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ABSTRACT

DNA replication and repair are complex processesm@plished by the concerted action of a
network of enzymes and proteins. DNA ligases plagrucial role in these processes by
catalyzing the nick joining between DNA strands. é@npared to normal cells, elevated
levels of human DNA ligase | (hLigl) is reportedsome cancers. We studied the inhibition
of hLigl mediated DNA nick sealing activity followleby the antiproliferative activity of
novel indole-chalcone based benzopyran compoundsanoer cells. One molecule called
compound27 showed a notable preference for inhibition of hlL&g compared to other
ligases and showed enhanced cytotoxicity againehamancer (DLD-1) cells as compared to
normal cells. Mechanistic studies showed that camgd@7 directly interacts with hLigl in a
competitive manner and did not interact with theAsubstrate during ligation. This novel
and potent hLigl inhibitor showed significant inliibn of both monolayer culture as well as
3D culture of DLD-1 cells that mimic solid tumot. dlso affected the migration of DLD-1
cells indicating the potential anti-metastatic \tgi This novel hLigl inhibitor could

therefore serve as a promising lead for anticadingy development.



Keywords:. Indole-chalcone based benzopyrans, DNA ligases;iBfdre, antiligase activity,
antiproliferative activity

Abbreviations Used

BER (base excision repair), NER (nucleotide exaisioepair), HR (homologous
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(human DNA ligase 1IV), EMSA (Electrophoretic mobjlishift assay) FDA (Fluorescein

diacetate), P(Propidium iodide).



1. Introduction

The prime objective of each living organism is iansfer its hereditary material, intact and
unaltered, to the next generation [1]. DNA repiimatand repair are essential molecular
mechanisms required for error-free transfer of gemeaterial to the new generation, using a
network of enzymes and proteins [2, 3, 4]. Errarthie replication, repair and recombination
of DNA are reasons for genomic instability that céead to unregulated cellular
multiplication and cancer [5, 6, 7, 8]. Several DX&pair pathways are present inside the
cells to cope with different genetic lesions [9]. XDancer cells often have a slightly different
set of DNA repair pathways from normal cells, tdphthem propagate despite errors in their
DNA [11]. We therefore hypothesize that it might deood strategy to target DNA repair
proteins for cancer therapy; specially those pnstéhat are differentially expressed in cancer
cells. Incidentally, the expression of hLigl hagbeeported to be elevated in several cancers
like breast, lung and ovarian cancer cells, as @vetpto normal cells [12, 13]. DNA ligases
have a crucial role in DNA replication and repdihey catalyze the joining of nicks by the
formation of phosphodiester bonds between two adfaDNA strands [14]. There are three
types of ligases in mammalian cells, viz, ligagaligl), ligase Il (hLiglllB) and ligase IV
(hLiglV) [15]. Human DNA ligase | is responsiblerfining of Okazaki fragments during
the lagging strand synthesis and involved in séM@NA repair pathways such as NER (by
hLigl and hLiglll) [16], BER (by hLigl and hLiglll)[17, 18] and microhomology-mediated
end joining (by hLigl and hLiglll) [19, 20] where&HEJ is mediated by hLiglV [21]. In this
manner, DNA ligation is a crucial requirement fdrcells during replication and repair [22,
23, 24].

Inhibiting DNA ligases in cancer cell is shown topede cell growth due to the accumulation
of DNA strand breaks and lead to apoptotic cellthidd3, 25]. In the past, several

compounds were identified that can impede DNA rsiekling by inhibiting DNA ligases [4,



14, 20, 26, 27]; however, none of the inhibitorgeveotent enough to reach clinical trials on
their own. Hence, there is a need for identificatend characterization of more potent
molecules. In order to find suitable DNA ligaseibitors we searched the literature which
suggested that indoles and their derivatives agblyiversatile and common nitrogen-based
heterocycles that are frequently used in the sgha important FDA approved anticancer
drugs [28]. Indoles have recently attracted interesanticancer research due to activity
against several cancer cells. They are reportpat@snt inducers of apoptosis through a novel
cell-based HTS caspase assay [29]. Seigh have also reported indoles as highly promising
anti-cancerous agents. They found that indole devies show appreciable inhibition of
tumor growth in different cancer cell lines [30]n@e other hand, chalcones have attracted
attention due to their wide range of potential dgital activities [31, 32, 33, 34]. Rawsital
showed chalcone-resveratrol as a promising antezaagent with selectivity towards certain
ovarian, lung and breast cancer cell lines [35}) @aup has previously worked on chalcones
and reported coumarin-chalcone hybrids as anticaagents against four human cancer cell
lines: KB (oral squamous cell carcinoma), C33A vYa=l carcinoma), MCF-7 (breast
adenocarcinoma) and A549 (lung cancer) [36]. Anothlearmacophore with anticancer
property is benzopyran. Recently, $tiial showed benzopyrans as novel anticancer agents
having an EC50 value of 2 nM [37]. William Kemnitzs# al demonstrated benzopyrans as
potent caspase cascade activators and inducersopfasis in solid tumors [38]. Based on
our long experience of working on molecular hylradion techniques [39], we designed a
novel series of hybrid compounds in order to idgntiolecules that can inhibit DNA ligation
and cell proliferation, and may serve as drug-ikelecules. The design for this series is
schematically representedscheme A (figure 1). The molecules were synthesized an@dest

for their antiligase and antiproliferative actietiin cancer cells. Finally, a detailed study of



the most active compound was carried out in ordewdrify the mode of action and
cytotoxicity inin vitro and 3D tumor models.

2. Results and Discussion
2.1 Chemistry

The synthetic strategy of indole-chalcone baseddgyran molecules is depicted in scheme
1. In the first step, the Duff formylation antho substituted phenoll{4) was carried out in
the presence of HMTA with TFA as solvent at 1€0for 4h followed by acid hydrolysis with
10% HSO, which gave aromatic dicarbaldehydé&s8] [40]. The regioselective chalcones
(9-16) were prepared from these dicarbaldehydes by ingathem with para-substituted
acetophenones in the presence of conc. HCI asysttal dioxane [36]. Several research
groups have worked upon multicomponent reactiokendgasalicylaldehyde, indole and
different neucleophiles as reactive components ifferént reaction conditions to give
benzopyran hybrids [41, 42, 43]. In a similar &t we carried out multicomponent
reactions with chalcone intermediates, malonogit(hs neucleophile) and substituted 2-
methyl indole in the presence of L-proline as gafalin acetonitrile to give our target
compounds X7-29) in quantitative yields. The reaction conditionsres optimized for the
choice of catalyst and the solvent. The structwfeall the synthesized compounds were
characterized with the help dH and **C NMR spectral analysis coupled with mass
spectrometry, which were in good agreement with pneposed structures (Supporting
Information).

2.2. Inhibition of human DNA ligase | activity and cytotoxicity of synthesized compounds

The nick sealing activity of thirteen indole-chateobased benzopyrans were determined for
purified hLigl protein by gel-based, fluorescenabdlled DNA-ligation assays at 1M

concentration as shown in figure 2. Among thesge®in compounds, four compound2(



23, 26 and 27) showed >50% inhibition, two compound&2(and 28) showed >45%
inhibition, and other seven compounds showed <2@8ibition of nick sealing activity. All
thirteen compounds were tested for their cytotefiect on various cancer cell lines viz.
MDA-MB-231 (breast cancer), DLD-1 (colon cancerglt (cervical cancer), HepG2 (liver
cancer) and 4T1 (mouse breast cancer cell ling) aM concentrations. The % inhibition of
cancer cell proliferation by indole-chalcone basetzopyrans is represented in figure 3.
Among them, five compound&4, 25, 27, 28 and29) showed robust antiproliferative activity
against tested cancer cell lines.

