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Putative dual action compounds (DACs 3a–d) based on azabicyclo[5.3.0]decane (ABD) Smac mimetic
scaffolds linked to Zn2+-chelating 2,20-dipicolylamine (DPA) through their 4 position are reported and
characterized. Their synthesis, their target affinity (cIAP1 BIR3, Zn2+) in cell-free assays, their pro-apop-
totic effects, and their cytotoxicity in tumor cells with varying sensitivity to Smac mimetics are described.
A limited influence of Zn2+ chelation on in vitro activity of DPA-substituted DACs 3a–d was sometimes
perceivable, but did not lead to strong cellular synergistic effects. In particular, the linker connecting
DPA with the ABD scaffold seems to influence cellular Zn2+-chelation, with longer lipophilic linkers/
DAC 3c being the optimal choice.

� 2017 Published by Elsevier Ltd.
Multiple pathophysiological mechanisms are connected with
the development and the progression of cancer.1 The ability of
cancer cells to develop resistance to chemotherapeutics and tar-
get-directed therapies2 demands for more effective treatments.3

A dual action compound (DAC) should interfere with two validated
mechanisms against cancer, and should thus increase efficacy and
minimize resistance.4

Smac-DIABLO is a mitochondrial protein with multiple
pro-apoptotic effects in cancer cells. It binds to inhibitor of
apoptosis proteins5 (IAPs), frees caspases-3, -7 and -9,6 and induces
degradation of cellular IAPs (cIAPs).7 Zinc ions show anti-apoptotic
effects in cancer cells. They prevent the autocatalytic conversion of
procaspase-3 to active caspase-3 by interaction with its ‘‘safety
catch” DDD sequence,8 and their chelation causes serine
protease-dependent depletion of anti-apoptotic X-linked IAP
(XIAP).9

Substituted azabicyclo[5.3.0]decane Smac mimetics (ABDs) are
potent, cytotoxic Smac mimetics targeted against IAPs.10 Positions
4 and 10 of their bicyclic core (Fig. 1) can be substituted to increase
their IAP affinity, and their drug-like profile.11 We reasoned that
zinc depletion by Zn2+-chelating DACs built around ABDs
should cause synergistic pro-apoptotic effects. We reported12

4-amidoalkyl ABDs substituted in position 10 with a Zn2+-chelating
moiety (i.e., 2,20-dipicolylamine, DPA in 1, Fig. 1). A (S)-PheGly
linker connected DPA with Smac mimetic ABD scaffolds (i.e.,
4-benzamidomethyl Smac mimetic 2,11 Fig. 1).

10-Connected Smac mimetic- Zn2+-chelator DACs showed
cell-free potency against IAPs and Zn2+-chelating properties. Their
cytotoxicity was moderate, and Zn2+ chelation-dependent
effects in cellular assays were not observed.12 We then targeted
DPA-containing, ABD-based DACs connected through position 4,
bearing an IAP affinity-best diphenylmethylamide substitution in
position 10 (generic structure 3, Fig. 2). In particular, we aimed
to evaluate the influence of the linker between DPA and ABD scaf-
folds on cell-free properties, on biological activity and bioavailabil-
ity in cancer cells.

Our synthetic strategy required access to gram quantities
of N3-Boc-protected 4-amino-10-diphenylmethylamido ABD 4
(Scheme 1). We optimized its synthesis from tricyclic butyl ester
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Fig. 1. Structure of ABD-based compounds 1 and 2.
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5,11 available in large quantity in our lab, by improving yields and
simplifying known experimental protocols.11 Scheme 1 shows the
10-step optimized synthesis of amine 4 in an overall �20% yield
from 5.

