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Abstract

Here-in, we present molecular design, chemicalr®gis and evaluation of novel chromenyl-
based 2-iminothiazolidin-4-one derivatives as tubplblymerization inhibitors. The newly
synthesized compounds were evaluated for timeuitro cytotoxicities against A549 (lung
cancer), MDA-MB-231 and BT-471 (breast cancer), G2p(liver cancer) and HCT-116
(colon cancer) cell lines by MTT assay. Among thetsesized compounds, compoutizb
showed excellent anticancer activity on MDA-MB-284ll line with 1G value of 0.95 +
1.88 uM and was verified to be safe in normal huroanchial epithelial cells (Beas-2B).
Apoptosis induced by the led®b was observed using morphological observations,EZ80/
and DAPI staining procedures. Further, dose-dep#nitherease in the depolarization of
mitochondrial membrane was also observed through staining. Annexin V-FITC/PI assay
confirmed thatl2b induced early apoptosis. Additionally, cell cyaealysis indicated that
the MDA-MB-231 cells were arrested at sub-G2/M gghaand also inhibited tubulin
polymerization with 1Gy value of 3.54 + 0.2 uM. Molecular docking simubets were
employed to identify the important binding modespa@sible for the tubulin inhibitory

activity, thus supporting their effective anticanpetential.

KEY WORDS: 2-iminothiazolidin-4-one, chromenone, cytotoxicity, tubulin polymerization,
apoptosis, molecular modelling.



1. Introduction

Cancer, a complex and heterogeneous disease atindtecdefined as growth of cells beyond
their usual boundaries is the cause for escalatimgber of deaths across the globe [tlis
characterized by unrestricted cell proliferatioivigion and metastasis that may be attributed
to irregular microtubule dynamics [2,3]. Microtubslare the structures with a key role in
cell formation, division, cell shape maintenancdtacellular transport, signalling etc [4,5].
The microtubules are comprised @f-tubulin heterodimers which fold and unfold to give
specific complexes [6]. Any alterations in the aomnfiations of these complexes result in the
microtubule catastrophe. Microtubulin interactingugb, are important agents in cancer
chemotherapy which alter microtubule dynamics tesdrcell division in mitosis and deploy

a crucial role as chemotherapeutic agents [7,8].

2-iminothiazolidin-4-one nucleus, one of the pegéd scaffolds in modern medicinal
chemistry is of great pharmaceutical relevance wédjard to its potential applications as
inhibitors of metalloproteinases [9], COX-2 [10]D&-2 [11], and SHP-2 [12]. Apart from
the pharmacological activities as antidiabetic, i-srflammatory, anticonvulsant,
antimicrobial and antipsychotic agents, 2-iminatbigdin-4-one has been proven to be a
molecule of immense therapeutic interest as arcamter agent and inhibitors of tubulin
assembly of the microtubules [13-17].

A series of 4-thiazolidinone-indolin-2-on@sandB were reportedly found to be significantly
cytotoxic against HT-29, H460, MDA-MB-231 and SMMG21 cancer cell lines
(ICs50=0.025uM, 0.075uM, 0.77uM, 1.95uM respectively) [18]. A series of 2-imino
thiazolidinonesC were reported to kill MDA-MB-231cancer cells at l&y, between 0.3 and
6.43 uM [19]. In 2006, substituted 5-benzylidene-2-pHenino-1,3-thiazolidin-4-one
analogs of D that can effectively induce apoptasisvarious cancer cells, including
paclitaxel- and vinorelbine-sensitive and -resistarman lung cancer cells but not in normal
cells, have been reported [20]. Thus, 5-benzylidzpaenylimino thiazolidinone moiety has

been noted to be responsible for its anti-canctamtial.
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Chartl: Chemical structures of thiazolidinone conjugateish potent anti-proliferative
activity on MDA-MB, SMMC-7721 and human lung cancetls.

Chromene-2-ones and chromene-4-ones, collectivallecc chromenes, belonging to the
family of flavonoids, are known for their naturddumdance in the form of quercetin, rutin
and luteolin which are known for their therapeyiroperties against various diseases [21].
Yi-ming et.al reported novel chromene-2-ones aganter agents by targeting microtubule
depolymerization and G2-M arrest followed by apspaon cancer cell lines [22]. Recently
Rasha et.al synthesized new aryl chromene-2-onashabn polymerization inhibitors [23].
Chromene-2-one-hydrazone derivatives were repatetubulin targeted anticancer agents
and 7-Diethylamino chromene-2-one was also repased novel microtubule inhibitor with
antimitotic activity in multidrug resistant canamlls [24]. RKS262 and TGX286 are some of
the chromene-2-one and chromene-4-one containimgpoonds respectively which are
reported for their vivid anticancer potential. Somikethe representative structures of 2-
iminothiazolidin-4-one and chromenone core-contajnimolecules as anti-proliferative

agents are depicted in figurd25-28].
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Figure 1. Examples of bioactive 2-iminothiazolidin-4-one asfdomenone containing anticancer agents.

