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Abstract: Poly (ADP-ribose) polymerase (PARP) enzyme catalyzes the transfer of ADP-ribose into target proteins.
Therefore, PARP is responsible for DNA repair, cell proliferation, and cell death. In this study, potential PARP enzyme
inhibitors were designed and synthesized. The synthesized compounds were elucidated by Fourier-transform infrared
spectroscopy, 1H NMR, 13C NMR, heteronuclear single-quantum correlation, and mass spectrometry, and their purity
was checked via thin-layer chromatography, high-performance liquid chromatography, and elemental analysis. A total
of 63 newly synthesized compounds were screened in terms of PARP inhibition by cellular PARylation assay in the
HeLa cell line. It was found that 19 compounds significantly inhibited the H2O2 -induced cellular PARylation. The
chemosensitizer effect of these compounds in cancer cells treated with doxorubicin (doxo) was investigated. It was found
that the combination of potent PARP inhibitors with doxo potentiated a cytotoxic effect, similar to that of olaparib. The
results of the molecular docking and absorption, distribution, metabolism, excretion, and toxicity (ADMET) analysis
revealed that compound 60 might be classified as a potential PARP inhibitor candidate. Taken together, all of the
results suggested that carbohydrazide derivatives could be a promising lead for the treatment for cancer disorders.
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1. Introduction
Poly (ADP-ribose) polymerase (PARP) is an important nuclear enzyme that is responsible for the genomic
repair, telomerase regulation, transcription, and regulation of cell death. Thus far, 18 members of PARP have
been identified. One of which, PARP-1, is the most important enzyme, and consists of 3 dimensional regions:
the DNA binding domain, the automodification domain, and the catalytic domain [1,2]. When DNA damage
occurs by internal or external factors, PARP-1 activity is stimulated and PARP-1 transfers ADP-ribose subunits
from nicotinamide adenine dinucleotide (NAD+) to nuclear target proteins. Therefore, the DNA damages is
repaired and the normal process of the cell continues [3–5].

PARP-1 provides the repair of single-strand breaks (SSBs). If PARP-1 has been damaged, the SSB
cannot be repaired, and double-strand breaks can be formed. Eventually, the cells undergo controlled cell death
[6,7].
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The inhibition of PARP-1 activity is the target for anticancer drugs. The inhibition of PARP-1 increases
the effect of radiation and chemotherapeutics [8,9]. PARP-1 inhibitors have anticancer activity, especially
in BRCA-deficient cells [10]. Furthermore, PARP-1 inhibitors can provide significant benefits against some
disorders, such as diabetes mellitus, inflammation, aging, cardiovascular disorders, and neurodegenerative
disorders (Parkinsons and Alzheimers) [11–14].

Nicotinamide and 3-aminobenzamide were 1st generation PARP inhibitors. Nowadays, many compounds
of PARP-1 enzyme inhibition are in different stages of clinical trials, such as iniparib, rucaparib, veliparib,
and olaparib [15]. Structure activity relationships have shown that PARP-1 inhibitors should have 3 structural
features: 1) an aromatic ring, 2) a carboxamide moiety, and 3) a side chain. PARP-1 inhibitors try to bind
to the PARP-1 catalytic domain with NAD+ by competition. The CO and NH groups play an important role
in interaction with PAR polymers via hydrogen bonds [16]. However, the CO group is not indispensable for
inhibition activity, as the C=N group has also demonstrated similar activity. Therefore, the heteroaromatic
ring can provide better activity than the aromatic ring [17]. The urea and carbohydrazide groups consist of the
CO and NH bond. Islam et al. reported that the hydrazide groups contributed to hydrogen bond interaction
with the active side of the enzyme [18].

Through the results obtained in the literature, novel molecules, which contain the urea and carbohydrazide
functional groups, were synthesized from methyl-6-aminopyridine-3-carboxylate .

