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Graphical Abstract

- Synthesis of a focused chemical library (12 members) - Rational through molecular
- Cytotoxicities studies against a panel of 7 cancer cell lines modelling studies
- Involvment in PUMA-BCL-xL interaction by BRET

Highlights: in this paper, we report:

- Design and synthesis of a library of piperidine-triazole hybrids with new aryl-isoxazole side
chains,

- Study of their cytotoxicity against seven representative cancer cell lines,
- BRET studies on the best molecule, to demonstrate its implication in PUMA-BCL-xL interaction,

- Arationale to these results through extensive molecular modelling calculations.

Keywords:
- Cancer
- Protein-protein interactions
- PUMA (p53 upregulated modulator of apoptosis)
- Bcl-xL (B-cell ymphoma-extra large)
- BRET (Bioluminescence Resonance Energy Transfer)

- Molecular modelling

Abstract

A small library of new piperidine-triazole hybrids with 3-aryl isoxazole side chains has been designed
and synthesized. Their cytotoxicity against a panel of seven cancer cell lines has been established. For
the most promising compound, an ICsq value of 3.8 uM on PUMA/Bcl-xL interaction in live cancer cells
was established through BRET analysis. A rationale was proposed for these results through complete

molecular modelling studies.



The world is regularly faced to new diseases, such as the recent SARS-CoV-2 pandemy. However, at
the same time, other diseases continue to develop and cancer in particular remains a leading cause of
death worldwide, accounting for nearly 10 million deaths in 2020.* One of the hallmarks of cancer is
the evasion of apoptosis,? therefore the discovery of molecules able to counteract this effect is a very
active area of research.> Apoptosis is ruled by numerous protein interactions mostly involving
members of the BCL-2 family. Of these, the interaction which engage PUMA and BCL-xL has recently
been described to be critical in some cancers, wherein BCL-xL is frequently overexpressed and promote
resistance to conventional chemotherapy.* Thus, the tight sequestration of PUMA by BCL-xL favors the
resistance of cancer cells to many apoptotic triggers.> The molecular interface of this interaction is
defined by the BH3 (BCL2-Homology-Domain-3) binding groove, a shallow groove at the surface of BCL-
XL, and the BH3 domain of PUMA, a consensus domain shared by BCL2 family members. This domain
fits the binding groove with more affinity than other BH3 domains defined within pro-apototic proteins,
thereby driving the strong resilience of this interaction.> Inhibitory compounds targeting specifically
the binding groove of BCL-xL have been designed, but until recently, the binding of PUMA to BCL-xL
was unaffected by these molecules. In our recent publication however, we reported the first molecule
X that was able to perturb BCL-xL/PUMA interaction. It seems to proceed originally, through an
increase of PUMA intrinsic instability, and we have proposed a new mechanism for this action based
on extensive molecular docking and molecular dynamic studies.®

The proposed binding mode for this triazole-hybrid type molecule’, X shown in Figure 1, suggests that
the inhibitor could be further improved by extending beyond its current site. Actually, the location of
the benzylic position suggests the possibility of reaching PUMA’s crevice. Toward this goal, we have
designed a novel generation of inhibitors. This new chemotype Y (Fig. 1C) bears two modifications of
the molecule X: (i) the incorporation of bulky heteroaromatic groups (phenyl-isoxazoles) in order to fill
partially the large PUMA cavity with a balanced hydrophobicity, since the pocket is solvent exposed,
(ii) replacement of the methylene linker between the triazole and the phenyl group in X by a more

flexible ethylene to facilitate a correct orientation of the phenyl-isoxazoles unitsin Y.
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Fig. 1A: Binding mode of the first generation compound X in BCL-xL, as suggested by previous molecular
simulations.® Several important residues are labelled, and PUMA binding crevice is illustrated as white
dotted line. Fig. 1B NMR-based structure of BCL-xL/PUMA complex, in the same orientation B
(PDB:2M04).2 PUMA is shown as a yellow a-helix. Fig. 1C Proposed transition from the first generation

compound X to the second series Y.

The purpose of this paper is first to report the synthesis of a focused library (with 12 members) of such
type-Y molecules. Next, these compounds will be evaluated on cytotoxic studies, using a
representative panel of seven cancer cell lines. Finally, for the best compound, the precise involvement

of BCL-xL/PUMA interaction will be checked by BRET and molecular modelling experiments.