Although chemotherapeutic drugs have different rsoafeaction viz, cause DNA damage,
interfere with DNA synthesis and inhibit mitoticisgle, drugs that interfere with mitotic
spindle formation by tubulin polymerization inhilwis have ben the most successful
chemotherapeutic compounds currently used forcantcer treatment. In the light of these
previous reports on chrome-2-ones as tubulin potigagon inhibitors and anti-proliferative
activities of 5-benzylidene 2-iminothiazolidinoneomty in cancer research, and in
continuation with our consistent efforts towards #ynthesis of cytotoxic NCEs [29-3hje
were encouraged to design and synthesize somariektules by incorporating chromenes
into 2-iminothiazolidinone framework (figure 1yith the primary aim of finding potent
newer molecules as tubulin polymerization inhitstaith a better therapeutic profile.

2. Material and Methods
2.1. Chemistry
The reagents and solvents used for the synthesiesiined molecules were obtained from

commercial suppliers. MERCK pre-coated silica getF254 (0.5 mm) aluminium plates
used to perform analytical thin layer chromatogsaphLC). Ultraviolet light was used to
visualize the spots on TLC plates. Column chromatolgy was performed using silica gel
60-120."H and**C NMR spectra were recorded on Bruker 500 MHz ims&mnt in CDCJ or

DMSO-d;s solvents using tetramethylsilane (TMS) as therir@tkestandard. Chemical shifts
for 'H and**C are reported in parts per million (ppm) downfifdoim tetramethylsilane. Spin

multiplicities are described as s (singlet), bsodar singlet), d (doublet), dd (doublet of



doublets), t (triplet), g (quartet), and m (mulépl Coupling constantll values are reported
in Hertz (Hz). All IR spectra were recorded on akiteElmer FT-IR spectrometer. HRMS
were determined with Agilent QTOF mass spectrométt0 series instrument. Melting
point was determined with the help of Stuart adednuelting point apparatus. The names of
all the compounds given in the supporting informativere taken from ChemBioDraw Ultra,
Version 12.0.

2.2. Biology
Cell culture
Human cancer cell lines such as lung (A549), br@sdA-MB-231 and BT-474), liver

(HepG2), colon (HCT-116) and normal human bronclepithelial cells (Beas-2B) were
obtained from National Centre for Cell Science, &uindia. DMEM and RPMI-1640

Medium (Sigma-Aldrich, USA) was used for the cudtiand growth of procured cell lines.
10% fetal bovine serum stabilized with 1% antil@etntimycotic solution (Sigma-Aldrich,
USA) was supplied to the cells in incubator at'3Z. After reaching 80-90% of confluency,
cells were further sub-cultured using 0.25% tryfdsimM EDTA solution for additional

passage.

MTT assay
The anti-proliferative activity of all newly syntiiged compounds was determined by using

MTT assay, where the reduction of MTT (3-(4,5-dimgthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) by mitochondrial succinate yirlbgenase was measured. In brief, the
cells were allowed for seeding in 96-well plate®0@ cells per well) using 100 pL of
medium. Further, the cells were allowed to growrpight for attachment onto the wells.
Then, different concentrations of the synthesizechmounds were used to treat cells for a
period of 72 h. Later, 100 puL of MTT (0.5 mg/mL) svadded and incubated at 3T for 4

h. After that, MTT reagent was aspirated and thiemézan crystals formed were dissolved in
DMSO (200 pL) for the period of 20 min at 37C. Finally, the formed formazan was
measured by using a spectrophotometric microtitatepreader at 570 nm wavelength.
Initially, anti-proliferative activity of the syn#sized compounds was screened by MTT assay
at 30 uM concentration. Further, the compounds Wit value <30 uM was used for the
dose dependent studies at different concentrataomging from 0.78 pM to 30 uM.

2.3. Molecular modelling studies

Maestro10.4 of Schrddinger suite 2015-4 was useetimrm molecular modelling studies of
the corresponding chromenyl-based 2-iminothiazol#tione derivatives. Maestro Molecule

Builder was employed to draw the 3D structureshef compounds and further optimized by



means of LigPrep module of Schrédinger. Finally, 8ictures of the designed compounds

were docked at the active site of tubulin protein.

3. Results and Discussion

3.1. Chemistry

The structural diversity was accomplished by inti@dg different substituted benzyl or
phenethyl moieties on the 2-imino group of thiadiok4-one with chromene-4-one at 5
position Ga-w). This chromene-4-one side arm was designed tasgotential bioactive
moiety imparting certain physicochemical propertiks lipophilicity and steric effect [32].
The substituents have been also swapped to chébk iess bulkier moieties on 5-position
would have any positive effect. However, owing he presence af,f-unsaturated lactone
system introducing a chromene-2-one on the 2angioup of thiazolidin-4-one was more
convenient than chromene-4-one. TH2s-f were designed by introducing the chromene-2-

one as a 2-imino substituent and a benzylidine raghgge at 5-position (scheme 1).