We found one compound which contains both thiaaolétert-butyl group in it (compound
27) which possesses both antiligase (69.42 + 3.05Bibition of nick sealing activity) and
antiproliferative activity in various cancerousldeies as depicted in figure 2 and 3. TheoC
values of compoun@7 were calculated in various cancerous cell links MDA-MB-231,
DLD-1, HelLa, HepG2 and 4T1 (¥x10 uM) from three independent experiments and
plotted with the help of GraphPad Prism softwaresio& 5 (San Diego California USA).
Compound27 showed maximum antiproliferative activity agaidtD-1 cells (1Go = 4.6
uM). When further checked for cytotoxicity againstetnormal cell line HEK-293, we
observed a three-fold lower cytotoxicity g6 12.4uM) as shown in figure 4. Therefore, we
selected compoun2l’ for detailed studies of mechanism of action.

2.3 Sructure activity relationship (SAR) studies

From the available biological activity results arige diverse chemical structures of
synthesized compounds, a preliminary structurevigtielationship (SAR) was established.
We found that the compounds showing > 50% inhibitio DNA ligation assay mainly
contained tert-butyl and NH group at C-8 and C-2 positions of benzopyran tings
respectively. In addition, the imperative role bése substituents was supported in docking

studies. Further, substitution in the indole ring ot bring significant effect in inhibition of



hLigl activity. Moreover, when some of the struesinvere modified by replacing aryl group
from chalcone with a thiazole moiety, they showeatkad cytotoxic activity towards various
cancer cell lines. Preliminary SAR analysis revealkat tert-butyl, amino and thiazole
moieties are essential for inhibition of DNA nickading activity of hLigl and for cytotoxic
activity against cancer cell lines. This was mastlent in compoun@7, which emerged as

the potential lead. The SAR is summarized in eopiak diagram in figure 5.

2.4 Specific activity of compound 27 against various ATP-dependent DNA ligases

For determination of specific activity against wais ATP-dependent DNA ligases, we
performed a DNA nick-sealing assay in a concemmnatiependent manner against three
different human DNA ligases viz., hLigl, hLigf) and hLigIV/XRCC4 and the non-human

T4 DNA ligase. We found that compou2@ inhibited hLigl in a concentration dependent
manner, with some overlapping activity againstIMIiXRCC4; however, the compound was

completely inactive against hligliland T4 DNA ligase as shown in figure 6. Hences thi

compound specifically inhibits the activity of hligvith some overlapping activity against

hliglV/XRCC4 as depicted in figure 6.

2.5 Interaction study of compound 27 with hLigl and DNA

DNA ligation activity in the presence of compouitican be inhibited in two ways, either by
direct interaction with human DNA ligase | or bytemaction with the DNA to indirectly
obstruct protein binding. To study the interactmhcompound27 with both protein and
DNA, we performedin silico molecular docking followed by gel electrophoretmobility
shift assay (EMSA) and DNase | cleavage proteciissay.n silico docking of compound
27 into the DNA binding site of hLigl (PDB ID-1X9N)h®wed that the compound binds to

hLigl with a predicted binding energy of -14.66rkdle (Figure 7). As seen in figure 7, one



hydrogen atom of amino group attached with a chreméng forms a hydrogen bond with
Lys770, while a second hydrogen atom interacts Bitfv73. Further, a hydrogen bond was
observed with Arg451. Two of these residues (Lys@@d Arg451) are involved in direct
hydrogen bond formation with DNA in the crystalustiure and are therefore, anticipated to
have a significant effect on the binding of hLigkthwDNA [26, 44 and 45]. Therefore, these
interactions of compoun®7 with hLigl play an important role in the stabilibf the docked
complex; further, the interaction of these aminml aesidues with compour@l can explain

the potent hLigl inhibition observed in thevitro assays.

In the EMSA study, we observed a significantly regtliinteraction between hLigl and DNA
in the presence of increasing concentrations ofpmamd27 (31.25, 62.5, 125, 250 and 500
uM), indicating that compoun@7 interacts with hLigl by replacing the interactimiNA

substrate, as shown in figure 8. Thus, hLigl wakibited by a competitive mode of

inhibition.

DNase | cleavage protection assay showed thatesiMA interacting molecules such as
doxorubicin (DNA intercalator), DAPI (DNA minor gve binder) and methyl green (DNA
major groove binder); there was a complete cleawdd@NA in the presence of ampicillin
(negative control) and compourd (at 250, 500 and 7@® concentrations), even at very
high concentrations. This suggested that comp@irdbes interact with DNA either through
intercalation or through DNA minor/ major groovendhing. Therefore, DNA incubated with

compound 27 was left free for cleavage by DNagiguie 9).

2.6 Compound 27 induces mor phological changesin DLD-1 cells

We studied the morphological changes in DLD-1 celtticed by compound?. The bright
field images of DLD-1 cells showed significant miegiogical changes after 24 and 48 h of

treatment with compoun®7 at 5 and 1QuM concentrations, as compared to the control cells



(figure 10). The observed morphological changesvwséirinkage of cells and detachment of
cells from the culture surface that are the chargstic of cells undergoing apoptosis. We
observed that in the presence of compoRindhe cells undergo apoptosis in a concentration

and time dependent manner (figure 10).

2.7 Compound 27 inhibits colony formation in DLD-1 cell line

The colony-forming assay determines the abilityaafell to proliferate indefinitely, thereby
retaining its reproductive ability to form a colony a clone. Colony formation by DLD-1
cells was observed by staining with crystal viol2L.D-1 cells were treated with compound
27 (at 1.25, 2.5 and pM concentrations) for 24 h and 48 h and cell cadsrwere grown for

10 days before staining. Figure 11 confirms inioitof colony formation in the presence of

compound?? in a time and concentration dependent manner.

2.8 Compound 27 inhibits migration of colon cancer cells

Cell migration is a highly coordinated and mulgstprocess that plays a critical role in
progression of cancer. Cancer cells often haveghlhimetastatic nature. Wound-healing
assay is a simple and inexpensive method to stuglylirectional migration of celis vitro
[46]. Thus, we studied the effects of compo@idon the migration of colon cancer cells by
wound-healing assay in DLD-1 cells, after treatmenth different concentrations of the
compound (2.5 and pM) for 12, 24 and 48 h. Percentage open area ireated and treated
cells were calculated at different time points witle help of Image-J software. The bright
field images and graphs represented in figure I®veld a significant reduction in % open
area of control cells as compared to treated dedlsrease in % open area indicates increased
migration. Therefore, we determined that compog@rdcould significantly inhibit cellular
migration at 2.5 and UM concentrations suggesting that it might have -argtastatic

activity against colon cancer cells.



2.9 Compound 27 induces apoptosisin DLD-1 cells

In order to check the effect of compouidon cellular apoptosis, DLD-1 cells were exposed
to different concentrations of compoufd for 48 h, and stained with Annexin V-FITC and
Pl. Flow cytometry analysis of stained cells showteel induction of apoptosis in DLD-1
cells in a dose dependent manner (2.5, 5 apd1)10At 5 uM concentration 17.38 £ 2.23 %
cells were in early apoptosis and 14.85 + 2.18 Ys e late apoptosis whereas at (1B
concentration percentage of early and late apaptatis increased upto 26.53 + 1.51% and
50.96 + 6.98% respectively, as shown in figure H8nce, the induction of apoptosis was

responsible for death of DLD-1 cells after treatingith compound?7.

