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Abstract: A small library of pyridine-based rhodanine analogues of BH3I-1 were synthesized
and screened against B-cell lymphoma-extra large (Bcl-XL) and myeloid cell leukemia
sequence 1 (Mcl-1) for the ability to displace 5-carboxyfluorescein-labeled Bak peptide
(Flu-Bak). Differences in selectivity toward Bcl-XL and Mcl-1 were observed, and the bind-
ing modes of selected compounds were studied further. The results may be useful in design-
ing potent small-molecule inhibitors of Bcl-XL and Mcl-1 as well as selective Mcl-1
inhibitors.
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INTRODUCTION

The antiapoptotic Bcl-2 proteins (Bcl-2, Bcl-XL, Mcl-1, Al) are attractive targets for cancer
chemotherapy. It has been shown that cancer cells overexpress one or more of these proteins to prevent
the induction of apoptosis or programmed cell death [1-4]. These proteins confer protection on cancer
cells by sequestering the proapoptotic proteins Bax and Bak [5]. Neutralizing these antiapoptotic pro-
teins using natural peptides (e.g., Bim, Bid, NOXA) releases Bax and Bak which then aggregate to form
transmembrane channels that result in mitochondrial permeability [1]. The compromised mitochondria
can then release apoptogenetic factors such as cytochrome C and apoptosis-inducing factor (AIF) which
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eventually leads to cell death. Over the years, several molecules such as ABT-737 (1) [6], epigallo-
catechin gallate (2) [7-10], and Obatoclax (3) [11] have been reported to inhibit the antiapoptotic Bcl-2
proteins and trigger apoptosis in cancer cells (Fig. 1). [2] The compound BH3I-1 (4) is also a well-
known inhibitor of the Bcl-2 proteins [2,12]. It has been reported that modification of 4 can result in
varied binding profiles to Bcl-XL with an increase in efficacy [13,14]. Such modifications can theoret-
ically be exploited in the development of selective or universal inhibitors of the Bcl-2 proteins.
Furthermore, studies within our own group have shown that 4 binds in close proximity to the
benzo/cJphenanthridine sanguinarine (5) on Bcl-XL [15—-17], and thus it was envisaged that combining
key structural motifs from both compounds may result in even more potent inhibitors of Bcl-XL
(Fig. 2). In this study, we report our efforts directed at the synthesis of such hybrid compounds. This
study identified several structures which are selective inhibitors of Mcl-1 as well as dual inhibitors of
Bcl-XL and Mcl-1, and provided some insights into structural determinants that determine binding to
Bcl-XL and Mcl-1.
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Fig. 1 Selected inhibitors and the ICy, values measured by FPA against the FITC-labeled Bid-BH3 peptide.
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Fig. 2 IC, values of BH3I-1 (4) and sanguinarine (5) measured by FPA against the Flu-Bak-BH3 peptide.

RESULTS AND DISCUSSION
Synthesis

The synthesis of the pyridine-based rhodanine compounds is outlined in Fig. 3. The convergent syn-
thetic route enabled the rapid construction of a small compound library of the arylrhodanines. The rho-
danines were synthesized from the natural amino acids 6a—f (glycine, alanine, valine, leucine,
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Rhodanine Synthesis
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Fig. 3 Reaction conditions: (a) 1 equiv CS,, 2 equiv NaOH, EtOH, rt, 16 h then 1 equiv CICH,CO,Na, 3 h, then
6 M HCl, reflux 16 h, 80-92 % yield. (b) 5 mol % Pd(OAc),, 10 mol % PCy;HBF,, K;PO, (2 equiv in 1 mL H,0),
1,4-dioxane, 100 °C, 16 h, 77-97 % yield. (c) 4 equiv NaOAc, glacial AcOH, 140 °C, 3 h, 65-98 % yield.

isoleucine, and phenylalanine) following a literature procedure [18]. The rhodanines 7a—f were recrys-
tallized from EtOH in 80-92 % yield.