Y andZ = substituted phenyl, benzyl, phenethyl, chromen-2-onmroene-4-one
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Scheme 1Design of novel chromene-4-one/ chromene-2-onecbasdecular hybrids of 2-iminothiazolidin-4-

one

The multi-step reaction protocols used to arrivééatw and 12a-f series are provided in
Scheme 2a and 2b. 2-Iminothiazolidin-4-gagmoiety was synthesized in good to excellent
yields by cyclization of correspondifdtbenzyl/phenethyl-2-chloroacetami@ which was
obtained by chloroacetylation of commercially aabie benzyl/phenethylamir{8) [33]. The
required appendage 3-formylchromoif2) was synthesized from readily availabte
hydroxyacetophenondl) under Vilsmeier-Haack reaction conditions (P&i@l DMF)
[34,35]. On the same note, 2-((2-oxB-2hromen-4-yl)imino)thiazolidin-4-on¢10) was



obtained by cyclization of chloroacetamide derwati(9), that was synthesized by
chloroacetylation of the corresponding 4-aminocoumd8). 4-Aminocoumarin(8) was
obtained by simple amination of hydroxycoumdfiin[36]. Finally, 2-iminothiazolidin-4-one
(5 or 10) was coupled with chromone-3-carbaldehyde/benbsldke using sodium acetate
in ethanol at 80JC to furnish the designed target chromenyl-basechi@ethiazolidin-4-
ones 6a-w and 12a-f) in moderate to very good vyields (scheme 2a and[2B]. The
structures of the obtained compounés-(v and 12a-f) were established on the basis of
HRMS,'H and**C NMR spectroscopy. Th#d NMR spectrum of representative compound
12b showed a broad singlet of thiazoldinone N-H protah 6 13.02, singlet of
chlorobenzylidene proton at7.74. The sharp singlet oH2chromene proton appearedadat
6.11 and rest all protons appeared in the range770-7.35. In thé’C NMR spectrum of
12b, the carbonyl carbons of thiazoldinone and chra¥2wne appeared at167.72 and
161.21, respectively. The imine carbon of thiazodtie appeared &t 158.47. The third
carbon of chromene-2-one moiety appearedl Hd1.65 and the remaining carbons appeared
in the range of 154.35-116.95. Nearly similar patterns were natize’H and**C NMR
spectra of all the compound$2@-f). The HRMS (ESI) of compound$4-w and 12a-1)
showed characteristic [M+H]corresponding peaks equivalent to their molecfdanulae.

The relevant spectral data is furnished in suppgitiformation.
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6¢:n=1,R,=C,Hs, R,=H 6n: n=2, Rj=C,Hs, R;=H
6d: n= 1, R;= H, R,= 4-methoxy 60:n=2,R=F,R,=H
6e: n=1, R;= H, Ry= 4-tert-buty! 6p: n=2, R;=H, Ry=3,4-dimethoxy

6f: n= 1, Rj= H, R,= 3,4,5-trimethoxy 6q: n=2, R;= CHj, Ry= 3,4-dimethoxy
6g: n= 1, R;= C,Hs, Ry=3.4,5-trimethoxy 67 1= 2, R;= CyHs, Ry= 3.4-dimethoxy

6h: n=1, R;= H, R,= 3-chloro 6s:n=2,R;=CHj, R=F

6i: n=1, R;= CH;, Ry= 3-chloro 6t: n=2, R;= H, R,=4-methoxy

6j: n= 1, Ry= C,Hs, Ry= 3-chloro 6u: n=2, R;= CH;, Ry= 4-methoxy
6k: n= 1, R;= C,Hs, Ry= 4-hydroxy 6v: n=2, Rj= C,Hs, Ry,= 4-methoxy

6w: n=2, R1= C,Hs, Ry=4-hydroxy

Reagents and conditions: i) DMF/POCI5/80 °C, 12 h ii) DMF/CICOCH,CI/0 °C - 1t, 4 h (iii) NH,SCN/ ethyl
alcohol/reflux 6 h iv) ethyl alcohol/ piperidine/ reflux 8 h.

Scheme 2aSynthesis of 2-iminothiazolidin-4-one and chromdpene hybridsga-w).

0
OH NH,
Cry b :
—_— > _—
0o 0o o
8 9
iii
0
HN//g
N R311 N)\S
\
0 0o
12 10

R;= H; 3-Cl; 4-Br; 4-Cl; 3,4-di-OCH3; 3,4,5-tri-OCHj

12a: R;=H 12d: R3= 4-chloro
12b: R;= 3-chloro 12e: R3= 3,4-dimethoxy
12¢: R3= 4-bromo 12f: R3= 3,4,5-trimethoxy

Reagents and conditions: i) ammonium acetate/140 °C, 3 h ii) DMF/CICOCH,C1/0 °C - rt, 4
h (iii) NH4SCN/ ethyl alcohol/reflux 6 h iv) ethyl alcohol/ piperidine/ reflux 8 h

Scheme 2bSynthesis of 2-iminothiazolidin-4-one and chrom&nene hybrids12a-1).