2.10 Effect of compound 27 on DLD-1 3D spheroids imitating solid tumors

3D spheroids are good mimics of vivo tumor system inin vitro study and provide
physiologically more relevant information than 2@tares [47]. In previous experiments, we
checked the effectiveness of compow@idagainst DLD-1 cells in 2D culture. Thereatfter, in
order to investigate the potential effect of commbA7 on solid tumors, we developed 3D-
spheroids of DLD-1 cells and treated them with coomml27 for 72 h, followed by live dead
staining with FDA and Pl. The dye FDA produces gréleorescence when it enters the
viable cells whereas PI, the nuclear staining dyenot pass through the cell membrane of
viable cells but can enter dead cells via the ds@d membranes and stains the nuclear
DNA to produce red fluorescence. In control spraspthere was significantly less number
of dead cells as compared to cells treated witheaming concentrations of compou2d
(6.25, 12.5 and 2BM). In contrast, the spheroids treated with comgb@7 showed
increased cell death with a distinct necrotic ceafeer 72 h of treatment, highlighted by the

increased red fluorescence visible in figure 14rdMdead cells appear at the center because

10



of lower levels of nutrients and oxygen supply andreased level of debris, GOand

acidosis, as compared to cells present at thelpyd48].
3. Conclusions

In this study, we identified a novel hLigl inhibito(compound 27) that induced
antiproliferative activity against cancer cell ingpLD-1, MDA-MB-231, HelLa, HepG2 and
4T1), but most prominently targeted the colon camml line DLD-1 (Figure 3). The
compound specifically inhibited hLigl mediated n®éaling activity in a competitive manner
by interacting with the DNA binding residues of theotein (Figure 7 & 8). Compourg’
inhibited the migration of DLD-1 cells suggestingatential anti-metastatic activity (Figure
12). Compound27 induced apoptosis in monolayer cultures and moterestingly, was
effective against 3D-spheroids of DLD-1 cells thesembled solid tumors. Therefore, this
novel class of hLigl inhibitor is a promising lefat drug development for colorectal cancer.
The impact of ligase inhibitors in combination wittadiation and DNA damaging

chemotherapeutic agents is a subject of furtherares in our laboratory.

4. Experimental Section

4.1. General Procedure: All chemical reagents were procured commercialyg aised
without further purification. Column chromatograpiwas carried out on silica gel (60-120
and 100-200 mesh). All reactions were monitored b§ (silica gel plates with fluorescence
F254). Melting points were uncorrected. Theand*C NMR spectra were recorded on 400,
500 MHz and 100, 125 MHz, respectively, using DM$gas solvents and TMS as internal
standard. All chemical shifts values were givemppm and their multiplicities expressed as:
s = singlet, brs = broad singlet, d = doublet, brdroad doublet, dd = double doublet, t =
triplet, g = quartet, m = multiplet. IR spectra weecorded in the range of 500 ~ 4000"cm

High performance liquid chromatography analyses &brecking purity of targeted
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compounds were performed on Waters 2998, and dwtestas done by UV detector. All
final compounds were found to be >95% pure by HRPE@oporting Information).

42. General synthetic procedure for the preparation of 4-Hydroxy-5-alkyl
isophthalaldehydes (5-8).

2-Alkyl phenol (1.0 equiv.) and hexamethyleneteireen (HMTA) (1.2 equiv.) were
dissolved in TFA (25 mL) and the solution was hdade 120 °C for 3 h. After cooling to
room temperature, 10 % ag$D, (25 mL) was added and the temperature maintain@@-a
100 °C for two more hours. The solution was bagifieth NaHCQ to pH=8 and extracted
with CHClL (50 mL x 3). The combined organic layers were diree’er anhy. NSO,
filtered, and concentrated to dryness under redpoessure. The crude product thus obtained
was purified on a silica gel column (100-200 mastihg ethylacetate-hexane (12:88, v/v) as

eluent to afford compounds8 in good yields [39].

4.3. General synthetic procedure for preparation of compounds (9-16)

A solution of 4-hydroxy-5-alkyl isophthalaldehyd®8 (1.0 equiv.) and 4-substituted
acetophenone (1.0 equiv.) in dioxane (15 mL) wasataéd with conc. HCIl (2 mL). The
resultant solution was refluxed for 8-10 h. Aftempletion of the reaction as checked by
TLC, the reaction mixture was cooled and the exckssane was removed under reduced
pressure. The residue thus obtained was suspendedter (50 mL) and extracted 3-fold
with CHCl; (50 mL). The combined organic layers were driecohydrous NgsQ,, filtered,
and concentrated to dryness under reduced presBueeresidue was purified by silica gel
(230-400 mesh) column chromatography using ethgtaae-hexane (10:90, v/v) as eluent to

afford regioselective parachalcore46 in moderate yields [49].

4.4. General procedure for the synthesis of compounds (17-29)

12



Para substituted chalcones (1 equiv93-16) and malononitrile (1 equiv.) were stirred in
acetonitrile in the presence of L-proline catalistoom temperature for half an hour. To this
reaction mixture different 2-methyl indole (0.8 aguwere added and was heated t§ @0
on an oil bath. Reaction mixture was stirred hk tcompletion of reaction as monitored by
TLC. Afterwards, the reaction mixture was evapatate dryness under vacumm and was
partitioned between ethyl acetate and water. Thabawed organic layer was dried and
purified by silica gel column chromatography to gete product&7-29 [50].
(E)-2-amino-8-(tert-butyl)-4-(2-methyl-1H-indol -3-y1)-6-(3-oxo-3-(p-tolyl ) prop-1-en-1-yl)-
4H-chromene-3-carbonitrile (17).

Yellow solid, yield: 75%; mp: 193 °CH NMR (DMSO-ds, 400 MHz)6: 1.51 (s, 9H), 2.39
(s, 3H), 2.51 (s, 3H), 5.04 (s, 1H), 6.76)t 7.9 Hz, 1H), 6.87 (s, 2H, Ni 6.92 (tJ=7.9
Hz, 1H), 7.02 (dJ = 7.9 Hz, 1H), 7.22 (d] = 8.1 Hz, 1H), 7.31 (s, 1H), 7.34 (@= 8.1 Hz,
2H), 7.56-7.60 (m, 3H), 7.96 (d,= 8.2 Hz, 2H), 10.86 (s, 1H, NH)*C NMR (DMSO+,
100 MHz)4é: 11.8 (CH of indole), 21.6 (CH of Ph), 30.4 (CH of 'Bu), 31.9 (CH of pyran),
35.2 (C(CH)3), 56.7 (C-CN), 111.2, 115.1, 117.7, 118.8, 120.5].1 (Ar), 121.7, 125.1
(CN), 125.7, 126.7, 128.9, 129.1, 129.7, 130.5,4,3935.5, 135.9, 137.8 (Ar), 143.8, 143.9,
149.6 (Ar), 159.4 (C-Nb), 189.1(C=0); ESI-MSnt/2): 502.1 (M+H); HRMS nvz calcd for
CaaHziNzO, (M+H)* 502.2495, found 502.2491.
(E)-2-amino-8-(tert-butyl)-6-(3-(4-methoxyphenyl )-3-oxopr op-1-en-1-yl)-4-(2-methyl-1H-
indol-3-yl1)-4H-chromene-3-carbonitrile(18).