The newly synthesized compounds were screened in terms of PARP inhibition via cellular PARylation
assay in the HeLa cell line using the fluorometric method. Meanwhile, all of the compounds were tested for their
cytotoxic effects on various cell lines, such as breast, pancreatic, cervical endometrial cancer, and normal lung
fibroblast cells. While none of the compounds showed any cytotoxic effect, 19 compounds inhibited the H2O2 -
induced cellular PARylation (even though it was not as strong as the well-known PARP inhibitor, olaparib).
PARP enzymes play a critical role in the maintenance of DNA integrity and PARP inhibitors have been shown
to possess a chemopotentiating capacity and are able to sensitize cells to chemotherapeutic agents that induce
DNA damage [19,20]. Thus, we investigated the chemosensitizer effect of these 19 compounds in cancer cells
treated with doxorubicin (doxo), a DNA damaging agent. We found that the combination of potent PARP
inhibitors with doxo potentiated cytotoxic effect, similar to that of olaparib.

Aside from the experimental studies, computational methods, including molecular docking, and absorp-
tion, distribution, metabolism, excretion, and toxicity (ADMET) analysis, were applied to define the interaction
mechanisms of the complexes at a molecular-level and to gain insight on the drug-likeness properties of the com-
pounds for future research about PARP-1.

2. Materials and methods
2.1. Chemistry

All of the chemicals, solvents, and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA), S D
Fine Chemicals (Mumbai, Maharashtra, India) and Merck (Merck KGaA, Darmstadt, Germany). The progress
of all of the reactions was monitored via thin layer chromatography (TLC), which was performed on Merck 60
F254 silica gel plates using petroleum ether and ethyl acetate (10:90 v/v) as a solvent system. Chromatograms
were visualized under ultraviolet light at 254 nm. Melting points were determined using a Stuart SMP II
digital melting point apparatus (Cole-Parmer Ltd. Staffordshire, UK) and were uncorrected. The purities
of the synthesized compounds were checked by reversed-phase high-pressure liquid chromatography (HPLC)
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(Chromasil C18 4.6 × 150 mm column, 1311A Quat pomp, photodiode array detector) using acetonitrile and
water (isocratic flow, 50:50 v/v) as the eluent. The liquid chromatographic system consisted of an Agilent
Technologies 1100 series instrument (Santa Clara, CA, USA) equipped with a quaternary solvent delivery
system and a model Agilent series G-13158 photodiode array detector. The infrared (IR) spectra were recorded
on a Shimadzu 8400 S Fourier-transform infrared spectroscope (Shimadzu Corp., Kyoto, Japan). Proton nuclear
magnetic resonance (NMR) (300 MHz) and carbon NMR (75 MHz) spectra were obtained with a Bruker AC-P
200 spectrometer (Bruker Corp., Billerica, MA, USA) using tetramethylsilane (TMS) as the internal standard
and deuterodimethylsulfoxide as the solvent. The chemical shift values are given in δ (ppm). The elemental
analysis (C, H, N, and S) was performed using CHNS-Thermo Scientific Flash 2000 (Waltham, MA, USA).
The electrospray mass spectrometry (ES-MS) data were obtained using an Agilent 1100 series LC/MSD Trap
VL&SL spectrometer.

2.1.1. General procedure of urea synthesis

First, 1 mmol methyl 6-aminopyridine-3-carboxylate was solved in acetone, at 80 ◦C. Isocyanate derivatives in
the dry acetone were added in 2 parts. The mixture was refluxed in a water bath. The reaction was screened
by TLC. After 8–10 h, the precipitate was filtered off, dried, and purified with ethanol [21].

2.1.2. General procedure of hydrazide synthesis

Hydrazine monohydrate (5 mmol) was added dropwise to a solution of 1 mmol urea compound in ethanol on a
magnetic stirrer. The mixture was stirred at room temperature over a period of 8 h. The residue was filtered,
washed with water, and dried [22].

2.1.3. General procedure of carbohydrazide synthesis

Benzoyl chloride (1 mmol) derivatives were added dropwise to a solution of hydrazide (1 mmol) in trimethylamine
(2 mmol) and dry CH2Cl2 (5 mL), at room temperature. The mixture was stirred on a magnetic stirrer over
a period of 5 h. Next, the target compounds were washed with distilled water and filtered [23].

The spectrum data of some selected molecules (16, 25, 36, 42, 53, 58, 60) from the synthesized
compounds is given below; however, all of the chemistry data were also given as supporting information.