The plausible mechanism of the heterocyclizatiogp sand the theoretical existence of

tautomeric forms of key intermediate 2-iminothiadiot4-ones % and10) have been shown

in scheme 3.
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Scheme 3Mechanistic pathway for 2-iminothiazolidin-4-oné&sand10) and its tautomers.

Further, the stereochemistry was assigned for drteeorepresentative compount&f by
detailed NOE studies. The NOESY experiment wasopaéd for compound?2f in DMSO-

ds at 301. According to reported literaturen silico DFT calculations and NOESY studies
revealing the presence of Nuclear Overhauser EHetween H10-H9, H7-H8 and H10-H8
confirms theZ-geometry at the double bond as depicted in fighte S2 and table S2
(Supporting information) [20, 38-41].

3.2. Biological Screening

3.2.1.Invitro anti-proliferative activity

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetzalium bromide) assay was employed to
screen the anti-proliferative activity of all thgnshesized compound$4-w and 12a-f) on
various human cancer cell lines such as lung caf#x®49), breast cancer (MDA-MB-231
and BT-474), liver cancer (HepG2) and colon carfeg2T-116). The IG (uM) values of

investigational compounds and reference standarcb(lazole) are depicted in table 1.

Table 1.1n vitro anticancer activity of compounés-wand12a-f

ICs0(UM)®
S. No Compound A549 MDA-MB-231¢  BT-474° HepGZ HCT-116 Beas-28
1 6a >30 >30 >30 >30 >30
2 6b >30 >30 >30 >30 >30
3 6¢c 19.43+0.53 16.90+0.55 18.15%1.12 >30 >30
4 6d 23.80+1.13 26.10+1.57 >30 18.12+1.07 24.72+0.64
5 6e >30 >30 >30 >30 >30
6 6f 27.11£0.54 >30 19.10 £ 2.10 >30 >30
7 69 21.42 £0.80 >30 20.86£0.33 28.98+042 27.0u#4
8 6h 16.01+2.18 2641231 17.88+1.08 >30 >30
9 6i 19.21+1.19 17.93+2.90 >30 18.54+1.97 12.03+1.11

10 6j 17.38+0.80 18.79+1.42 21.25+0.58 >30 >30




11 6k 26.89+0.70 29.21+0.23 >30 >30 25.74+0.13

12 6l >30 21.47+1.12 >30 >30 >30

13 6m >30 >30 >30 >30 >30

14 6n 26.22+0.76 20.47 +1.30 24.80+0.23 18.23+0.1619.09 +0.31

15 60 >30 11.89+1.19 >30 15.22 +1.15824.01 + 0.87

16 6p 22.17 +£0.98 19.07 £1.08 17.98 +0.10 25.28 +0.928.848 + 1.54

17 6q 26.19 +1.55 >30 >30 28.90+0.57 20.59+2.01

18 6r 20.39+0.90 19.88 £0.12 29.02+0.30 25.01+1.2424.12+0.93

19 6s 19.23+1.53 16.84 £0.82 >30 >30 20.98 +0.50

20 6t >30 >30 >30 >30 >30

21 6u >30 14.46 £0.18 >30 >30 12.79+2.41 -
22 6v >30 10.27 £2.52 >30 15.46 £ 1.42 16.13+1.81

23 6w 20.34 £0.85 >30 >30 >30 >30

24 12a >30 >30 26.98 £1.76 >30 >30

25 12b 1.28 +0.98 0.95+1.88 1.22 +0.08 30.83+1.4810.14+0.81 28.06 +1.24
26 12c 15.04+1.77 13.77+0.98 4.65 + 0.66 >30 19.04 +1.01

27 12d 8.68 £0.11 >30 23.94 +1.37 8.02+0.96 19.14 +£0.12

28 12e 2590+0.19 28.76+0.18 >30 >30 17.52 +£0.03

29 12f 23.58 +0.49 >30 21.01+0.75 16.29+1.01 >30

30 Nocodazole 0.68 £0.44 2.68+1.24 144 +0.14 0.99+1.870.87+1.44

350% Inhibitory concentration after 72 h of drugatreent” Human lung cancef. “Human breast cancérHuman liver cancef.Human

colon cancer? Humannormal bronchial epithelium.

