.6 Structural and biological studies have shown that the interaction between
Smac and the IAPs is mediated by the BIR domain(s) in IAPs and the four amino acid
residues, AVPI, at the N-terminus of Smac.7 On one hand, Smac antagonizes cIAP-1 and
cIAP-2 by direct binding, followed by induction of their rapid degradation. On the other
hand, Smac blocks XIAP by concurrently binding to its BIR2 and BIR3 domains as a
homodimer, thus removing the ability of XIAP to inhibit caspases.8 Using Smac AVPI
peptide as a lead compound, a number of groups have designed and synthesized many
peptidic and non-peptidic Smac mimetics.9 In addition, a series of bivalent Smac mimetics
which mimic the interaction of dimeric Smac proteins with XIAP have been designed and
synthesized.10

*Corresponding author. shaomeng@umich.edu (S. Wang).

NIH Public Access
Author Manuscript
Bioorg Med Chem Lett. Author manuscript; available in PMC 2011 May 15.

Published in final edited form as:
Bioorg Med Chem Lett. 2010 May 15; 20(10): 3043–3046.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PSmac-21 (1, Fig. 1) is a cyclopeptidic Smac mimetic previously designed by our group.
Previous studies indicated that (N–Me)AKPF binds to XIAP BIR3 more effectively than the
Smac tetrapeptide, AVPI.11 In compound 1, two (N–Me)AKPF tetrapeptides are cyclized
through two amide bonds formed between the two Lys side chain amino groups and the
carboxylic acid groups in the two C-terminal Phe residues. The crystal structure of 1 in
complex with recombinant XIAP BIR3 protein has been determined11 and it was found that
two XIAP BIR3 protein molecules form a homodimmer with one molecule of 1. Because the
dimerization of XIAP BIR3 was not observed under a ligand free condition, we proposed
that it was induced by the binding of 1. Interestingly, while 1 can bind simultaneously to two
recombinant XIAP BIR3 protein molecules, it can also bind to both the BIR2 and BIR3
domains of recombinant XIAP, making it a very high-affinity inhibitor against XIAP.
Compound 1 is cell-permeable and effective in inhibition of cancer cell growth.11 These
data indicate that 1 is a promising lead compound for further optimization.

In this Letter, we report the design, synthesis and evaluation of two new cyclopeptidic Smac
mimetics, 2 (SM-162) and 3 (SM-163), in which two amide bonds in 1 were replaced with
two triazole structures, in an effort to reduce its peptidic characteristics.

The synthesis of compounds 2 and 3 is shown in Scheme 1. We use a ‘click reaction’ as the
key cyclization step instead of the macro cyclo-amidation reaction, which is used more
frequently for large cyclopeptides.12 The chiral amines 4a and 4b were prepared by reported
methods.13 Condensation of N-Boc-L-proline with 4a or 4b gave two amides 5a and 5b.
Removal of the Boc protecting group from these two amides followed by condensation of
the resulting ammonium salts with N-Boc-L-6-hydroxynorleucine yielded compounds 6a
and 6b. Condensation of L-proline benzyl ester hydrochloride (7) with N-Boc-L-6-
hydroxynorleucine afforded amide 8. Mesylation of the hydroxyl group in 8 followed by
substitution of the mesylate with sodium azide furnished compound 9. Cycloaddition of 6a
or 6b with azide 9 yielded 10a and 10b, respectively. Hydrolysis of the benzyl esters group
in 10a and 10b followed by condensation of the resulting acids with 4a and 4b, respectively,
afforded compounds 11a and 11b. Mesylation of the hydroxyl group in 11a and 11b and
subsequent substitution of the mesylates with sodium azide furnished 12a and 12b. Macro-
cyclization of 12a and 12b using ‘click reaction’ furnished the cyclopeptides 13a and 13b,
removal of whose Boc protecting groups followed by condensation of the ammonium salts
with N-methyl- N-Boc-L-alanine provided two amides. Finally, removal of the Boc
protecting groups gave compounds 2 and 3.14

Compounds 2 and 3 were tested for their binding affinities to recombinant XIAP and
cIAP-1/2 proteins in an FP-based binding assay using Smac-1F as a tracer.11 The results are
summarized in Table 1.

The binding curves of 1, 2 and 3 to XIAP protein containing linker-BIR2–BIR3 (L-BIR2–
BIR3) indicate that these compounds have two binding sites or modes (Fig. 2). Compound 2
has IC50 values of 0.43 and 28 nM, respectively, for the two sites, whereas compound 3 has
IC50 values of 1.3 and 1106 nM, respectively. In comparison, compound 1 has IC50 values
of 1.0 and 481 nM, respectively, for the two sites.

The weaker binding site may correspond to the BIR2 domain in XIAP, so we also
determined the binding affinities of 1, 2 and 3 to XIAP protein containing only linker-BIR2
(Table 1). In this assay, compounds 1, 2 and 3 have IC50 values of 53.9, 3.2, and 40.5 μM,
respectively. Hence, these data showed that the weaker binding site for these compounds is
not simply due to their interaction to XIAP BIR2. Further investigations are needed to define
precisely how these compounds interact with XIAP linker-BIR2–BIR3 protein.
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These three compounds also potently bind to cIAP-1 and cIAP-2 proteins (Table 1).
Compounds 1, 2 and 3 bind to cIAP-1 BIR3 protein with Ki values of 84, 11 and 161 nM,
respectively, and to cIAP-2 with Ki values of 292, 24 and 393 nM, respectively.