The Suzuki—Miyaura reaction was employed to couple 2-bromo-5-formylpyridine (8) with com-
mercially available boronic acids 9a-d. Catalytic Pd,(dba); and PCy;HBF, were utilized for the cou-
pling reaction using a procedure reported by Handy [19]. The desired biaryls 10a—d were obtained in
77-97 % yield.

Knoevenagel condensation of the 2-aryl-3-formylpyridines 10a—d with the corresponding rhoda-
nines 7a-f in buffered acetic acid furnished the desired pyridylrhodanines 11a—x in 65-98 % yield.
Initially, column chromatography was employed to purify the compounds, but this led to poor yields
and loss of material. An alternative purification method was utilized where the crude material was
refluxed in 1 M HCI, then cooled and the precipitate was collected via filtration. Drying the material
overnight at 80 °C under vacuum led to high yields (>90 %) of analytically pure material.
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Fluorescence polarization assay (FPA)

The compound library was screened using FPA against the Flu-Bak and the proteins Bcl-XL and Mcl-1.
The inhibition constants (K;), derived from the ICs, values obtained by FPA, were calculated using an
online calculator [20], and the values are listed in Table 1. Conversion of the ICs, values to K; is essen-
tial as the binding of the Flu-Bak peptide differs in each protein (K; = 0.14 uM for Bcl-XL, 1.6 uM for
Mcl-1). The K; values allow a direct comparison for the binding of the compounds to Bcl-XL and
Mcl-1.

Table 1 K, values with the standard error of the mean value (SEM) obtained via FPA for the interaction of the
rhodanine compounds with Bcl-XL and Mcl-1. (-) indicates no binding observed within the 100 uM range.

Compound K; K; Compound K; K,
Bcl-XL Mcl-1 Bcel-XL Mcl-1
uM uM uM uM
R,=R;=0CH;,R,=H R,=H,R;=R,=OCH,
11a)R, =H - 46+2  1lmR,=H - -
11b) R, = CH,4 - 30£2  1In) R, =CH, - -
11¢) R| = CH(CHy), 81+04 251 110) R, = CH(CH,), - 32+3
11d) R, = CH,CH(CH,), 6806 17=x1 11p) R, = CH,CH(CH,), 6705 27+1
11e) R, = CH(CH;)CH,CH; 68+0.6 14+1  11q) R, =CH(CH;)CH,CH; 5403 11.7£0.5
11f) R, = CH,Ph 37+02 7.6+02 11r) R, = CH,Ph - 8.5+04
R, = H, R;, R, = OCH,0 R,=H,R;=CL R, =OPr
11g)R, =H - - 11s) R, =H - 25+1
11h) R, = CH,4 - 56+7 11t) R; = CH, - 24.0+0.7
11i) R, = CH(CH,), 81 36+4  1lu) R, = CH(CH,), 84£0.1 24x3
11j) R, = CH,CH(CH,), 54+02 30x3  11v) R, = CH,CH(CH;), 3702 97+04
11k) R, = CH(CH;)CH,CH; 3.6+02 13.8+04 11w)R,=CH(CH;)CH,CH; 3.6+0.1 4.8+0.2
111) R, = CH,Ph 48+0.1 81x03 1Ix)R, =CH,Ph 7003 85%0.1

The results show that the glycyl and alanyl derivatives (11a,b,g,h,m,n,s,t) do not bind to Bcl-XL.
Compounds 11a,b,h,s,t, however, show moderate binding to Mcl-1. Compounds 11c-f,i-l,p—q, and
11u,v bind stronger to Bcl-XL than Mcl-1 with 2-fold selectivity or better, whereas 11w,x binds both
proteins equally well within experimental error. The compounds 11f,k,v,w show the best binding activ-
ity to Bcl-XL with K; ~ 4 uM. With respect to Mcl-1, 11w shows the best binding activity (K; = 4.8 uM)
followed by 11f (K; = 7.6 uM) and compounds 11L,r,x (K; ~ 8 uM). Interestingly, 11r does not bind to
Bcl-XL, but has a strong affinity for Mcl-1 (K; = 8.5 uM).