1-(5-(2-(4-chlorobenzoyl)hydrazinecarbonyl)pyridin-2-yl)-3-(4-fluorophenyl)urea (16)

Yield: 60%; beige solid, m.p. 265–266 ◦C; IR (v , cm−1) : 3277, 3171 (N-H); 3043 (aromatic C-H); 1701 (urea
C=O); 1660 (hydrazide C=O); 1593, 1554, 1548, 1504, 1445 (C=N, aromatic C=C and C-N); 1211 (C-F); 835
(aromatic C-H bend.). 1H NMR (300 MHz) (dimethyl sulfoxide (DMSO)-d6/TMS) δ (ppm): 7.19 (t, 2H, C1-H
and C3-H,J : 8.4 Hz); 7.55 (t, 2H, C4-H and C6-H,J : 8.4 Hz); 7.61 (d, 2H, C26-H and C28-H,J : 8.8 Hz); 7.70
(d, 1H, C17-H,J : 8.8 Hz); 7.95 (d, 2H, C25-H and C29-H,J : 8.8 Hz); 8.24 (d, 1H, C16-H,J : 8.8 Hz); 8.82 (s,
1H, C14-H); 9.75 (s, 1H, urea NH); 10.21 (s, 1H, urea NH); 10.58 and 10.63 (2s, 2H, hydrazide NH). 13C NMR
(75 MHz) (DMSO-d6/TMS) δ (ppm): 111.03 (C-17), 115.27–115.57 (d, J : 22.50 Hz, C-1 and C-3), 120.66–
120.76 (d, J : 7.50 Hz, C-4 and C-6), 121.79 (C-15), 128.43–128.66 (C-26 and C-28), 129.36–129.57 (C-25 and
C-29), 131.17 (C-23), 135.05 (d, J : 2.25 Hz, C-5), 146.24 (C-27), 147.27 (C-16), 151.85 (C-9), 155.03 (C-14),
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156.22 (C-12), 157.80 (d, J : 237.75 Hz, C-2), 164.08 (C-18), 164.85 (C-22). Anal. calcd. for C20H15ClFN5O3 :
C 56.15; H 3.53; N 16.37%. Found: C 57.11; H 3.41; N 15.78%.

1-(5-(2-(4-trifluorobenzoyl)hydrazinecarbonyl)pyridin-2-yl)-3-(4-chlorophenyl)-urea (25)

Yield: 60%; beige solid, m.p. 322–323 ◦C; IR (v , cm−1) : 3336, 3252 (N-H); 3064 (aromatic C-H); 1707 (urea
C=O); 1674 and 1643 (hydrazide C=O); 1600 (C=N); 1556, 1494, 1410 (aromatic C=C and C-N); 1240 (C-F);
1097 (C-Cl); 854 (aromatic C-H bend.). 1H NMR (300 MHz) (DMSO-d6 /TMS) δ (ppm): 7.36 (d, 2H, C1-H
and C3-H, J : 8.4 Hz); 7.56 (d, 2H, C4-H and C6-H,J : 8.4 Hz); 7.70 (d, 1H, C17-H,J : 8.8 Hz); 7.90 (d,
2H, C25-H and C29-H,J : 7.6 Hz); 8.11 (d, 2H, C26-H and C28-H,J : 7.6 Hz); 8.23 (d, 1H, C16-H,J : 8.8
Hz); 8.81 (s, 1H, C14-H); 9.72 (s, 1H, urea NH); 10.22 (s, 1H, urea NH); 10.66 (b.s., 2H, hydrazide NH). 13C
NMR (75 MHz) (DMSO-d6 /TMS) δ (ppm): 111.09 (C-17), 120.40 (C-15), 121.85 (C-4), 122.01 (C-6), 122.28
(C-30), 125.56 (C-26), 125.61 (C-28), 125.92 (C-25), 126.29 (C-29), 128.38 (C-1), 128.73 (C-3), 129.04 (C-27),
131.08–131.93 (C-2), 136.23 (C-5), 137.61 (C-16), 137.73 (C-23), 147.32 (C-14), 151.71 (C-9), 154.95 (C-12),
164.04 (C-18), 164.77 (C-22). Anal. calcd. for C21H15ClF3N5O3 : C 52.79; H 3.16; N 14.66%. Found: C
53.13; H 2.90; N 13.81%.