The synthesis (Scheme 1) starts from propargylic alcohol 1, easily available from p-bromo
benzaldehyde.® Then, «click reaction»® with the, known,!! piperidinoazide 2 gave in good yield the
triazole 3. After propargylation of the alcohol, followed by the deprotection of the N-Boc group, the
intermediate aminopiperidine 4 was obtained. After reaction with p-nitrobenzyl bromide, the key
intermediate 5 was obtained in 4 steps and 17% overall yield from 1. A final classical 1,3 dipolar
cycloaddition of alkyne 5 with the nitrile-oxides obtained from chloroximes 7,'%¢ gave the target
molecules 6a-6l in moderate to good yields (Table 1). All these molecules have spectral and analytical

data in agreement with their structures (see experimental section and supplementary information).
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Scheme 1. Synthesis of compounds 6a-6l. Reagents and conditions: (i) 2, CuSO,5H,0, sodium ascorbate, -BuOH: H,O, rt, 16h
(68%); (ii) Propargyl bromide,NaOH:DCM,TBAI, rt 18h; (iii) TFA, DCM, rt, 18h; (iv) 4-nitrobenzyl bromide, Et;N, DCM, 40 ‘C, 16h
(40.4%); (v) 7, Et3N, THF, reflux (24-65%).



Table-1 Synthesis of the target molecules 6a-6l.

Entry | Compound R % Yield
1 6a H 65
2 6b 4-Br 63
3 6¢ 4-F 57
4 6d 4-OMe 51
5 6e 4-CN 25
6 6f 3-Br 55
7 6g 3-F 52
8 6h 3-OMe 24
9 6i 3-CN 30
10 6j 2-Br 62
11 6k 2-F 32
12 6l 2-OMe 26

We performed a cytotoxicity screening of the twelve molecules 6a-6l, investigating seven
representative cancer cell lines. The compounds effect on cell viability was evaluated on hepatocellular
carcinoma Huh-7, colorectal adenocarcinoma CaCo2, colorectal carcinoma HCT-116, breast carcinoma
MDA-MB 231, breast carcinoma MCF7, prostate carcinoma PC3 and lung carcinoid NCI-H727). Human
skin fibroblasts (Fibro) were used as reference for non-tumor cells with Roscovitine and Doxorubicin
as positive controls. After 48 h treatment with the new molecules, cells were fixed and the nuclei were

stained with Hoechst 33342, and counted using HCS technology (Table 2).

The determination of ICsgindicated:
- significant cytotoxicities on three cell lines:
o HuH7 for all molecules except 6j,
o CaCO02 for all compounds except 6l,
o MCF7 for all derivatives except 6a.

- mixed activities on two cell lines MDA-MB468 and PC3,



- aselective cytotoxicity on two cell lines: in the case of MDA-MB-231 and HCT 116, only 6g and

6k exhibit potent cytotoxicities.

Alltogether, these results indicate that two most potent derivatives are 6g and 6k. However, the first
exhibited cytotoxicity for both normal and cancerous cells while the second 6k exhibited cytotoxicity

only for cancer cell lines and not for fibroplasts. Therefore, this last derivative was identified as the

most promising molecule and has been considered for further studies.

Table 2. Cytotoxic studies (ICs, determination) of the molecules 6.[

HuH7 CaCo-2 | MDA-MB-231 | MDA-MB-468 |[HCT116] PC3 MCF7 Fibro
150 pM | Te50 uM Ie50 pM Tc50 pM Ic50 pM | Te50 pM | TeS0 pM | Te50 pM

DMSO >25 >25 >25 >25 >25 >25 >25 0.07
Roscovitine 9 14 17 18 9 1 9 15

Doxorubicine 0.02 0.05 0.04 0.06 0.08 0.08 0.10 0.02

6a 7 7 >25 3 >25 >25 >25 >25

6b 2 3 >25 5 >25 >25 4 >25

6c 2 3 >25 4 >25 >25 7 >25

6d 2 3 >25 9 >25 2 4 >25

6e 5 2 >25 5 >25 3 3 >25

6f 3 5 >25 >25 >25 >25 6 >25
6g 3 5 5 3 6 9 8 10

6h 5 5 >25 >25 >25 >25 7 >25

6i 3 3 >25 >25 >25 >25 2 >25

6j >25 3 >25 >25 >25 >25 6 >25

6k 2 4 4 4 9 6 8 >25

6l 5 >25 >25 >25 >25 >25 3 >25

[al|1Cs, determination of molecules 6 effects on seven representative tumor cell lines and normal Human fibroblast. ICs, (M) were calculated from

dose-response curves after 48 h exposure (mean of triplicates).