The preliminary screening results indicated thabheof the synthesized compounds exhibit
moderate to potent anti-proliferative activity agsithe tested cancer cells withsd@alues

in the range of 0.95 + 1.88 to 16.13 + 1,8#. From the observation of kgvalues of the
tested compounds, it is evident that some of théhegized compounds are sensitive towards
lung (A549) and breast (MDA-MB-231 and BT-474) cancell lines and some are moderate
active on liver (HepG2) and colon (HCT-116) cancelts. From the MTT assay results we
observed that, while compoun@®, 6u, 6v, 12b, 12c andl2d were the most active, the
remaining are moderately active to inactive agdinsttested cancer cells. Fascinatingly, the
compoundl2b was found to be most active in lung (A549) andabtd MDA-MB-231 and
BT-474) cell lines and showed discernible anti-peohtive activity with 1Go of 0.95 + 1.88
uM towards MDA-MB-231 cells. Gratifyingly, the compod 12b was found to be 28-fold
less active towards normal human bronchial epdheklls (Beas-2B) with 165 of 28.06 +
1.24uM in contrast to MDA-MB-231 cells, which portrayiset selectivity of our synthesized
compounds towards cancerous cells. The promisitigpesiiferative activity of compound



12b on MDA-MB-231 cells motivated us to further prodeeavith the mechanistic
investigation of cancer cell growth inhibition alalar level.

2.2.2. Cell cycle analysis

The cytotoxic agents display their activity by atneg the progression of cells at a specific
phase in cell cycle. So, cell distribution at diffiet phases of cell cycle was performed by
flow cytometry to figure out which phase has bemesied by compounti2b. MDA-MB-
231 cells are treated with different concentratigh®, 1, 2.5uM) of 12b for about 24 h,
followed by fixation with ethanol and staining byopidium iodide and analysed using flow
cytometer.

From figure 2, it is clear that there is dose deleen increase in cell population in G2/M
phase from 38.62 in control to 59.44, 60.28 and6&&. 0..uM, 1uM and 2.5M,
respectively, indicating the arrest at G2/M phaseeti cycle byl2bin MDA-MB-231 cells.
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Figure 2. Effect of 12bon cell cycle progression of MDA-MB-231. Cells wereated withl2b (0.5, 1 and 2.5

uM) and cell cycle analysis was performed by flowtoegetric analysis using Pl staining after 24 h of

incubation.

3.2.3. Effect on tubulin polymerization

Microtubules are one of the most important comptmef the eukaryotic cytoskeleton
involved in several crucial cellular functions [43]. As per the previous literature reports
[13,24], 2-iminothiazolidin-4-ones and chromeneidsdives are known anti-proliferative



agents that cause inhibition of tubulin polymeri@at In the present investigation, a
significant inhibition of G2/M phase induced Wb, led us to explore its microtubule
inhibitory functional aspects. The efficacy of campd 12b was analysed by studying its
effect on tubulin polymerizatiom vitro, with nocodazole as the positive control. Scregnin
at concentrations ranging between 0.31-5 pM rededlat 12b inhibited the tubulin

polymerization in a concentration dependent mammeomparison to nocodazole. At 5 uM
concentration12b led to 61.79% percentage of tubulin polymerizaitiombition with 1Gso

value of 3.54 £ 0.2 uM. Taken together, the redudlp us conclude that tubulin might be the

molecular target of 2-iminothiazolidin-4-one detivas.
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Figure 3. Effect of 12b on tubulin polymerization12b inhibits the tubulin polymerization in concentoati
dependent. Here, Noc represents the nocodazole [@aresents as mean + SEM (n=3). **p<0.01 and

****p<0.001 are significantly different from nocodale.

3.2.4. Apoptosis induction studies

In order to investigate the apoptotic-inducing @éncy of12b on MDA-MB-231, we have
performed AO/EB, DAPI, DCFDA, JC-1 staining, clomeogc growth inhibition and Annexin
V binding assays and summarized the results idéseription below.

3.2.4.1. Morphological observations using phase civast microscopy

To uncover the efficiency of the active compoundcefiular morphology, MDA-MB-231
cells were treated witth2b at different concentrations of 0.5, 1 and gV for about 48 h.
The cells were observed for the changes under pt@steast microscope and the images
were captured. From the figure 4, it can be infibrteat, increase in concentration of
compound resulted in steep decrease in cell vigla compared to control (untreated cells).
Additionally, at the higher concentration of 2.8, almost complete diminution of cell

number was observed.



Figure 4. Morphological changes observed in MDA-MB-231cdfter treatment witil2b for 48 h. Images

were captured at 200X magnification under phasérasnmicroscope.

3.2.4.2. AO/EBstaining

AO/EB is a dye which efficiently diffuses into tleell membranes of live cells and gives
green stain to the nuclei. AO/EB staining assay pexrformed on MDA-MB-231 following
the treatment of cells with2b at different concentrations to able to distinguisé live cells

from the deceased ones.

Figure 5. AO/EB staining ofi2b. Cells were treated with2b in the concentrations of 0.5, 1 and 2.5 uM and
compared with control (DMSO treatment). Images weaptured at 200X magnification under fluorescent

microscope.