Yellow solid, yield: 78%; mp: 190 °CH NMR (DMSO-ds, 400 MHz)4: 1.49 (s, 9H), 2.50
(s, 3H), 3.80 (s, 3H), 5.03 (s, 1H), 6.76)(t 7.4 Hz, 1H), 6.89 (s, 2H, N}y 6.91 (tJ=7.5
Hz, 1H), 7.01(d,) = 8.2 Hz, 3H), 7.21 (d] = 8.0 Hz, 1H), 7.28 (brs, 1H), 7.50 @@= 15.6
Hz, 1H), 7.54 (s, 1H), 7.60 (d,= 15.6 Hz, 1H), 8.04 (dl = 8.7 Hz, 2H), 10.84 (s, 1H, NH);

3C NMR (DMSO4ds, 100 MHz)d:11.8 (CH), 30.1 (CH of 'Bu), 31.6 (CH of pyran), 35.0

13



(C(CHs)s), 55.5 (OCH), 60.8 (C-CN), 110.6 , 113.8, 114.2, 117.9, 113¥9.8, 121.2 (Ar),
121.4, 124.0, 125.5, 126.8, 128.1, 130.8, 131.0,113131.9, 135.5, 137.6 (Ar) 143.5, 149.2
(Ar-0), 158.1 (C-NH), 163.4 (Ar-OMe), 188.9 (C=0); ESI-MSM(z): 518.2 (M+HJ;
HRMS mvz calcd for GaH31N303 (M+H)* 518.2444, found 518.2442.
(E)-2-amino-8-(tert-butyl)-4-(2-methyl-1H-indol-3-y1)-6-(3-oxo-3-(3, 4, 5-trimethoxyphenyl)
prop-1-en-1-yl)-4H-chromene-3-carbonitrile(19).

Yellow solid, yield: 75%; mp: 147 °CH NMR (DMSO-ds, 500 MHz)é: 1.50 (s, 9H), 2.51
(s, 3H), 3.75 (s, 3H), 3.86 (s, 3H), 5.05 (s, 16Y6 (t,J = 7.6 Hz, 1H), 6.88 (s, 2H, N}
6.92 (t,J = 7.8 Hz, 1H), 7.03 (d] = 8.2 Hz, 1H), 7.22 (d] = 8.1 Hz, 1H), 7.31 (s, 2H), 7.34
(s, 1H), 7.56-7.59 (m, 3H), 10.86 (s, 1H, N} NMR (DMSOds, 100 MHz)s: 11.7
(CHs), 30.3 (CH of 'Bu), 31.8 (CH of pyran), 35.1 (C(GM), 56.6 (OCH), 60.6 (C-CN),
106.6, 111.2, 115.0, 117.7, 118.8, 120.5, 121.), (#21.8, 125.2 (CN), 126.1, 126.7, 128.6,
130.5, 132.4, 133.5, 135.8, 137.8 142.3, 143.9, (1M9.6 (Ar-0), 153.3(Ar-OMe), 159.5(C-
NH,), 188.5(C=0); ESI-MSt/2): 578.1 (M+H); HRMS m/z calcd for GsH3sN3zOs (M+H)*
578.2655, found 578.2649.

(E)-2-amino-8-(tert-butyl)-6-(3-(4-chlorophenyl)-3-oxopr op-1-en-1-yl)-4-(2-methyl-1H-
indol-3-y1)-4H-chromene-3-carbonitrile (20).

Yellow solid, yield: 77%; mp: 157 °éH NMR (DMSO-ds, 400 MHz)s: 1.51 (s, 9H), 2.51
(s, 3H), 5.04 (s, 1H), 6.76 @,= 7.5 Hz, 1H), 6.87 (s, 2H, Ni 6.92 (t,J = 7.4 Hz, 1H), 7.01
(d,J = 7.9 Hz, 1H), 7.22 (d] = 7.9 Hz, 1H), 7.32 (s, 1H), 7.59-7.61 (m, 5HPB(d,J = 8.6
Hz, 2H), 10.86 (s, 1H, NH)*C NMR (DMSO4ds, 100 MHz)6: 11.8 (CH), 30.4 (CH of
‘Bu), 31.9 (CH of pyran), 35.2 (C(GM), 56.7 (C-CN), 111.2, 115.0, 117.7, 118.8, 120.5,
121.0, 121.4, 125.1, 125.9, 126.7, 129.1, 129.8,413130.9, 132.4, 135.9, 136.7, 137.8,
138.3, 144.7 (Ar), 149.8 (Ar-0), 159.4 (C-hH188.7 (C=0); ESI-MSn/2): 522.0 (M+HY;

HRMS mvz calcd for GoH2sCIN2O» (M+H)™ 522.1948, found 522.1948.
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(E)-2-amino-8-(sec-butyl)-4-(2-methyl-1H-indol -3-yl)-6-(3-0x0-3-(3, 4, 5-trimethoxyphenyl)
prop-1-en-1-yl)-4H-chromene-3-carbonitrile (21).

Yellow solid, yield: 70%; mp: 220 °CH NMR (CDCk, 400 MHz)d: 0.93-0.97 (m, 3H),
1.34 (dd,J; = 4.6Hz,J, = 2.3Hz, 3H), 1.69-1.74 (m, 2H), 2.49 (s, 3H),3325 (m, 1H),
3.89 (s, 6H), 3.94 (s, 3H), 4.66 (s, 2H), 5.141¢d), 6.90-6.95 (m, 1H), 7.05-7.19 (m, 6H),
7.25-7.28 (m, 1H), 7.33 (s, 1H), 7.56 Jt= 15.7Hz, 1H), 8.09 (s, 1H, NH}*C NMR
(CDCl;, 100 MHz)§:11.8 (CH), 12.1, 20.6, 30.3, 31.6, 33.7, 56.4, 60.7, 6@8phatic),
106.2, 110.6, 113.9, 117.9, 1194, 121.1, 121.3.42125.8, 126.9, 127.5, 131.3, 132.1,
133.5, 135.3, 135.5, 142.4, 144.2, 148.1, 153.8,6L6C-NH,), 189.7 (C=0); ESI-MSn{/2):
578.1 (M+HY; HRMS m/z calcd for GsH3sNzOs (M+H)* 578.2655, found 578.2660.
(E)-2-amino-8-(tert-butyl )-4-(5-methoxy-2-methyl - 1H-indol -3-y1)-6-(3-0xo-3-(p-tol yl ) prop-1-
en-1-yl)-4H-chromene-3-carbonitrile(22).

Yellow solid, yield: 72%; mp: 163 °CH NMR (DMSO-ds, 400 MHz)6: 1.51 (s, 9H), 2.39
(s, 3H), 2.51 (s, 3H), 3.60 (s, 3H), 5.00 (s, 16433 (s, 1H), 6.58 (dd; = 6.2Hz,J; = 2.4Hz,
1H), 6.89 (s, 2H, Nb), 7.11 (d,J = 8.7Hz, 1H), 7.34 (dJ = 8.1Hz, 3H), 7.58-7.61 (m, 3H),
7.97 (d,J = 8.2Hz, 2H), 10.69 (s, 1H,NHY*C NMR (DMSOds, 100 MHz)d:11.9 (CH),
21.6, 30.4, 31.9, 35.2, 55.5, 56.5 (Aliphatic), 20@09.9, 111.7, 115.0, 121.1, 121.7, 125.1,
125.7, 127.0, 128.9, 129.1, 130.6, 130.9, 133.5,513137.9, 143.9, 149.5, 153.2, 159.6 (C-
NH,), 189.2 (C=0); ESI-MSn/2): 532.1 (M+H); HRMS n/z calcd for GsH33Nz05 (M+H)*
532.2600, found 532.2602.

(E)-2-amino-8-(tert-butyl)-4-(5-chlor o-2-methyl-1H-indol -3-y1)-6-(3-0x0-3-(p-tol yl ) prop-1-
en-1-yl)-4H-chromene-3-carbonitrile (23).