1-(5-(2-(4-chlorobenzoyl)hydrazinecarbonyl)pyridin-2-yl)-3-(4-(trifluoromethyl)phenyl)urea (36)

Yield: 60%; beige solid, m.p. 346–347 ◦C; IR (v , cm−1) : 3295, 3230, 3173 (N-H); 3009 (aromatic C-H); 1670
(hydrazide C=O); 1595, 1554, 1537, 1495, 1460 (aromatic C=C and C-N); 1215 (C-F); 839 (aromatic C-H
bend.). 1H NMR (300 MHz) (DMSO-d6/TMS) δ (ppm): 7.58 (d, 2H, C1-H and C3-H,J : 8.4 Hz); 7.67 (d,
2H, C26-H and C28-H,J : 8.8 Hz); 7.74 (t, 3H, C4-H, C6-H and C17-H); 7.93 (d, 2H, C25-H and C29-H,J : 8.8
Hz); 8.25 (d, 1H, C16-H, J : 8.8 Hz); 8.83 (s, 1H, C14-H); 9.80 (s, 1H, urea NH); 10.42 (s, 1H, urea NH); 10.56
(s, 2H, hydrazide NH). 13C NMR (75 MHz) (DMSO-d6 /TMS) δ (ppm): 111.17 (C-17), 118.58 (C-4), 122.14
(C-6), 122.44 (C-15), 122.61 (C-1), 122.86 (C-3), 126.15 (C-7), 126.20 (C-26 and C-28), 128.66 (C-25 and C-29),
129.36 (C-23), 131.16 (C-2), 136.75 (C-16), 137.68 (C-27), 142.49 (C-5), 147.34 (C-14), 151.67 (C-9), 154.75
(C-12), 164.04 (C-22), 164.85 (C-18). Anal. calcd. for C21H15ClF3N5O3 : C 52.79; H 3.16; N 14.66%. Found:
C 51.88; H 3.45; N 15.22%.

1-(5-(2-(4-fluorobenzoyl)hydrazinecarbonyl)pyridin-2-yl)-3-(4-methylphenyl)urea (42)

Yield: 55%; beige solid, m.p. 329–330 ◦C; IR (v , cm−1) : 3255, 3178 (N-H); 3010 (aromatic C-H); 2922
(aliphatic C-H); 1697 (urea C=O); 1668 and 1647 (hydrazide C=O); 1600 (C=N); 1583, 1545, 1485, 1455
(aromatic C=C and C-N); 1095 (C-F); 846 (aromatic C-H). 1H NMR (300 MHz) (DMSO-d6/TMS) δ (ppm):
2.24 (s, 3H, CH3) ; 7.12 (d, 2H, C1-H and C3-H, J : 8.4 Hz); 7.33–7.41 (m, 4H, C25-H, C26-H, C28-H and
C29-H); 7.69 (d, 1H, C17-H,J : 8.4 Hz); 7.99 (d, 2H, C4-H and C6-H, J : 8.4 Hz); 8.22 (d, 1H, C16-H,J : 8.4
Hz); 8.80 (s, 1H, C14-H); 9.67 (s, 1H, urea NH); 10.09 (s, 1H, urea NH); 10.53 (s, 2H, hydrazide NH). 13C NMR
(75 MHz) (DMSO-d6/TMS) δ (ppm): 20.33 (C-7), 110.84 (C-17), 115.39–115.68 (d, J : 21.75 Hz, C-26 and
C-28), 118.90 (C-15), 128.89 (d, J : 3.00 Hz, C-23), 128.93–129.27 (C-4 and C-6), 130.10–130.12 (d, J : 9.00
Hz, C-25 and C-29), 131.57–131.64 (C-1 and C-3), 136.15 (C-16), 137.02 (C-2), 137.52 (C-5), 147.26 (C-14),
151.80 (C-9), 155.11 (C-12), 164.14 (d, J : 237.75 Hz, C-27), 164.82 (C-18), 165.86 (C-22). Anal. calcd. for
C21H18FN5O3 : C 61.91; H 4.45; N 17.19%. Found: C 61.71; H 4.12; N 17.51%.
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1-(5-(2-(4-methylbenzoyl)hydrazinecarbonyl)pyridin-2-yl)-3-(4-methoxyphenyl)urea (53)