Docking studies

In a previous report, we used AutoDock 4.0.1 with ADT [21] to examine the binding of compounds 11f,r
to Bel-XL (PDB ID: 1LXL) and Mcl-1 (PDB ID: 1WSX) [17]. We found that it is highly plausible that
11f binds to Bcl-XL in its closed conformation, with the para-hydrogen of the 2,3-dimethoxyphenyl ring
in close proximity to Y195. It is believed the steric clash between Y195 and the para-methoxy group of
the 3,4-dimethoxyphenyl ring in 11r prevents this compound from binding to Bcl-XL.

Using AutoDock 4.0.1 and ADT [21], we docked 11f to the holoprotein of Bcl-XL (PDB ID:
3FDL, 95.8 % sequence identity with 1LXL) with the Bim-peptide removed to see if the perturbed BH3
binding site would have an effect on the binding of 11f,r. To our surprise, 11f binds almost identically
in the same orientation as with the previous docking (Figs. 4A,B). The docking predicts that the benzyl
group occupies the hydrophobic pocket near F54, L57, L61, V75, L79, and F95. The binding pose pre-
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Fig. 4 Binding of (A,B) 11f to Bcl-XL, (C,D) 11f to Mcl-1 and (E,F) 11r to Mcl-1.

dicts a binding affinity of K; = 6.6 UM. This docking pose also shows the para-hydrogen of the
2,3-dimethoxyphenyl ring of 11f in close proximity to where residue Y195 should be located (Fig. 4B).
However, the sequence for 3DFL terminates at L134 (L194 on 1WSX) so the exact interaction with
Y 195 cannot be determined. However, it is highly likely that regardless of the conformation of the BH3
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binding site of Bcl-XL, 11f can bind in the predicted pose while 11r fails to bind due to a steric clash
with Y195.

With respect to Mcl-1, our previous study showed that both 11f and 11r bind to the BH3 binding
site of the apoprotein with different orientations [17]. However, when docking to the holoprotein of
Mcl-1 with the Bim-BH3 peptide removed (PDB ID: 2PQK, 90.3 % sequence identity with 1WSX), the
results show both compounds bound to the binding site with identical orientations. The only difference
in the binding modes is that the methoxy groups of 11f are pointing away from the protein and the com-
pound sits deeper in the binding site than 11r (Figs. 4C—F). Both compounds bind with the carboxylate
group interacting with R248, while the biaryl group resides in the hydrophobic BH3 pocket surrounded
by the residues M231, 1.235, 1L.246, V249, V253, L267, and F270. The binding energies for 11f and 11r
in these poses are very similar (-8.11 and —8.07 kcal/mol, respectively) and the predicted K; values are
also similar (1.13 uM for 11f, 1.22 uM for 11r).

The docking results are a fair reflection of the experimental results although the exact values of
K, are not identical. However, docking studies alone cannot confirm the binding orientation of the com-
pounds, nor can it confirm to which protein conformation binding occurs.

CONCLUSION

In summary, a small library of rhodanine-based compounds were synthesized and screened for binding
activity against Bcl-XL and Mcl-1. A number of compounds with 2-fold or better selectivity toward
Bcl-XL were identified with 11k having the best binding and selectivity. With respect to Mcl-1, 11r was
the most selective binder (K; = 8.5 uM). Furthermore, docking studies with the holoproteins of Bel-XL
and Mcl-1 were carried out, and the results obtained are in good agreement with the experimental val-
ues. However, crystal structures will be required to confirm both the conformation of the proteins and
the binding orientation of the ligands.

EXPERIMENTAL SECTION
Chemistry: General experimental section

All "H NMR and !3C NMR spectra were acquired on a Bruker 400 UltraShield Spectrometer operating
at 400 and 100 MHz, respectively. The proton spectra were referenced to the respective residual solvent
peaks (MeOH-d,: 3.20; DMSO-dg: 2.50 ppm) except for those recorded in CDCl; which were refer-
enced to TMS. Carbon spectra were referenced to the central peak of the respective residual solvents
(MeOH-d,: 49.0; DMSO-dg: 39.5; CDCly: 77.0 ppm). Low- and high-resolution electron impact mass
spectra (EIMS) were measured using a Finnigan MAT95XP double-focusing mass spectrometer. Low-
resolution electrospray ionization (ESI) mass spectra were recorded using Waters Quattro Micro™
APIL. High-resolution ESI spectra were obtained using the Agilent 6210 Time-of-Flight LC/MS.
Infrared (IR) spectra were measured on a BioRad FTIR spectrophotometer with samples analyzed as
KBr discs, or as thin films on a KBr plate. All elemental analyses were carried out on a EuroEA3000
series CHNS Analyzer.