Yellow solid, yield: 75%; mp: 175 °CH NMR (DMSO-ds, 400 MHz)4: 1.52 (s, 9H), 2.38
(s, 3H), 2.53 (s, 3H), 5.03 (s, 1H), 6.91-6.96 4H), 7.23 (dJ = 8.4 Hz, 1H), 7.34 (d] =

8.0 Hz, 3H), 7.56 (d] = 15.6Hz, 1H), 7.60 (s, 1H), 7.64 @= 15.7Hz, 1H), 7.97 (dl = 8.1
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Hz, 2H), 11.09 (s, 1H, NH}’C NMR (DMSO+s, 100 MHz)d:11.8 (CH), 21.6, 30.4, 31.8,
35.2, 56.4, 79.6 (Aliphatic), 112.6, 115.3, 116120.3, 120.9, 121.8, 123.5, 124.7, 125.9,
127.7, 128.9, 129.1, 129.7, 130.7, 134.3, 135.3,9,3143.7, 143.8, 149.6, 159.4 (C-NH
189.1 (C=0); ESI-MS/2): 536.2 (M+H): HRMS m/z calcd for GzH3oCINO, (M+H)*
536.2105, found 536.2109.

(E)-2-amino-8-isopr opyl-4-(2-methyl - 1H-indol - 3-yl)-6-(3-oxo-3-(thiophen-2-yl )prop-1-en-1-
yl)-4H-chromene-3-carbonitrile (24).

Yellow solid, yield: 70%; mp: 183 °CH NMR (DMSO-ds, 400 MHz)s: 1.32-1.35 (m, 6H),
2.52 (s, 3H), 3.46-3.53 (m, 1H), 5.05 (s, 1H), 673 = 7.3 Hz, 1H), 6.84 (s, 2H, N} 6.93

(t, J = 7.3Hz, 1H), 6.99 (d] = 7.9Hz, 1H), 7.23 (d) = 7.9Hz, 2H), 7.28 (t) = 4.7Hz, 1H),
7.54 (d,J = 15.6 Hz, 1H), 7.64 (d] = 15.6Hz, 1H), 7.72 (s, 1H), 8.02 @ = 4.3Hz, 1H),
8.26 (d,J = 3.3 Hz, 1H), 10.86 (s, 1H,NHYC NMR (DMSO4ds, 100 MHz)5:11.8 (CH),
22.8, 23.4, 26.9, 31.8, 56.8 (Aliphatic), 111.24%1 117.7, 118.8, 120.5, 121.1, 121.3,
124.4, 125.1, 126.8, 129.0, 129.2, 130.8, 132.9,113135.8, 135.9, 136.5, 143.2, 145.9,
148.1, 159.9 (C-Nb), 181.9 (C=0).; ESI-MS nf/2): 480.1 (M+H}; HRMS m/z calcd for
CooH2sN30,S (M+H)" 480.1746, found 480.1748.

(E)-2-amino-8-isopr opyl-4-(5-methoxy-2-methyl - 1H-indol - 3-yl)-6-(3-oxo-3-(thiophen-2-
yl)prop-1-en-1-yl)-4H-chromene-3-carbonitrile (25).

Light yellow solid, yield: 72%;mp: 156 °GH NMR (DMSO-ds, 400 MHz)o: 1.32-1.36 (m,
6H), 2.50 (s, 3H), 3.44-3.51 (m, 1H), 3.60 (s, 35P1 (s, 1H), 6.49 (d} = 2.3Hz, 1H), 6.58
(dd, J, = 6.2Hz,J, =2.4Hz, 1H), 6.86 (s, 2H), 7.11 @ = 8.7Hz, 1H), 7.25 (s, 1H), 7.28-7.31
(m, 1H), 7.54-7.68 (m, 2H), 7.72 (s, 2H), 8.03 (dc= 3.9Hz,J, =1.0Hz, 1H), 8.27 (ddl; =
2.8Hz,J, =1.0Hz, 1H), 10.69 (s, 1H, NH}’C NMR (DMSO4ds, 125 MHz)d:11.9 (CH),
22.8, 23.4, 27.2, 31.9, 55.4, 56.7 (Aliphatic), 5)@09.7, 111.7, 114.7, 121.1, 121.4, 124.4,

125.2, 127.1, 129.0, 129.2, 130.8, 130.9, 133.2.013135.8, 136.4, 143.2, 145.9, 148.2,
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153.2, 159.9 (C-Nb), 181.9 (C=0).; ESI-MSni2): 510.0 (M+H}; HRMS mvz calcd for
CaoH27/N305S (M+H)" 510.1851, found 510.1847.

(E)-2-amino-8-(tert-butyl)-4-(5-chlor o-2-methyl-1H-indol -3-yl)-6-(3- (4-methoxyphenyl)-3-
oxoprop-1-en-1-yl)-4H-chromene-3-carbonitrile (26).

Light yellow solid, yield: 72%;mp: 202 °CH NMR (DMSO-ds, 400 MHz)5: 1.51 (s, 9H),
2.52 (s, 3H), 3.84 (s, 3H), 5.02 (s, 1H), 6.92-6193 4H), 7.04 (dJ = 8.5Hz, 2H), 7.22 (d]

= 8.4Hz, 1H), 7.33 (s, 1H), 7.53 (@= 15.6Hz, 1H), 7.58 (s, 1H), 7.64 @@= 15.6Hz, 1H),
8.06 (d,J = 8.4Hz, 2H), 11.09 (s, 1HY*C NMR (DMSO-@, 100 MHz)38:11.8 (CH), 30.4,
31.8, 35.2, 55.9, 56.4 (Aliphatic), 112.7, 114.458, 116.9, 120.4, 121.0, 121.8, 123.5,
124.7, 125.9, 127.7, 128.8, 130.8, 130.9, 131.4,4,3137.9, 143.3, 149.5, 159.5 (C-NH
163.6 (Ar-OMe), 187.9 (C=0).; ESI-MS (m/z): 536.M%H)"; HRMS m/z calcd for
CaaH3oCIN3O, (M+H)* 552.0626, found 552.2047.
(E)-2-amino-8-(tert-butyl)-4-(2-methyl-1H-indol -3-y1)-6-(3-oxo- 3-(thiophen-2-yl ) prop-1-en-
1-yl)-4H-chromene-3-carbonitrile (27).

Light yellow solid, yield: 70%; mp: 208 °GH NMR (DMSO-ds, 400 MHz)d: 1.52 (s, 9H),
2.52 (s, 3H), 5.05 (s, 1H), 6.76 Jt= 7.2Hz, 1H), 6.88 (s, 2H), 6.92 {t= 7.1Hz, 1H), 7.02
(d, J = 8.0Hz, 1H), 7.23 (dJ = 8.0Hz, 1H), 7.28 (t) = 4.6Hz, 1H), 7.32 (s, 1H), 7.58-7.60
(m, 3H), 8.01 (d)J = 4.3Hz, 1H), 8.24 (d] = 3.4Hz, 1H), 10.86 (s, 1H}*C NMR (DMSO-
ds, 100 MHz) 5:11.8 (CH), 30.4, 31.9, 35.2, 56.7, 79.6 (Aliphatic), 111145.0, 117.7,
118.8, 120.5, 121.1, 121.3, 125.1, 125.9, 126.B.012129.3, 130.3, 132.4, 134.1, 135.8,
137.9, 143.4, 145.8, 149.7, 159.4 (C-)H181.9 (C=0).; ESI-MSn{/2): 494.2 (M+H];
HRMS mvz calcd for GoH27N30,S (M+H)" 494.1902, found 494.1897.
(E)-2-amino-8-methyl-4-(2-methyl-1H-indol -3-yl)-6-(3-0x0-3- (thiophen-2-yl ) prop-1-en-1-yl)-