We selected N,N-bis(2-pyridinylmethyl)glycine 6 as a key
DPA-containing synthon (boxed structure, Fig. 3), and we coupled
it to key Smac intermediate 4 either as such (compound 3a,
LINKER = CH2, ‘‘no linker”) or through three linkers with varying
length and lipophilicity. Namely, b-alanine (compound 3b,
LINKER = CH2CONH(CH2)2, ‘‘short lipophilic”), 11-aminounde-
canoic acid (compound 3c, LINKER = CH2CONH(CH2)10, ‘‘long
lipophilic”), and 8-amino-3,6-dioxaoctanoic acid (compound 3d,
LINKER = CH2CONH(CH2)2O(CH2)2OCH2, ‘‘hydrophilic”) were used
respectively as short lipophilic, long lipophilic and long hydrophilic
linkers (Fig. 3).
Please cite this article in press as: Manzoni L., et al. Bioorg. Med. Chem. Lett. (
DPA-containing synthon 6 was prepared following a published
procedure.13 Nucleophilic substitution on DPA 7 with ethyl
2-chloroacetate 8 in mild conditions (step a, Scheme 2) led to ester
9, then hydrolyzed in aqueous KOH and neutralized (step b) to acid
6 in a good, overall �60% yield. Coupling of carboxylate 6 with
amine 4 in basic peptide coupling conditions (step c) led to
N-Boc-protected 10a, that was then deprotected in acidic condi-
tions, yielding target ‘‘no linker” DAC 3a (step d, Scheme 2) in a
good �76% yield from 4.14

We reasoned that time- and cost-expensive amine 4should be
used as late as possible in a synthetic scheme, to minimize its con-
sumption. Thus, target DACs 3b and 3c, where the Zn2+-chelating
moiety and the Smac mimetic portion are connected by lipophilic
linkers, were prepared by coupling of pre-formed acid DPA-linker
constructs 11a,b with amine 4 (Scheme 3). Commercially available
2017), http://dx.doi.org/10.1016/j.bmcl.2017.04.032
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Scheme 1. Synthesis of key Smac amino ABD intermediate 4.
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b -alanine 12a and 11-aminoundecanoic acid 12b were esterified
in acid conditions (step a, Scheme 3). Aminoesters 13a15 and
13b16 were acylated with bromoacetylbromide in mild basic con-
ditions (step b). Nucleophilic substitution of DPA 7 with bro-
moesters 14a17 and 14b16 (step c) led to methyl ester DPA-linker
constructs 15a, b. Aqueous basic hydrolysis (step d) led to target
acid DPA-linker constructs 11a, b with moderate (11b, �21%) to
good (11a, �44%) un-optimized overall yields from aminoacids
Please cite this article in press as: Manzoni L., et al. Bioorg. Med. Chem. Lett. (
12a, b. Coupling of acid DPA-linker constructs 11a, b with amine
4 in basic peptide coupling conditions (step e) led to N-Boc-pro-
tected 10b, c, that were then deprotected in acidic conditions,
yielding target DACs 3b, c (step f, Scheme 3) in a moderate (‘‘long
lipophilic” 3c,18 �27%) to good (‘‘short lipophilic” 3b,14 �66%) un-
optimized overall yields from 4.

The synthesis of DAC 3d, connected by a hydrophilic linker, took
advantage of the commercial availability of N-CBz protected
2017), http://dx.doi.org/10.1016/j.bmcl.2017.04.032
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Fig. 3. Structure of DPA-containing synthon 6, and of 4-connected, ABD-based DACs 3a–d.
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aminoacid 16 (Scheme 4). Its coupling with amine 4 in basic
peptide coupling conditions (step a) led to N-protected linker-
Smac construct 17. Deprotection of 17 in hydrogenolytic condi-
tions (step b) produced the free amino construct 18, that was then
coupled with the DPA-containing synthon 6 in basic peptide
coupling conditions (step c). Acidic deprotection of compound 19
(step d, Scheme 4) yielded target ‘‘hydrophilic” DAC 3d in a mod-
erate, un-optimized �31% overall yield from 4.14

We measured the affinity of 10-connected DAC 1, of 4-con-
nected DACs 3a-d, and of standard 4-benzamidomethyl Smac
mimetic 211 for the BIR3 domain of cIAP1 (Table 1, column 2),
using a fluorescence polarization-based assay.19

The low nM affinity of Smac mimetics such as 2 is maintained
either by 10-connected and 4-connected DACs (Table 1). The small
decrease in affinity observed for lipophilic 3c may be due either to
a limited hindrance caused by its long lipophilic linker, or to
aspecific aggregation of the more lipophilic DAC. Nevertheless,
the addition of a Zn2+ chelating moiety at either the 10- or the
4-position of ABD-based DACs does not impair their Smac mimetic
nature.
Please cite this article in press as: Manzoni L., et al. Bioorg. Med. Chem. Lett. (
We determined the effects of compounds 1, 3a–d and 2 on
apoptosis-connected cellular processes. Western blots from sensi-
tive (MDA-MB231) and Smac mimetic-resistant breast carcinoma
tumor cell lines (MDA-MB453) are respectively shown in Figs. 4
and 5.