Experimental details: General procedure for the synthesis of N-substituted
rhodanines (7a-f)

To a solution of the chosen amino acid (typically 5 g, 30 mmol) in water (100 mL) was added NaOH
(2.4 g, 2 equiv) and CS, (1.81 mL, 30 mmol). The reaction mixture was stirred for 16 h at room tem-
perature after which a solution of sodium chloroacetate (2.82 g, 30 mmol) was added. The reaction mix-
ture was stirred for a further 3 h at room temperature, then acidified with aqueous HCI (6 M, 30 mL).
The resulting solution was refluxed for 16 h, then cooled to room temperature. The crude product was
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extracted from the aqueous layer with ethyl acetate (3 x 50 mL), and the combined organic layer was
dried with MgSO,, filtered, and the solvent removed in vacuo. The products were obtained in 80-92 %
yield.

Preparation of 2-bromo-5-formylpyridine (8)

The compound was prepared following the literature procedure [27]. A suspension of 2-bromo-5-
iodopyridine (3 g, 11 mmol) in dry Et,O (100 mL) was cooled to 78 °C prior to the addition of n-BuLi
(2.2 M, 5.3 mL, 1.1 equiv). The reaction mixture was stirred for 1 h at —78 °C prior to the addition of
dry DMF (1 mL). After stirring for 1 h, the reaction mixture was warmed to room temperature and
quenched by the addition of dilute HCI (1 M, 20 mL). The organic layer was separated, and the aque-
ous layer was further extracted with Et,0 (2 x 20 mL). The ether layer was dried with MgSO,, filtered,
and the solvent removed in vacuo. Column chromatography on silica using a gradient (7-60 % EtOAc,
hexanes) yielded the pure product as a white solid (1.25 g, 64 % yield). R; (1:1 EtOAc/hexanes): 0.39.
Mp 100-101 °C. (lit. [28] 100 °C). 'H NMR (CDCly): 6 7.69 (d, J = 8 Hz, 1H), 8.01 (dd, J = 8 and
2 Hz, 1H), 8.83 (d, / = 2 Hz, 1H), 10.10 (s, 1H, CHO).

General procedure for the Suzuki coupling of compound 8 to boronic acids 9a—d

To a solution of 8 (0.1 g, 0.54 mmol) in 1,4-dioxane (5 mL) was added the requisite boronic acid
(1.1 equiv) and aqueous K;PO, (0.23 g in 1 mL H,0, 2 equiv). The reaction mixture was degassed for
1 min with argon before adding catalytic Pd,(dba); (10 mg, 2 mol %) and PCy;HBF, (8 mg, 4 mol %).
The reaction mixture was stirred at 100 °C for 16 h in a sealed tube. The reaction mixture was then
cooled to room temperature, and the solvent was removed. The residue was partitioned between EtOAc
(20 mL) and water (20 mL), and the aqueous phase was further extracted with EtOAc (2 x 20 mL).
Column chromatography on silica (EtOAc/hexanes, 0-50 %) yielded the desired products as white or
pale yellow solids (77-97 % yield).

General procedure for the Knoevenagel condensation of aldehydes 10a-d with
rhodanines 7a—f

To a solution of the aldehydes 10a—d (typically 100 mg, 0.30 mmol) in glacial acetic acid (1-5 mL) and
sodium acetate (0.11 g, 4 equiv) was added the desired rhodanine 7a—f (2 equiv). The mixture was
refluxed for 3 h, then cooled to room temperature. The solvent was removed in vacuo, and aqueous HCI
(1 M, 50 mL) was added and the resulting mixture was refluxed for a further 1 h. The reaction mixture
was then cooled to room temperature, and the precipitate was collected via vacuum filtration.
Recrystallization from hot 1 M HCI, or column chromatography on silica, gave the pure products 11a-x
(65-98 % yields).