4H-chromene-3-carbonitrile (28).
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Light yellow solid, yield: 72%;mp: 202 °CH NMR (DMSO-ds, 500 MHz)5: 2.39 (s, 3H),
2.51 (s, 3H), 5.05 (s, 1H), 6.78 Jt= 7.2Hz, 1H), 6.83 (s, 2H, N 6.93 (t,J = 7.8Hz, 1H),
6.97 (d,J = 8.1Hz, 1H), 7.17 (s, 1H), 7.23 @@= 8.0Hz, 1H), 7.28 (1} = 4.0Hz, 1H), 7.50 (d,

J = 15.5Hz, 1H), 7.62 (d] = 15.5Hz, 1H), 7.73 (s, 1H), 8.02 @= 4.9Hz, 1H), 8.22 (d] =
3.7Hz, 1H), 10.87 (s, 1H, NH}*C NMR (DMSO+4ds, 100 MHz)6:11.8 (CH), 15.9, 31.6,
56.9 (Aliphatic), 111.2, 114.4, 117.7, 118.8, 120.81.1, 121.4, 124.1, 126.1, 126.8, 128.9,
129.3, 130.5, 132.7, 133.9, 135.8, 135.9, 142.9,914149.1, 159.8 (C-Nj}, 181.9 (C=0).;
ESI-MS (W2): 452.0 (M+HJ; HRMS m/z calcd for GH»1N3O,S (M+H)" 452.1433, found
452.1432.

(E)-2-amino-8-(tert-butyl)-4-(5-methoxy-2-methyl - 1H-indol -3-y1)-6-(3-oxo- 3-(thiophen-2-
yl)prop-1-en-1-yl)-4H-chromene-3-carbonitrile (29).

Light yellow solid, yield: 70%; mp: 209 °GH NMR (DMSO-ds, 400 MHz)d: 1.51 (s, 9H),
2.52 (s, 3H), 3.60 (s, 3H), 5.00 (s, 1H), 6.521¢4), 6.58 (ddJ; = 6.5Hz,J, = 2.1Hz, 1H),
6.89 (s, 2H, NH)), 7.11 (dJ = 8.6 Hz, 1H), 7.28 (t] = 4.0Hz, 1H), 7.34 (s, 1H), 7.59 (s, 2H),
8.03 (d,J = 4.4Hz, 1H), 8.25 (dJ = 3.1Hz, 1H), 8.32 (s, 1H), 10.69 (s, 1H, NEE NMR
(DMSO-ds, 100 MHz)§:11.9, 30.4, 31.9, 35.2, 55.5, 56.5, 79.6 (Alipt)atiL00.2, 109.9,
111.7, 115.0, 121.1, 121.4, 125.2, 125.9, 127.0,22130.3, 130.9, 133.1, 134.1, 135.8,
137.9, 143.4, 145.8, 149.6, 153.2, 159.6 (C,\NH81.9 (C=0).; ESI-MSn/z): 524.3
(M+H)": HRMS nvz calcd for GiH29N203S (M+H)" 524.2008, found 524.2004.

4.5. Biological Methods
4.5.1. In vitro DNA nick sealing (ligation) assay

DNA ligation assays were performed as previouslgcdbed [26]. For the generation of
linear duplex DNA ligase substrate, we used threrdnt single strand DNA oligomers, 52-

mer (8-GTACGTCGATCGATTGGTAGATCAGTGTCTATGTATGTCAGTGAGATAGT
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AC-3), 25-mer (5CTGATCTACCAATCGATCGACGTAC-3) and 27-mer (5
/5Cy3/GTACTATCTCACTGACATACATAGACA-3) and annealed them together to form
a ds nicked DNA substrate for DNA ligase | nicklsegaactivity, in the presence of ATP.
The reaction mixture (2QL) contained 1 pmol of labeled DNA substrate ar2l @gmol of
purified hLigl in a ligation buffer containing THSI (50 mM, pH 7.5), MgCI2 (10 mM),
BSA (0.25 mg/mL), NaCl (100 mM), and ATP (5@M). The nicked duplex DNA was
incubated with purified hLigl in the absence orgenece of inhibitors at 37 °C for 30 min.
After 30 min, 10uL of stop buffer (90% formamide and 10% of 50 mME) was added to
stop the reaction. This reaction mixture was loagie® a denaturing gel containing 7 M urea
and 12% acrylamide used for the separation ofdjaind un-ligated DNA products. Ligated
duplex DNA appeared higher in the gel due to thigeasize, whereas un-ligated product
would appear lower due to smaller size. If an inthibis added to the reaction mixture, this
would lead to an inhibition of ligation and a capending loss of labelled ligated product in
the gel. The percentage inhibition of ligation vestimated by measuring the density (by GE
Image Quant LAS 4010) of ligated product in theelamthout inhibitor and comparing it
with the lanes containing different inhibitors orithw the same inhibitor at different
concentrations. Experiments were carried out plitate and average values are represented

graphically.

4.5.2. Cell culture and viability assays

To determine whether the synthesized compoundg cafteect proliferation of cancer cells,
various types of cancerous cell lines were cultuidte human breast cancer (MDA-MB-
231) and hepatic cancer (HepG2) cell lines (ATCG@Gniksas, VA) were grown in DMEM.
Human cervical cancer cell line (HeLa) obtainednfrédCCS (National Centre for Cell

Science), Pune, India, human colon cancer cell Db®-1 (ECACC, Salisbury, UK) and
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mouse breast cancer cell line 4T1 (ATCC, Manasgég, were cultured in RPMI 1640.
Human embryonic kidney (HEK-293) cell line was ob&al from (ATCC, Manassas, VA)
and cultured in EMEM. All media were supplementeithwi0% (v/v) fetal bovine serum
(FBS) and 1% antibiotic—antimycotic solution. Taidy¢ the antiproliferative activity of
compounds, 10 mM stock solutions of compounds weepared by dissolving them in
DMSO (Sigma St. Louis, MO). MTT assay was doneescdbed by ATCC, Manassas, VA.
Briefly, cells were seeded in 96 well plates in 100 media per well and incubated
overnight. After overnight cell adhesion, varioumcentrations of compounds dissolved in
DMSO were added to cells and DMSO alone was useelasle control. Cells were grown
for 48h to test the effect of compounds. For MT$ags10uL of MTT (5mg/ml) was added
to each well and incubated for 3 h. The formazastats formed by live cells were dissolved
by adding DMSO and shaking until completely dissdhat room temperature. Absorbance
was measured at 590 nm on the plate reader (Epiocioplate Reader, Biotek, USA). The
measurement of control cells was defined as 1008twihr and the percentage growth
inhibition of treated cells was calculated from esthmeasurements. Each experiment was
done in triplicate. Percentage inhibition of celogth (anti proliferative activity) was
measured by the formula: [(Absorbance of contrdlsce Absorbance of inhibitor treated
cells)/ Absorbance of control cells] X 100 and népd as average of three independent

biological replicates.