To confirm that the mechanism of action of our novel derivative was still that of the parent molecule,
i.e. perturbation of BCL-xL / PUMA interaction, we performed BRET experiments with the most active
compound 6k.

Dose responses experiments were performed on MCF7 cell line using A1331852 (Abbvie), a well-
known specific antagonist of BCL-xL, as positive control. Due to its poor cytotoxic activity on MCF7
cells, 6a was used as negative control. Cells were treated overnight with 20 uM of each molecule before
being analyzed for their energy transfer ability. Results indicate that 6k has a reproducible effect on
the interaction and diminishes the BRET ratio between PUMA and BCL-xL by almost 10% (Fig. 2a). A
dose response curve for 6k was then established which evaluated the IC5y of the molecule at 3.8 uM,
close to the ICs found for its cytotoxic effects (Fig. 2b). This value is also very similar to the value

obtained for the reference molecule X (3uM).

a) b)
1.2+ 150
o 107 T S 100- .
e s
h 0.8- £
& a e 50-
0.6 L
0.1
oo LML 0lt—= .

1
& 6a 6k 1 10 100
N
o Log10[pM]
K
v.

Figure 2 a): BRET studies on molecules 6a and 6k: BRET based dose response curve of compound 6k
on PUMA/Bcl-xL interaction in live cancer cells. A1331852 was used as a reference antagonist for Bcl-

xL.



Molecular docking of the novel molecules showed that they retain the parent molecule binding mode.
Key interactions persist, such as a salt bridge between the piperidine and E96, n-stacking with Y195
and W137 (Fig. 3). As expected, the additional phenyl isoxazole engages into the PUMA’s crevice where
it forms additional contacts. The isoxazole is sandwiched between sidechain of L99 and backbone of
D133. The phenyl is packed with backbone of R132 and L130. Interestingly, its 2-fluoro substituent
forms a halogen bond with D133, in agreement with the general higher cytotoxicity of 6k as compared
with the non-halogenated analogue 6a. Further, molecular dynamic experiment have been performed

and they confirmed the relevance of the selected pose (Sup Information; Fig. 1).

Fig. 3: Proposed binding mode of the new molecule 6k. Important residues are labelled, and PUMA
binding crevice is illustrated as white dotted line.

In summary, based on our recent discovery of the first small organic molecule X able to perturb PUMA
from BCL-xL, we have designed and synthesized a dozen of new piperidine-triazole hybrids with 3-aryl
isoxazole side chains. Cytotoxicity studies identified one of them 6k as the most attractive derivative
with a high activity against a representative panel of seven cancer cell lines. Further, studies by BRET
confirmed that this molecule was also active in displacing PUMA from BCL-xL. Extensive molecular
modelling studies indicated that the new side chain with the aryl isoxazole moiety should partly fill the

BCL-xL groove where PUMA is binding. Thus, corresponding data allowed us to propose a rationale for



the activity of this new molecule and confirm the potentialities of this family of compounds towards

perturbation of the strong PUMA-BCL-xL interaction.

Declaration of Competing Interest

The authors declare no conflict of interest.

Acknowledgements

We thank Chemveda Life Sciences for providing laboratory facility for carrying these research
experiments. This research has been performed also as part of the Indo-French “Joint Laboratory for
Natural Products and Synthesis towards Affordable Health”. We thank CSIR, CNRS and University of
Rennes 1 for their support. We thank CRMPO (University of Rennes 1) for the mass spectra analysis.
Financial support by the “Ligue contre le Cancer, Conseil Interrégional Grand Ouest” is gratefully
acknowledged. We thank Osmania University for the financial assistance under UGC-UPE FAR, SAP,
OU-DST PURSE-II Programme, sanction letter no. C-DST-PURSE-11/15/2019.