12b was found to cause decrease in live-cell populahadose dependent manner. The assay
further enabled us to clearly visualize other cbimmstic apoptotic features such as cell

shrinkage and membrane blebbing (figure 5).



3.2.4.3. DAPIstaining

Thein vitro cytotoxic agents also induce apoptosis by causutdear damage and chromatin
condensation which can be visualized by a fluomrgsaain DAPI (4',6-diamidino-2-
phenylindole). While the dye permeates less efiityeinto live cell membrane, it has
impeccable ability to stain apoptotic cells duethie condensation of nucleus, which is a
distinctive feature of the dye exploited in thisag Thus, DAPI staining was performed on
MDA-MB-231 cells following the treatment of cellsitiv different concentrations df2b.
From figure 6 we inferred that in comparison totcol the nucleus of the cells treated with
12b took the blue stain, displayed chromatin condemsatnd horse shoe shaped nuclei in a
dose dependent manner.

Figure 6. Nuclear morphology of cancer cells after DAPI mitag. MDA-MB-231 cells were treated with
different concentrations df2b for 48 h and stained with DAPI. The images werptweaed by fluorescence

microscope at 200X.

3.2.4.4. DCHiluorescence

ROS (reactive oxidative species) generation isresistent property in most of the cytotoxic
agents. The ROS generation can be analysed in rcargdls using DCF-DA (2',7'-
dichlorofluorescin diacetate) assay. To quantify #bility of ROS generation 2b, DCF-
DA assay was performed on MDA-MB-231 cells treatetth 12b and results are
summarized in figure .712b induced significant generation of ROS and the rclea
concentration dependency and quantification intécekacells as compared to control is

represented in bar diagram.
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Figure 7. 12b enhances ROS accumulation in cancer cells. (A) MBR:231 cells were treated witt2b (0.5,
1 and 2.5 uM) for 48 h (B) Relative DCF fluorescemttensity was measured and represented as bar cha

3.2.4.5. Mitochondrial membrane potential A¥Ym)

The mitochondria play a vital role in different lcédr process and are essential for healthy
functioning of cell. Decrease in the mitochondrmambrane potential is observed as a result
of cellular oxidative stress mediated by ROS gdimraia inhibition of electron transport
chain (ETC). Any disruption in mitochondrial memibeapotential is an apparent impact of
early apoptosis.

Apparently, ROS generation i2b was confirmed by DCF-DA staining assay and JC-1
staining was performed to further quantify and gsalthe mitochondrial membrane potential
in MDA-MB-231 cells. JC-1 is a lipophilic, cationidye that stains normal polarised
mitochondria in red because of J-aggregates, apolalesed mitochondria in green color due
to the presence of J monomers. From the figuret & evident that, with increase in
concentration ofL.2b, there is a steep fall in number of healthy mitoddria (P1:56.91 in 2.5
uM) and augmentation in depolarised mitochondria:4B®1 in 2.5uM) indicating the
collapse of mitochondrial membrane potential/(B) in MDA-MB-231 cells.
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Figure 8. Increased loss of mitochondrial membrane pote(adP) by 12bin MDA-MB-231 cells.

3.2.4.6. AnnexinV/Propidium iodide (PI) dual stainng assay

Cells were incubated with JC-1 and subjected tav floytometer for measuring JC-1
aggregates and monomers. Flow cytometric analyas performed at the concentration of
0.5, 1 and 2.5 pM. Induction of apoptosisI®b in MDA-MB-231 cells was confirmed by
various staining assays. Therefore to further gfyatite extent of apoptosis on MDA-MB-
231 cells byl2b, annexin V —FITC/propidium iodide dual stainingsag was performed.
This assay has an added advantage of differergiditia (Q1-LL; AV-/PI-), early apoptotic
(Q2-LR; AV+/PI-), late apoptotic (Q3-UR; AV+/PI+)nd necrotic cells (Q4-UL; AV-/PI+).
From the results of figure 9, it can be observedt titnere is gradual increase in early
apoptotic cells in LR quadrant from 2.06 in contt@|10.6 in 0.5uM, 26.49 in 1uM and
62.75 in 2.5uM. This reveals the concentration dependent ap@piaduction by12b in
MDA-MB-231 cells.



Figure 9. Effect of 12b on apoptotic cell death in MDA-MB-231 cells afé8 h.12b treated cells were stained
with Annexin V/PI and analysed for apoptosis usilogv cytometer. The 10,000 cells from each sampdsew

analysed by flow cytometry.

3.2.4.7. Clonogenic growth inhibition assay

Colony forming ability of a cancer determines igpability of proliferation and development
into solid tumors. A clonogenic assay was performedDA-MB-231 cells treated with2b

at various concentrations (0.5, 1, 28) and compared with untreated cells (control). The
formation of colonies was observed after 12 days) an apparent reduction in concentration

of treated cells indicating the potency of compoumahhibiting the colony formation (figure
10).