4.5.3. Electrophoretic mobility shift assay (EMSA)

EMSA was performed to check the interaction of coomu 27 with DNA substrate and
hLigl as described previously [14]. Three differerigos were used to generate a double
stranded, non-ligatable nicked DNA substrate. Oas &v5’-FAM labelled 27-mer oligo with

a dideoxy modified 3’ end (5'-/56-FAM/GTACTATCTCACIACATACATAGAC/3ddc/-
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3’), where FAM labelling and dideoxy modificationa& used for easy detection of DNA
substrate and for creating the non ligatable nie&pectively. The other two oligos were 25-
mer (5-CTGATCTACCAATCGATCGACGTAC-3) and 52-mer &TACGTCGATCG
ATTGGTAGATCAGGGTCTATGTATGTCAGTGAGATAGTAC-3’) whichwere annealed
to form a non-ligatable nicked DNA substrate fgake I. In EMSA, the reaction volume of
20uL contained 10 pmole of hligl with different con¢eations of compound (31.25, 62.5,
125, 250, 500 uM) and 2 pmole non-ligatable nickediA substrate in a ligation buffer
containing Tris-Cl (50 mM, pH7.5), Mg&e10 mM), BSA (0.25 mg/ml), NaCl (100mM),
ATP (500 mM) were incubated for two hours on id@u lL of native gel buffer (50mM TrisCl
pH7.5, 20% glycerol, 0.05% bromophenol blue) wadeadand samples were separated by
electrophoresis in 6.5% native polyacrylamide gedl dands were detected by GE Image

Quant LAS4010. Represented graphically after thmdependent experiments in figure 8.

4.5.4. DNase | protection assay

We performed the DNase | protection assay to hesirtteraction of compourzV’ with DNA

as described by Cardest al [51]. For this experiment 100 ng of linearizedspted DNA
(pUC18) was incubated with the DNA intercalatingenaiy doxorubicin at 100uM
concentration and then competed with DAPI, methgdeg, ampicillin (all at 50QuM
concentration) and compourd at three different concentrations (250, 500, fPfor 30
min at 37°C in an incubation buffer similar to ligm buffer. After incubation, 0.0025U of
DNasel was added to the reaction mixture for DNéaeage and incubated for 5 min at
37°C. After 5 min, the stop buffer containing 7 Med, 20 mM Tris-Cl (pH. 7.5), 50 mM
EDTA, 20% glycerol and bromophenol blue, was adttedtop the reaction. The samples
were then resolved in 1% agarose gel and visualimetbr UV transilluminator and image

captured with GE Image Quant LAS4010.
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4.5.5. Invitro cell migration assay

The migration of DLD-1 cells was assessed by theindohealing assay as described by
Mishraet al [52]. Cells were seeded in 6 well plates and grevii0-80 % confluence. The
wound was created with a 2({ pipette tip in the middle of the well and therlseavere
treated with different concentrations of compo@idor 12, 24 and 36 h. Wound closure was
measured after different time intervals and imagét phase contrast microscopy under an
inverted microscope (Ziess Primovert using a 1thase contrast objective) and quantified
by Image-J software. Average values were repredemegraphical form after three

independent experiments.

4.5.6. Colony formation assay

Colony formation assay was performed as descrivediqusly by Cheret al with some
modifications [45], 400 cells of DLD-1 cell line weeseeded per well in 12 well plates and
grown overnight in RPMI media containing 10% FB®eteafter, different concentrations
(1.25, 2.5 and j@M) of compound27 were added and cells were grown for 24 h and 48 h.
After the desired time point, the culture mediumsweplaced with fresh medium and cells
were grown for another 10 days, exchanging the umedevery third day. To observe the
colonies formed, the cells were washed with 1X RB8 stained and fixed with 0.5% crystal
violet and 6% glutaraldehyde for 30 min at room penature. Finally, the excess stain was

washed with tap water, plates were dried and images captured.

4.5.7. Measurement of Apoptosis by Annexin V-FITC assay

To measure compoun/ induced apoptosis in colon cancer DLD-1 cells, pegformed
Annexin V-FITC staining by using a commercially aable kit (BD Biosciences, San Diego,

CA). Different concentrations of compoufd (2.5, 5 and 10M) were added to DLD-1 cells
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for 48 h. After 48 h of treatment, the cells weeslested, washed with cold PBS and stained
with Annexin V-FITC and propidium iodide (PI) inrding buffer at room temperature in the
dark, according to manufacturer's instructions. I¢gia of the stained cells was done by
fluorescence-activated cell sorter using a FACSHDalinstrument (BD Biosciences, San
Diego, CA) equipped with CellQuest 3.3 Software amekrage values were plotted

graphically from three independent experiments.

4.5.8. Generation of DLD-1 cell spheroids and study of antiproliferative activity of compound

27

DLD-1 spheroids were generated via the ‘*hangingpdtechnique as described previously
with some modifications [48, 53]. In short, 5 X*IDLD-1 cells/ 10uL RPMI was placed on
the lid of a non-adhesive PBS containing petri dispbheroids were incubated for 3 days at
37°C, in a 5% CO2 incubator. The spheroids werngsfeared to 0.7% agarose coated 24 well
plates containing 10 % RPMI medium. The medium eeashanged after every third day.
After 7 days the spheroids were treated with compdiy at different concentrations (25,
12.5 and 6.25) for 72 h. Spheroids were stainett wfiaining solution containingugd/mi
FDA (Fluorescein diacetate) and@@ml Pl (Propidium iodide) in PBS and incubated 26r
min in the dark, as previously described [54]. Btaned spheroids were washed with PBS

and then visualized and imaged under Nikon Eclipdeiorescence microscope.

4.5.9. Molecular modelling studies

To model the binding of compourZ¥ with hLigl, we performed thén silico docking of
compound27 with the crystal structure of hLigl retrieved frothe PDB database (PDB
ID:1X9N) [15]. The co-crystallized nicked DNA andd@nosine Monophosphate moieties
were removed before performing the docking expenisieSubsequently, the hydrogen atoms

were added to the protein structure. Finally, thergy minimization was accomplished
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applying the Sybyl7.1 software suite [55]. The dstaf the structure preparation and
validation of docking protocol are published byeasglier [26]. The structure of compougd

was drawn using sketch module of Sybyl7.1 softwswée. Further, this structure was
minimized using MMFF4 force field by using Sybyl7Docking was performed using the

FlexX module of Sybyl7.1 [56].

4.5.10. Satistical analysis

All experiments were performed in triplicate ancgpaoded as mean + SEM. Statistical
analysis were performed through the Graph Pad Pseftware version 5 (San Diego
California USA). For the measurement of DNA ligaticytotoxicty, EMSA and apoptosis,
one-way ANOVA followed by Bonferroni post-test weresed to assess the statistical
significance between control and treated groupsvalue of p<0.05 was considered
statistically significantANOVA showed a significant difference from the caft *(P<0.05),

**(P < 0.01), **(P < 0.001), ns (not significant).
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Captionsto illustrations

Figure 1: Strategy for designing indole-chalcone based bgyram molecules.

Figure 2: Effect of 13 indole-chalcone based benzopyranghennick sealing activity of
human DNA ligase |. Denaturing gel images showmghition of hLigl nick sealing activity
in the presence of test compounds atl¥Dconcentration and the graphical representation of

percentage inhibition of nick sealing activity peasin purified hLigl.

Figure 3: Percentage antiproliferative activity of indoleattone based benzopyrans in
various cancer cell lines (A) MDA-MB-231, (B) DLD-{C) HelLa, (D) HepG2 and (E) 4T1.

Doxorubicin was used as a control to compare aoltiprative activity.

Figure 4: 1C5p values of compoun@7 in various cancer (MDA-MB-231, DLD-1, Hela,

HepG2 and 4T1) and normal (HEK-293) cell lines.

Figure5: Cartoon representation of SAR studies shows thepgranportant for inhibition of

DNA nick sealing activity and anti-proliferativetaaty.