Molecular docking

The X-ray crystal structures of Bcl-XL and Mcl-1 with the Bim-BH3 peptide were downloaded from
the PDB database (PDB IDs 3DFL and 2PQK). Sequence aligments and percent identity were confir-
med using the matchmaker scripts in UCSF Chimera version 1.3 [29]. The 3D structures of the inhibi-
tors were generated using ChemBio 3D Ultra followed by MMFF energy minimization. AutoDock
4.0.1 and ADT were used for generating the docking models [21]. Grid maps covering the entire BH3
binding site of both proteins were used in AutoDock calculations using the standard grid spacing of
0.375 A. The GA-LS algorithm was adopted using the default setting except for the maximum number
of energy evaluations which was set to 1000000. For each docking job, 100 hybrid GA-LS runs were
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employed. A total of 100 possible binding conformations were generated and grouped into clusters
using a 1.0 A root-mean-square tolerance. The docking models were analyzed using ADT.

Biology: Fluorescence polarization assay

The Flu-Bak-BH3 peptide was purchased from Mimotopes (Clayton, Victoria, Australia). The peptide
was prepared as 1 mM stock solution in DMSO, and stock solutions of the test compounds (4 mM in
DMSO) were used for serial dilutions (250-0.65 uM final concentrations). The assay was carried out
in a total volume of 100 uL/well containing 3 pg glutathione S-transferase (GST)-hBcly; AC19 or 3 ug
glutathione S-transferase (GST)-hMcl-1AC20 and 60 nM labeled peptide in buffer (50 mM Tris, pH 8,
150 mM NacCl and 0.1 % bovine serum albumin). In each well was added 10 UL of the test compounds,
and the reaction mixture was incubated at room temperature for 1 h. Each compound was tested in
quadruplicate. The fluorescence polarization values were determined using Tecan GeniosPro plate
reader using the excitation/emission wavelengths 485/535 nm. The data was analyzed using GraphPad
Prism 5, and the results were fitted to a dose—response curve to obtain the ICSO values and standard devi-
ations. The K; values were calculated using an online calculator [20] using the following parameters:
[L] = 0.06 uM for Flu-Bak, [Bcl-XL] = 1.1 uM, and [Mcl-1] = 1.6 uM. The dissociation constants
employed were K (Bcl-XL) = 0.14 uM and K (Mcl-1) = 1.1 uM.

SUPPLEMENTARY INFORMATION

Detailed compound characterization data is available online (doi:10.1351/PAC-CON-10-10-29). IH and
13C NMR spectra are available from the authors upon request.

ACKNOWLEDGMENTS

We thank the Agency for Science, Technology and Research (A*STAR) Singapore for the research
funding for this project. This work was also supported by a grant from the Biomedical Research Council
of Singapore (BMRC 04/1/21/19/320) to YKM.

REFERENCES

A. Letai. Cancer Cell 10, 343 (2006).

D. Zhai, C. Jin, A. C. Satterthwait, J. C. Reed. Cell Death Differ. 13, 1419 (20006).

K. C. Goldsmith, M. D. Hogarty. Cancer Lett. 228, 133 (2005).

G. Lessene, P. E. Czabotar, P. M. Colman. Nat. Rev. Drug Discov. 7, 989 (2008).

V. Del Gaizo Moore, J. R. Brown, M. Certo, T. M. Love, C. D. Novina, A. Letai. J. Clin. Invest.

117, 112 (2007).

6. T. Oltersdorf, S. W. Elmore, A. R. Shoemaker, R. C. Armstrong, D. J. Augeri, B. A. Belli,
M. Bruncko, T. L. Deckwerth, J. Dinges, P. J. Hajduk, M. K. Joseph, S. Kitada, S. J. Korsmeyer,
A. R. Kunzer, A. Letai, C. Li, M. J. Mitten, D. G. Nettesheim, S. C. Ng, P. M. Nimmer, J. M.
O’Connor, A. Oleksijew, A. M. Petros, J. C. Reed, W. Shen, S. K. Tahir, C. B. Thompson, K. J.
Tomaselli, B. Wang, M. D. Wendt, H. Zhang, S. W. Fesik, S. H. Rosenberg. Nature 435, 677
(2005).