Effects on cIAP1 degradation in Smac mimetic-sensitive
MDA-MB231 cells are shown on lane 1, Fig. 4. cIAP1 degradation
was almost complete for 10-connected DAC 1, still significant for
4-connected DACs 3a–c and standard 2, and lower for 4-connected
DAC 3d, possibly due to limited cell permeability. The activation of
apoptosis, quantified through the cleaved forms of caspase-3 (lane
4) and PARP proteins (lane 3), was stronger for 4-connected
DACs 3a and 3c and standard 2, still significant for 4-connected
DAC 1, and limited for 4-connected DACs 3b and 3d. Cellular
pro-apoptotic effects could be influenced by cell permeability
and linker length/lipophilicity. The levels of XIAP (lane 2, Fig. 4)
should mirror putative Zn2+ chelation-mediated effect of DACs on
XIAP degradation. Compound 3c showed significant XIAP degrada-
tion, while other compounds did not affect XIAP degradation. We
hypothesize that a long lipophilic linker may be needed to exert
2017), http://dx.doi.org/10.1016/j.bmcl.2017.04.032
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Scheme 2. Synthesis of DPA-containing acid 6, and of 4-connected, ABD-based DAC 3a.
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cellular pro-apoptotic Zn2+-chelation, possibly to elongate DPA
away from bulky ABD scaffold (no/short linker-containing 3a,b:
inactive).

Effects on Smac mimetic-resistant MDA-MB453 cells (Fig. 5) are
weaker, and sometimes different from the ones observed on MDA-
MB231 cells. 10-Connected DAC 1 and standard 2 did not show any
pro-apoptotic effect in MDA-MB453 cells. 4-Connected DACs 3a–d
caused cIAP1 degradation (lane 1, Fig. 5), but did not activate
caspase-3 or PARP (lanes 3 and 4). Lipophilic compound 3c shows
limited XIAP degradation; hydrophilic 3d shows a slightly higher
XIAP degradation (lane 2). The pro-apoptotic activity on MDA-
MB453 of 3d vs. its inactivity on MDA-MB231 cells may be the
result of different permeability-availability for hydrophilic com-
pounds in the two cell lines.

We then determined the cytotoxicity of compounds 1, 2 and
3a–d on the same cell lines (lanes 3 and 4, Table 1) after 24 h
exposure. The inhibition curves of compounds 1, 3a-d and 2 on
MDA-MB231 cells are shown in Fig. S1, Supporting Information.
Please cite this article in press as: Manzoni L., et al. Bioorg. Med. Chem. Lett. (
Good cytotoxicity (�5 lM) could not be observed with 10-
connected DACs12 such as 1 on Smac mimetic-sensitive MDA-
MB231 cells. Conversely, in agreement with pro-apoptotic
effects shown in Fig. 4, compounds 3a and in particular 3c
showed good cytotoxicity. As to the latter, we suggest better
cell permeability and better Zn2+ accessibility for the DPA moi-
ety due to the long lipophilic linker as reasons for its sub-
micromolar cytotoxicity on MDA-MB231 cells. Unfortunately,
none among tested DACs showed cytotoxicity against MDA-
MB453 cells. We suggest that observed effects on cIAP1 and
XIAP degradation by DACs 3a, 3c and 3d are not strong enough
to induce significant cytotoxicity on Smac-resistant MDA-MB453
cells.

We examined the Zn2+ chelating ability of DACs 3a–d, and of
DPA 7 by fluorescence spectroscopy. Changes in their emission
spectra in presence of increasing amounts of Zn2+ were measured
by excitation at 273 nm (3a–d) or at 270 nm (7), using a published
protocol.12 The fluorescence titration of 3c is shown in Fig. 6,
2017), http://dx.doi.org/10.1016/j.bmcl.2017.04.032
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Scheme 3. Synthesis of acid DPA-linker constructs 11a, b, and of lipophilic 4-connected, ABD-based DACs 3b, c.
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while the others are shown in Figs. S2–S5, Supporting
Information.