Taken together, our binding data thus showed that compound 2 in which R is a phenyl group
is much more potent than compound 3, in which R is a benzyl group. In fact, compound 2
also binds more potently than compound 1 to all the three IAP proteins.

We evaluated these three compounds for their ability to restore the activity of caspase-9 and
-3 inhibited by XIAP in cell-free caspase functional assays. A Caspase-Glo 9 assay kit
(Promega) was used in the caspase-9 assay and caspase-3 Fluorescent Assay kit (BD
Bioscience) in the caspase-3 assay. In the caspase-9 functional assay, XIAP protein
containing linker-BIR2–BIR3 dose dependently inhibits the activity of caspase-9, achieving
80% inhibition at concentrations of 500 nM. Each of the three compounds can dose
dependently restore the activity of caspase-9 (Fig. 3). While compounds 1 and 2 are equally
potent, compound 3 is less potent. At 500 nM and 1.5 μM, compounds 1 and 2 can restore
the caspase-9 activity by 40% and 60%, respectively. In a caspase-3 functional assay, 20 nM
of XIAP protein containing linker-BIR2–BIR3 can inhibit 90% of the enzymatic activity of
caspase-3 (Fig. 4). Compound 2 is the most potent compound in antagonizing XIAP and
restoring the activity of caspase-3. Compound 2 at 60 nM restores the activity of caspase-3
by 50% (Fig. 4). These functional data show that compound 2 is a potent XIAP antagonist.

One major goal in the design of compounds 2 and 3 is to reduce the peptidic nature of
compound 1 and to improve the cellular activity. These compounds were evaluated together
for their activity in inhibition of cell growth in the MDA-MB-231 breast cancer and SK-
OV-3 ovarian cancer cell lines, which are sensitive to Smac mimetics as single agents.
Although 3 is weaker than 1, compound 2 is 5–8 times more potent than 1 in inhibition of
cell growth in both cancer cell lines (Fig. 5). Compound 2 has IC50 values of 1.0 and 2.1
μM, respectively, in the MDA-MB-231 and SK-OV-3 cancer cell lines.

In summary, we designed two cyclopeptidic Smac mimetics, 2 and 3, from our previous lead
compound 1 by replacing two amide bonds with two triazole structures and efficiently
synthesized these using ‘click reaction’ as a key step for macrocyclization. Compound 2 is
more potent than compound 1 in binding to XIAP, cIAP-1 and cIAP-2 and in antagonizing
XIAP in cell-free caspase functional assays. Importantly, compound 2 is 5–8 times more
potent than compound 1 in inhibition of cell growth in two cancer cell lines. Taken together,
our data indicate that compound 2 represents a promising new lead compound for further
optimization toward the development of a new class of anticancer agents by targeting
multiple IAP proteins.
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50.32×2, 48.60×2, 47.25×2, 39.72×2, 31.70×2, 30.72×2, 29.81×2, 29.63×2, 25.01×2, 21.43×2,
16.31×2; ESI MS: m/z 985.5 (M+Na)+.
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Figure 1.
Design of cyclic Smac mimetics 2 and 3.
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Figure 2.
Binding curves of compound 1, 2 and 3 to XIAP protein containing linker-BIR2–BIR3.
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Figure 3.
Functional antagonism of Smac mimetics to XIAP-LB2B3 inhibition of caspase-9 activity.
500 nM of XIAP protein was used in the assay.
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Figure 4.
Functional antagonism of Smac mimetics to inhibition of caspase-3 activity by XIAP-linker-
BIR2–BIR3 protein. 20 nM of XIAP protein was used in the assay.
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Figure 5.
Cell growth inhibition of compounds 1, 2 and 3 in (A) MDA-MB-231 and (B) SK-OV-3
cancer cell lines. Cells were treated for 4 days and cell growth was determined using a
standard WST-8 assay.

Sun et al. Page 10

Bioorg Med Chem Lett. Author manuscript; available in PMC 2011 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Reagents and conditions: (a) N-Boc-L-proline, EDC, HOBt, N,N-diisopropylethylamine,
CH2Cl2; (b) (i) 4 N HCl in 1,4-dioxane, MeOH; (ii) N-Boc-L-6-hydroxynorleucine, EDC,
HOBt, N,N-diisopropylethylamine, CH2Cl2; (c) N-Boc-L-6-hydroxynorleucine, EDC,
HOBt, N,N-diisopropylethylamine, CH2Cl2, 87%; (d) (i) MsCl, N,N-diisopropylethylamine,
CH2Cl2; (ii) NaN3, DMF, 82% over two steps; (e) 6a or 6b, CuSO4, (+)-sodium L-
ascorbate, t-BuOH/H2O 1:1, 74%; (f) (i) H2, 10% Pd–C, MeOH; (ii) 4a or 4b, EDC, HOBt,
N,N-diisopropylethylamine, CH2Cl2; (g) (i) MsCl, N,N-diisopropylethylamine, CH2Cl2; (ii)
NaN3, DMF, 82% over two steps; (h) CuSO4, (+)-sodium L-ascorbate, t-BuOH/H2O 1:1; (i)
(i) 4 N HCl in 1,4-dioxane, MeOH; (ii) N-methyl-N-Boc-L-alanine, EDC, HOBt, N,N-
diisopropylethylamine, CH2Cl2; (iii) 4 N HCl in 1,4-dioxane, MeOH; compound 2: 79%
over three steps, compound 3: 72% over three steps.
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