Supplementary data

Supplementary data to this article (Complete experimental procedures and analytical data plus
copies of the NMR spectra) can be found online at https:

References

1- Ferlay J, Ervik M, Lam F, Colombet M, Mery L, Pifieros M, et al. Global Cancer Observatory:
Cancer Today. Lyon: International Agency for Research on Cancer; 2020

(https://gco.iarc.fr/today, accessed February 2021).

2- D. Hanahan, R. A. Weinberg, Hallmarks of cancer: the next generation. Cell 2011;144:646-674.

10


https://gco.iarc.fr/today

3-

10-

For selected recent reviews see: (a) M. J. Roy, A. Vom, P. E. Czabotar, G. E. Lessene, Cell death
and the mitochondria: therapeutic targeting of the BCI-2 family-driven pathway. Brit. J.
Pharmacol. 2014;171:1973-1987; (b) J. Belmar, S. W. Fesik, Small molecule Mcl-1 inhibitors for
the treatment of cancer. Pharmacol. & Therapeutics 2015;145:76-84; (c) E. J. Hennessy,
Selective inhibitors of Bcl-2 and Bcl-x.: Balancing antitumor activity with on-target toxicity.
Bioorg. Med. Chem. Lett. 2016;26:2105-2114; (d) J. L. Yap, L. Chen, M. E. Lanning, S. Flechter,
Expanding the cancer arsenal with targeted therapies: disarmament of the antiapoptotic Bcl-
2 proteins by small molecules. J. Med. Chem. 2017; 60:821-838; (e) A. Ashkenazi, W. J.
Fairbrother, J. D. Leverson, A. J. Souers, From basic apoptosis discoveries to advanced selective
BCI-2 family inhibitors. Nat. Rev. Drug Discov., 2017;16:273-284 and references cited therein.
J. Pécot, L. Maillet, J. Le Pen, C. Vuillier, S. C. Trécesson, A. Fétiveau, K. A. Sarosiek, F. J.
Bock, F. Braun, A. Letai, S. W. G. Tait, F. Gautier, P. P. Juin, Tight sequestration of BH3
proteins by Bcl-xL at subcellular membranes contributes to apoptotic resistance. Cell Rep.
2016;17:3347-3358.

B. Ku ,C. Liang, J. U., B. H. Oh, Evidence that inhibition of Bax activation by BCI-2 involves its
tight and preferential interaction with the BH3 domain of Bax. Cell Res. 2011;21:627-641.
A.V.Ramana Murthy, V. Narendar, N. Sampath Kumar, PL Aparna, A. K. D. Bhavani, F. Gautier,
S. Bartillé-Nion, P. Juin, P. Mosset, R. Grée, N. Levoin, Targeting PUMA-Bcl-xL interaction by
new specific compounds to unleash apoptotic process in cancer cells. Eur. J. Med. Chem. 2019;
162:334-347.

For a recent review on this topic, see: Z. Xu, S-J. Zhao, Y. Liu, 1,2,3-triazole-containing hybrids
as potential anticancer agents: current developments, action mechanisms and structure-
activity relationships, Eur. J. Med. Chem.2019;183;11700 and references cited therein.

A. V. Follis, J. E. Chipuk, J. C. Fisher, M. K.Yun, C. R.Grace, A. Nourse, K. Baran, L. Ou, L. Min, S.
W. White, D. R. Green, R. W. Kriwacki, PUMA binding induces partial unfolding within BCL-xL
to disrupt p53 binding and promote apoptosis, Nat. Chem. Biol. 2013;9;163-168

(a) X. Ma, J-X. Wang, S. LI, K-H. Wang, D. Huang, One-pot, solvent-free regioselective addition
reactions of propargyl bromide to carbonyl compounds mediated by Zn-Cu couple Tetrahedron.
2009;65:8683-8689; (b) P. Ghosh, A. Chattopadhyay, A practical procedure of propargylation
of aldehydes. Tetrahedron Lett. 2012;53:5202-5205; (c) X. Ma, S. Li, S. Devaramani, G. Zhao, D.
Xu, One-pot, regioselective synthesis of propargylic alcohols by the Mg-mediated reaction
under solvent-free conditions. Lett. Org. Chem. 2020;17:438-442.