4-Connected DACs 3a-d chelate zinc ions similarly to
10-connected DACs,12 likely through the DPA moiety. A 1:1
Zn2+-DAC stoichiometry was observed for each compound. Thus,
the differences observed among compounds 3a-d in terms of
Zn2+ chelation-dependent biological effects (degradation of XIAP,
Please cite this article in press as: Manzoni L., et al. Bioorg. Med. Chem. Lett. (
lane 2, Figs. 4 and 5) might be ascribed to in cellulo availability of
their DPA moiety.

In conclusion, we attached DPA onto the ABD scaffold through a
4-methylamido substituent, using linkers with varying length and
lipophilicity. Pro-apoptotic DACs 3a-d act as Smac mimetics, and
show limited, cell-dependent synergistic effects in cellular assays
(lipophilic 3c in MDA-MB231 cells, hydrophilic 3d in MDA-
2017), http://dx.doi.org/10.1016/j.bmcl.2017.04.032
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Table 1
cIAP1 binding (cell free), cytotoxicity on MDA-MB231 and MDA-MB453 cells.

Compound cIAP1, IC50
a MDA-MB231, IC50

b MDA-MB453, IC50
b

112 1.09 14.9 >25
2 1.42 4.1 >25
3a 1.52 6.5 >25
3b 1.35 >25 >25
3c 6.08 0.97 >25
3d 1.66 >25 >25

a nanomolar affinity.
b IC50, micromolar, measured by CellTiter-Glo (Promega).
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Please cite this article in press as: Manzoni L., et al. Bioorg. Med. Chem. Lett. (
MB453 cells). In particular, compound 3c is the first ABD-based,
DPA-containing DAC reaching sub-micromolar cytotoxicity on
MDA-MB231 cells.

We will continue our investigation on Smac mimetic – Zn2+

chelator DACs by further studying the cellular effects possibly
attributable to Zn2+ chelation by compounds 3c,d; and by studying
the influence of other Zn2+ chelating moieties on cytotoxic potency
and cellular permeation of novel Smac mimetic-Zn2+-chelator
DACs. Results will be reported in due time.
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10 eqs.) was added to a stirred solution of DPA-linker acid construct 11b
(87 mg, 0.20 mmol, 1.95 eqs.), EDC�HCl (37 mg, 0.2 mmol, 1.95 eqs.) and HOBt
(26 mg, 0.2 mmol, 1.95 eqs.) in dry CH2Cl2 (2.1 mL) under nitrogen. After
20 min, a solution of amine 4 (66 mg, 0.102 mmol, 1 eq.) in dry CH2Cl2 (3.0 mL)
was added. The reaction mixture was stirred at rt for 22 h (TLC monitoring,
eluant: 9: 1 CH2Cl2/MeOH). The reaction was quenched with saturated aqueous
NH4Cl (25 mL). The organic phase was washed with saturated aqueous NH4Cl
(25 mL), saturated aqueous NaHCO3 (25 mL) and brine (30 mL). The organic
phase was dried with Na2SO4, filtered and the solvent was removed under
reduced pressure. The crude product (95 mg) was purified by reverse phase
flash chromatography (eluant: from 90:10 H2O/MeCN to pure MeCN), yielding
pure compound 10c (45 mg, 0.0438 mmol, 42% yield) as a white solid.
‘‘Long lipophilic” 3c. TFA (0.20 mL, 0.863 mmol, 20 eqs.) was added to a
solution of compound 10c (45 mg, 0.0434 mmol, 1 eq.) in CH2Cl2 (0.5 mL). The
reaction mixture was stirred for 4 h at rt (TLC monitoring, eluant: 9:1 CH2Cl2/
MeOH). The solvent was then removed under reduced pressure, repeatedly
stripping the residue with toluene aliquots. The residue was then dried under
vacuum yielding 0.043 g of crude solid, that was purified by reverse phase
HPLC (eluant: 90:10 H2O/MeCN to 20:80 H2O/MeCN). Pure ‘‘long lipophilic” 3c
was obtained as a white solid (40 mg, 0.029 mmol, 67% yield).
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