1 25

Percent colony forming ability

&
< Concentration (uM)

Figure 10. Effect of 12b on clonogenic growth of MDA-MB-231 cells. Cells ngetreated witll2b (0.5, 1 and
2.5 M) and incubated for 48 h. Further, cells wgmawvn for 12 days and the colonies formed werediand
stained with 1% crystal violet and photographedhaigligital camera.X) Clonogenic growth inhibition of2b
on MDA-MB-231 cells. B) Percentage colonies of MDA-MB-231 cells countatbanatically by Vilber Fusion
Fx software and data quantified by GraphPad Prig.6l'he values were expressed as mean + S.E.Ntex t

similar independent experiments, ***p<0.001 and*3%0.0001 versus control.



4. Structure-Activity Relationship (SAR)

The substitutions over benzyl/phenethyl moitiestluiazolidinone, and chromenone seem to
play a significant role in imparting biological goicy. 1) Compound6a-c and 61-n with
unsubstituted benzyl/phenethyl group on 2-iminabi@in-4-one were nearly inactive at 30
uM; 2) The presence of halogen (chloro and fluoom) benzyl/phenethyl group of
thiazolidinone 6h-j and 6s) and chromene-4-onéd) containing compounds resulted in
good anti-proliferative activity; 3) Compounds caining electron donating groups such as
methoxy and hydroxyl on the benzyl group of thiaiobne ©6d-g and6k) are nearly less
active; 4) Insertion of halogens, chlorine and brarhad a significant effect on J¢values
than the corresponding non-halogenated analogpesiftgally, insertion of chlorine resulted
in a significant increase in cytotoxic activity cpared to the analogue that has bromine.
Further, the position of the halogen seemed tariortant, as compouri®b, with chlorine

in meta- position of the phenyl is the most poteith an 1G, value of 0.9 + 1.88M while
12c with bromine on para- position was the next acibeenpound (13.77 + 0.98M).
Surprisingly,12d with chlorine in the para- position on the phemgwever, was less active
against MDA-MB cells. Since addition of halogen stitients increase the lipophilicity of a
molecule, it might probably assume a bigger sizd @ more polarized. Overall, the
reasonably good Kg values ofl2b and12cwith chloro and bromo substitutents respectively
point towards hydrophobicity and lipophilicity botbf which describe the tendency to
interact within themselves and other neighbouringeties; 5) Overall, thé&-chromenyl-2-
one 2-iminothiazolidin-4-ones (scheme 2b) showedcamr cytotoxicity than N-

benzyl/phenethyl 2-iminothiazolidin-4-ones (schezag

5. Molecular modelling studies

Maestro 10.4 of Schrédinger suite 2015-4 was usguetform molecular modelling studies
of the corresponding chromenyl-based 2-iminothidgroi4-one derivatives. Maestro
Molecule Builder was employed to draw the 3D stiues of the compounds and further
optimized by means of LigPrep module of Schrédingarally, 3D structures of the designed
compounds were docked at the active site of tuluritein.

5.1. Docking simulation study and Prime MM/GBSA birding energy calculations

The crystal structure coordinatesodf-tubulin were retrieved from RCSB protein data bank
(PDB ID: 1SAO) [44]. Molecular docking simulatiotuslies were performed to elucidate the
binding mode and type of interactionsl@b with o/p-tubulin using GLIDE docking module
of Schrodinger suite [45]. This molecular docking@ation study suggested that the top



ranked conformation af2b was well accommodated inside the active site lo@ilin protein.
Figure 11 illustrates the detailed analysisl@b-enzyme complex, which reveals the key

interactions that appear to play a vital role ia binding ofl2b in the active site of tubulin.
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Figure 11. (a)Predicted binding pose @Pb (ball and stick); (b) Pattern of interactions ir tctive pocket of
o/p tubulin. The red dashed lines represent hydrogewlf

12b has shown four hydrogen bond interactions withattteve site residues Asn101, Thrl79,
Vall81 and Lys352. In general2b demonstrated a higher H-bond score against the
colchicine binding site o0é/p-tubulin (Glide H-bond score -0.420 kcal/mol) approately
similar affinity was also observed with the boundahd (Glide H-bond score -0.511
kcal/mol). The oxygen atom of keto functional grafgthiazolidinone moiety has shown H-
bond interaction with amino group of Val181, Lys3bih a distance of 3.79 A and 3.95 A,
respectively. The nitrogen atom of thiazolidinomgrhas established one H-bond interaction
with the back bone carboxylic acid group of Thr{@% 2.70 A). Similarly, the oxygen atom
of keto functional group of chromene scaffold hdwwen hydrogen bond contact with
Asn101 (d = 1.86 A). Furthermor&2b has shown several hydrophobic interactions wiéh th
key amino acid residues of/f tubulin, e.g., Alal80, Vall81, Tyr224, Cys241, Pd8,
Ala250, Leu255, Ala316, Ala317, Val318, Ala354 ahe378, these interactions further
stabilized the binding of thE2b in the active site of tubulin.