For a general review on click chemistry see: (a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Click
Chemistry: diverse chemical function from a few good reactions. Ang. Chem. Int. Ed.

2001;40:2004-2021; see also: (b) V. V. Rostovtsev, L. G. Green, K. B. Sharpless, A stepwise

11


https://www-ncbi-nlm-nih-gov.gate2.inist.fr/pubmed/?term=Ku%20B%5BAuthor%5D&cauthor=true&cauthor_uid=21060336
https://www-ncbi-nlm-nih-gov.gate2.inist.fr/pubmed/?term=Liang%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21060336
https://www-ncbi-nlm-nih-gov.gate2.inist.fr/pubmed/?term=Jung%20JU%5BAuthor%5D&cauthor=true&cauthor_uid=21060336
https://www-ncbi-nlm-nih-gov.gate2.inist.fr/pubmed/?term=Evidence+that+inhibition+of+BAX+activation+by+BCL-2+involves+its+tight+and+preferential+interaction+with+the+BH3+domain+of+BAX
https://www.rcsb.org/search?q=citation.rcsb_authors:Follis,%20A.V.
https://www.rcsb.org/search?q=citation.rcsb_authors:Chipuk,%20J.E.
https://www.rcsb.org/search?q=citation.rcsb_authors:Fisher,%20J.C.
https://www.rcsb.org/search?q=citation.rcsb_authors:Yun,%20M.K.
https://www.rcsb.org/search?q=citation.rcsb_authors:Grace,%20C.R.
https://www.rcsb.org/search?q=citation.rcsb_authors:Nourse,%20A.
https://www.rcsb.org/search?q=citation.rcsb_authors:Baran,%20K.
https://www.rcsb.org/search?q=citation.rcsb_authors:Ou,%20L.
https://www.rcsb.org/search?q=citation.rcsb_authors:Min,%20L.
https://www.rcsb.org/search?q=citation.rcsb_authors:White,%20S.W.
https://www.rcsb.org/search?q=citation.rcsb_authors:Green,%20D.R.
https://www.rcsb.org/search?q=citation.rcsb_authors:Kriwacki,%20R.W.

11-

Huisgen cycloaddition process: copper(l)-catalyzed regioselective “ligation” of azides and
terminal alkynes. Ang. Chem. Int. Ed. 2002;41:2596-2599; (c) C. W. Tornoe, C. Christensen, M.
Medal, Peptidotriazoles on solid phase: [1,2,3]-triazoles by regiospecific copper(l)-catalyzed
1,3-dipolar cycloadditions of terminal alkynes to azides. J. Org. Chem. 2002;67:3057-3064; (d)
F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodleman, K. B. Sharpless, V. V. Fokin,
Copper(l)-catalyzed synthesis of azoles. DFT study predicts unprecedented reactivity and
intermediates. J. Am. Chem. Soc. 2005;127:210-216; (e) J. C. Loren, A. Krasinski, V. V. Fokin, K.
B. Sharpless, NH-1,2,3-triazoles from azidomethyl pivalate and carbamates: base-labile N-
protecting groups. Synlett 2005;18:2847-2850; (f) J-F. Lutz, Copper-free azide—alkyne
cycloadditions: new insights and perspectives. Ang. Chem. Int. Ed. 2008;47:2182-2184, and
references cited therein.

(a) B. K. Srivastava, R. Soni, J. Z. Patel, M. Solanki, D. Valani, S. Gupta, B. Mishra, V. Takale, P.
Pandya, M. R. Jain, P. R. Patel, Synthesis and in vitro antibacterial activity of novel methylamino
piperidinyl oxazolidinones. Bioorg. Med. Chem. Lett. 2007;17:5227-5232; (b) X. Huang, A.
Zhang, D. Chen, Z. Jia, X. Li, 4-Substituted 4-(1H-1,2,3-triazol-1-yl)piperidine: novel C7 moieties
of fluoroquinolones as antibacterial agents. Bioorg. Med. Chem. Lett. 2010;20:2859-2863.

12