7. A.Kazi, D. M. Smith, Q. Zhong, Q. P. Dou. Mol. Pharmacol. 62, 765 (2002).

Y. Zhao, L.-F. Yang, M. Ye, H.-H. Gu, Y. Cao. Prev. Med. 39, 1172 (2004).

9. T. Nishikawa, T. Nakajima, M. Moriguchi, M. Jo, S. Sekoguchi, M. Ishii, H. Takashima,

T. Katagishi, H. Kimura, M. Minami, Y. Itoh, K. Kagawa, T. Okanoue. J. Hepatol. 44, 1074

(2006).

Dk L=

*®

© 2011, IUPAC Pure Appl. Chem., Vol. 83, No. 3, pp. 723-731, 2011



10.

11.

12.
13.
14.

15.

16.

17.

18.
19.
20.
21.
22.
23.

24.
25.

Rhodanine-based compound library targeting Bel-XL and Mcl-1 731

J. Qin, L.-P. Xie, X.-Y. Zheng, Y.-B. Wang, Y. Bai, H.-F. Shen, L.-C. Li, R. Dahiya. Biochem.
Biophys. Res. Commun. 354, 852 (2007).

M. M. Nguyen, R. C. Roulston, A. Watson, M. Serfass, L. Madiraju, S. R. Murthy, D. Goulet,
J. Viallet, L. Belec, X. Billot, S. Acoca, E. Purisima, A. Wiegmans, L. Cluse, R. W. Johnstone,
P. Beauparlant, G. C. Shore. Proc. Natl. Acad. Sci. USA 1 (2007).

M. J.-H. Y. Hao, E.-T. Liu, A. C. Newland, L. Jia. Cancer Res. 64, 3607 (2004).

C. Xing, L. Wang, X. Tang, Y. Y. Sham. Bioorg. Med. Chem. 15, 2167 (2007).

L. Wang, F. Kong, C. L. Kokoski, D. W. Andrews, C. Xing. Bioorg. Med. Chem. Lett. 18, 236
(2008).

Y.-H. Zhang, A. Bhunia, F. Wan Kah, C. Lee Mei, S.-L. Chan, C. K. Yu Victor, Y.-K. Mok. J. Mol.
Biol. 364, 536 (20006).

P. H. Bernardo, K.-F. Wan, T. Sivaraman, J. Xu, F. K. Moore, A. W. Hung, H. Y. K. Mok, V. C.
Yu, C. L. L. Chai. J. Med. Chem. 51, 6699 (2008).

P. H. Bernardo, T. Sivaraman, K.-F. Wan, J. Xu, J. Krishnamoorthy, C. M. Song, L. Tian, J. S. F.
Chin, D. S. W. Lim, H. Y. K. Mok, V. C. Yu, J. C. Tong, C. L. L. Chai. J. Med. Chem. 53, 2314
(2010).

W. T. Sing, C. L. Lee, S. L. Yeo, S. P. Lim, M. M. Sim. Bioorg. Med. Chem. Lett. 11, 91 (2001).
S. T. Handy, T. Wilson, A. Muth. J. Org. Chem. 72, 8496 (2007).
<http://botdb.abcc.ncifcrf.gov/toxin/kiConverter.jsp>.

M. E. Sanner. J. Mol. Graphics Mod. 17, 57 (1999).

M. F. Sanner, J.-C. Spehner, A. J. Olson. Biopolymers 38, 305 (1996).

M. v. d. B. van den Heuvel, A. Tieme, R. M. Kellogg, C. T. Choma, B. L. Feringa. J. Org. Chem.
69, 250 (2004).

P. M. Windscheif, F. Voegtle. Synthesis 87 (1994).

E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng, T. E.
Ferrin. J. Comput. Chem. 25, 1605 (2004).

© 2011, IUPAC Pure Appl. Chem., Vol. 83, No. 3, pp. 723-731, 2011