Figure 6: Inhibition of DNA nick sealing (ligation) activithy compound®7 at 3.125, 6.25,
12,5, 25 and 50 M concentrations against variowsnam (hLigl, hLiglll and
hLiglV/XRCC4) and non-human DNA ligases (T4 DNAdgg).

Figure 7: In silico docking of compoun®7 at the DNA binding site of hLigl (crystal
structure 1X9N) represented as a cartoon. Compd@mda shown in purple sticks, the
interacting residues of hLigl are shown as cyanksti black dashed lines represent the
hydrogen bonds.

Figure 8: Electrophoretic Mobility Shift Assay (EMSA) for ogpound27 with DNA-protein
complex shows a concentration dependent inhibibbrcomplex formation, suggesting a

competitive mode of inhibition.
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Figure 9: DNase | protection assay for DNA incubated witmpound27 and various other
controls. The representative agarose gel showsutildée Doxoburicin, Methyl green and
DAPI compound27 was not able to protect DNA from DNase digestisuggesting that it
does not bind to DNA.

Figure 10: Bright field images of DLD-1 cells after treatmemith compound27 at various
concentrations (2.5, 5 and 10 uM) for 24 and 4&dws changes in cellular morphology,
indicating cellular stress.

Figure 11: Images ofcolony formation assay showed inhibition of coloimymation by
DLD-1 cells in the presence of compowitiin a dose and time dependent manner.

Figure 12: Bright field images of inhibition of DLD-1 cell myration in the presence of
compound27. The graph shows significant decrease in % opea iar control versus treated
cells after different time points, indicating reedccellular migration.

Figure 13: Induction of apoptosis in DLD-1 cells after treatvthef compound®7 at different
concentrations for 48 h. The percentage populatibrearly and late apoptotic cells at
different concentrations of the compound is repressgraphically.

Figure 14: Evaluation of cell viabilityin 3D spheroids of DLD-1 cells in the presence of
compound?27 at different concentrations (from left to righthgse-contrast image, FDA-

signal, Pl-signal, composite of FDA and PI sign¢bcale bar: 200 pm).
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Chalcone derivatives having anti-
Indole-Chalcone based Benzopyrans cancer activity

NHy, (Our prototype)

Benzopyran derivatives with
potential anti cancer activity

Figure 1: Strategy for designing indole-chalcongdasbenzopyran hybrids.
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Figure 2: Effect of 13 indole-chalcone based benzopyranghennick sealing activity of
human DNA ligase I. Denaturing gel images showhitiuin of hLigl nick sealing activity in
the presence of test compounds atul concentration and the graphical representation of

percentage inhibition of nick sealing activity peasin purified hLigl.
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Figure 3. Percentage antiproliferative activity of indoleatitone based benzopyrans in

(D) HepG2 and (E) 4T1.
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various cancer cell lines (A) MDA-MB-231,

Doxorubicin was used as a control to compare altiprative activity.
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Figure 4: 1C5o values of compoun@7 in various cancer (MDA-MB-231, DLD-1, Hela,

HepG2 and 4T1) and normal (HEK-293) cell lines.
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Amino group required for
binding with hLigl protein

i R3 substitution doesnot
have any major role

Bulky tert-butyl group

preferred

Figure 5: Pictorial representation of SAR studies shows ttoeigs important for inhibition

of DNA nick sealing activity and anti-proliferatiativity.
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Figure 6: Inhibition of DNA nick sealing (ligation) activithy compound7 at 3.125, 6.25,

12,5, 25 and 50 pM concentrations against variowsnam (hLigl,

hLiglV/XRCC4) and non-human DNA ligases (T4 DNAdigg).
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Figure 7: In silico docking of compoun®7 at the DNA binding site of hLigl (crystal
structure 1X9N) represented as a cartoon. Compd@mde shown in purple sticks, the
interacting residues of hLigl are shown as cyanksti black dashed lines represent the

hydrogen bonds.

34



Compound 27 in pM cone.

o - EBX] Free DNA
¥ NN N hLigl+DNA compl
o QA A Y S ig complex
100 g o=
hLigI-Oligo [ KR}
80 p Pele!
complex , BN
, Dede!
‘ BN
60§ 2e%!
5 .04
¢ PR
a0 b o
1 B
20 o2
olb
o o N2 \} \J
Oligo OQ\Q RN Q0 NV 4 S
substrate 9

Concentrations of compound 27 (uM)

Figure 8: Electrophoretic Mobility Shift Assay (EMSA) for Ind1-DNA complex shows a
concentration dependent inhibition of complex fotiora in the presence of increasing

concentrations of compourad, suggesting a competitive mode of inhibition.
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Ampicillin (nM) 0 0 0 0 0 500 0 0 0
Doxorubicin (uM) 0 0 100 0 0 0 0 0 0
DAPI (nM) 0 0 0 500 0 0 0 0 0
Methyl green (nM) 0 0 0 0 500 0 0 0 0
Compound 27 0 0 0 0 0 0 250 500 700
DNasel (0.0025U) - + + + + + + + +
DNA (100ng) + + + + + + + + +

Figure 9: DNase | protection assay for DNA incubated witmpound27 and various other
controls. The representative agarose gel showsuthidée Doxoburicin, Methyl green and

DAPI compound27 was not able to protect DNA from DNase digestisunggesting that it
does not bind to DNA.
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Figure 10: Bright field images of DLD-1 cells after treatmemth compound7 at various
concentrations (2.5, 5 and 10 uM) for 24 and 4&dws changes in cellular morphology,

indicating cellular stress.
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Figure 11: Images ofcolony formation assay showed inhibition of colofoymation by

DLD-1 cells in the presence of compowitlin a dose and time dependent manner.
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Figure 12: Bright field images show inhibition of migratiori DLD-1 cells in the presence
of compound?7. The graph shows significant decrease in % opea iarcontrol compared to

treated cells after different time points, indiogtreduced cellular migration.

39



104

Pl
10¢

104

108

Pi
108

10!

103

10!

Control

10 ) 1
Annexin ¥ FITC

SuM

L
10°

-
10 w0 10d
Annexin ¥ FITC

2.5uM

(]
=
e
« 21
-]
Oa N
2 o orey T
ol et 104
Annexiny FITC
10pM
w
=

10%

Pl
102

10

T r
10! 10? 1n? 104
Annexin ¥ FITC

Percentage of Apoptosis

1004

80

604

404

20+

Concentrations of compound 27 (uM)

EZ3 Early Apoptosis
L3 Late Apoptosis

Figure 13: Induction of apoptosis in DLD-1 cells after treatrhevith compound27 at

different concentrations for 48 h. The percentageufation of early and late apoptotic cells

at different concentrations of the compound iseepnted graphically.
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Merge

Figure 14: Evaluation of cell viabilityin 3D spheroids of DLD-1 cells in the presence of
compound?27 tested at different concentrations (from left ight. phase-contrast image,

FDA-signal, Pl-signal, composite of FDA and Pl sign(Scale bar: 200 pum).
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Scheme 1: Reagents and Conditions: () HMTA, TFA, 120°C, 4h, (ii) aq HSQ,, 100°C, 2
h, (iii) different acetophenone derivatives, Cod€l, dioxane, 8 h, reflux, (iv) malononitrile,

indole derivative, acetonitrile 6 h reflux.
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Research Highlights

» Indole-chalcone based benzopyrans were synthesised via multicomponent reaction.
» Compound 27 possessed both antiligase and antiproliferative activity.

> Itinduces apoptosis and is effective against 3D spheroid culture of DLD-1 cells.