Figure 12 demonstrates the superimposition of getallized ligand and best docked pose of
12b in the colchicine binding site af/p-tubulin. Additionally, binding energy calculations



were also performed on ti2b-enzyme complex. From the performed studies, wércoed
that 12b has good binding energy (-49.222 KCal/mol) similarthe nocodazole (-52.761
KCal/mol) and bound ligand (-64.325 KCal/mol), sfgimg stable ligand-protein complex

formation, leading to the stronger binding to thrgét tubulin protein.
1/

Figure 12. Superimposition ofl2b (maroon colour stick) and co-crystalized ligandegr colour stick) in the
colchicine binding site of tubulin.

5.2.In silico ADME/T studies

QikProp program of Schrédinger software was useassess the drug like propertieslab.
Some of the computed ADME/T parameters are showtabie 2 and their recommended
ranges are mentioned. ADME/T prediction studiegadthat,12b conforms to the Lipinski's
rule of five and has appropriate logP value. Addislly, the recommended ranges of

physico-chemical descriptors were also not violated
Table 2. ADME/T profile of 12h.

" S.No.  ADME/T Parameters ~ Recommended Valuesor  12b
Range
1 Ruleoffve  Maximumis4  No
violation
2 PSA (Van der Waals surface area af.0 —200.0 90.477

polar nitrogen and oxygen atoms and
carbonyl carbon atoms)

3 SASA (Total solvent accessible surfac800.0 — 1000.0 623.357
area)

4 Dipole Moment 1.0-125 8.328
Molecular Volume 500.0 — 2000.0 1080.568

Donor HB 0.0-6.0 1.000




Acceptor HB 2.0-20.0 6.000

QPlogKhsa (Prediction of binding to-1.5-1.5 0.213
human serum albumin)

9 QPlogPo/w (Predicted octanol/wates2.0 — 6.5 3.376
partition coefficient)

10 QPpolrz (Predicted polarizability in13.0—-70.0 38.004
cubic angstroms)

11 QPlogBB (Predicted brain/blood-3.0 — 1.2 -0.855
partition coefficient)

12 QPlogKp (Predicted skin permeability)  -8.0 -0-1. -2.483

13 QPlogHERG (Predicted ig value for concern below -5 -6.233
blockage of HERG Kchannels.)

14 QPPCaco (Predicted apparent Caco<25 is poor, >500 great 438.114
cell permeability in nm/sec.)

15 POA (Predicted human oral absorption80% is high <25% is poor 93.993

on 0 to 100% scale)

6. Conclusion

In conclusion, we have successfully synthesizedratdierized and evaluated different series
of chromenyl based 2-iminothiazolidin-4-one denwves Ga-w and 12a-f) for their anti-
cancer potential. Anti-proliferative activities tfe synthesized compounds were evaluated in
A549 (lung cancer), MDA-MB-231 and BT-474 (breaancer), HepG2 (liver cancer) and
HCT-116 (colon cancer) cell lines using MTT asgayiongst the synthesized compounds,
12b showed excellent anti-proliferative activity orl Hie tested cell lines, particularly in
breast cancer cell lines MDA-MB-231, BT-474 {(Mf 0.95 + 1.88 and 1.22 + 0.G8M,
respectively) and lung cancer cell line A5495J€ 1.28 + 0.98M). The cell cycle analysis
disclosed that2b showed significant G2/M phase arrest in MDA-MB-28lls. Additionally,
12b significantly inhibited the tubulin polymerizationith ICsy value of 3.54 + 0.2 pM.
Further, various mechanistic studies for cell gtowthibition performed on MDA-MB-231
cells, revealed that2b caused apoptosis-mediated cell death in MDA-MB-28lls. The
molecular modelling studies inferred thb2b binds at the colchicine binding site of the
tubulin with prominent binding affinity. Furthermmrwe have studied physico-chemical and
ADMET properties ofl2b, which are in appreciative range. Thus from a trat stand
point, chromenyl-2-one based 2-iminothiazolidin#eo derivatives may lead to the
development of potential therapeutic agents with albility to act on tubulin protein for

various aggressive cancers.
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Resear ch Highlights

The new chromenyl-based 2-iminothiazolidin-4-onevdgives were synthesized.
Synthesized compounds displayed significant amiHerative activity on different
human cancer cell lines.

Compoundl2b induced apoptosis and cell cycle arrest in G2/Msghin MDA-MB-
231 cancer cells and also inhibited tubulin polyizaron with IGo value of 3.54 +
0.2 uM.

12b was almost 28-fold more selective on MDA-MB-231llseompared to Beas-2B
cells.

Further, a molecular docking analysis was performedead compound to identify

important binding modes responsible for inhibitamstivity of tubulin protein.
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