Yield: 60%; beige solid, m.p. 323–324 ◦C; IR (v , cm−1) : 3308, 3171 (N-H); 3057 (aromatic C-H); 2999
(aliphatic C-H); 1716 (urea C=O); 1668 (hydrazide C=O); 1593, 1577, 1508, 1479, 1450 (C=N, aromatic C=C
and C-N); 1300 (C-O); 844 (aromatic C-H bend.). 1H NMR (300 MHz) (DMSO-d6 /TMS) δ (ppm): 2.36 (s,
3H, CH3) ; 3.71 (s, 3H, OCH3) ; 6.90 (d, 2H, C1-H and C3-H, J : 8.4 Hz); 7.32 (d, 2H, C26-H and C28-H,
J : 8.8 Hz); 7.43 (d, 2H, C4-H and C6-H, J : 8.4 Hz ); 7.67 (d, 1H, C17-H,J : 8.8 Hz); 7.82 (d, 2H, C25-H
and C29-H, J : 8.8 Hz); 8.22 (d, 1H, C16-H,J : 8.8 Hz); 8.79 (s, 1H, C14-H); 9.66 (s, 1H, urea NH); 10.01 (s,
1H, urea NH); 10.43 (b.s., 2H, hydrazide NH). 13C NMR (75 MHz) (DMSO-d6 /TMS) δ (ppm): 20.99 (C-30),
55.16 (C-7), 110.94 (C-17), 114.05 (C-15), 120.66 (C-4 and C-6), 121.72 (C-1 and C-3), 128.55 (C-26 and C-28),
129.00-129.65 (C-25 and C-29), 131.67 (C-2), 137.48 (C-16), 141.87 (C-27), 147.22 (C-23), 151.86 (C-9), 155.03
(C-14), 155.14 (C-12), 164.13 (C-5), 165.72 (C-18), 171.16 (C-22). Anal. calcd. for C22H21N5O4 : C 63.00; H
5.05; N 16.70%. Found: C 63.08; H 4.93; N 16.40%.

1-(5-(2-(4-nitrobenzoyl)hydrazinecarbonyl)pyridin-2-yl)-3-(4-(methylthio)phenyl)urea (58)

Yield: 70%; beige solid, m.p. 282–283 ◦C; IR (v , cm−1) : 3313, 3246, 3134 (N-H); 3057 (aromatic C-H); 2901
(aliphatic C-H); 1695 (urea C=O); 1676 and 1643 (hydrazide C=O); 1618 (C=N); 1585, 1548, 1527, 1494, 1427
(aromatic C=C, nitro asym., and C-N); 1390, 1309 (nitro sym. and C-S); 848 (aromatic C-H bend.). 1H NMR
(300 MHz) (DMSO-d6 /TMS) δ (ppm): 2.43 (s, 3H, -SCH3) ; 7.25 (d, 2H, C1-H and C3-H,J : 8.8 Hz); 7.49
(d, 2H, C4-H and C6-H,J : 8.8 Hz); 7.71 (d, 1H, C17-H,J : 8.0 Hz); 8.14 (d, 2H, C25-H and C29-H,J : 8.4
Hz); 8.21 (d, 1H, C16-H,J : 8.0 Hz); 8.37 (d, 2H, C26-H and C28-H,J : 8.4 Hz); 8.80 (s, 1H, C14-H); 9.74 (s,
1H, urea NH); 10.16 (s, 1H, urea NH); 10.66 (s, 1H, hydrazide NH); 10.87 (s, 1H, hydrazide NH). 13C NMR
(75 MHz) (DMSO-d6 /TMS) δ (ppm): 15.72 (C-7), 111.06 (C-17), 119.62 (C-15), 121.69 (C-4 and C-6), 123.79
(C-26 and C-28), 127.54 (C-1 and C-3), 129.00 (C-25 and C-29), 131.18 (C-2), 136.32 (C-5), 137.61 (C-23),
138.06 (C-16), 147.34 (C-27), 149.45 (C-14), 151.72 (C-9), 155.09 (C-12), 164.05 (C-18), 164.37 (C-22). Anal.
calcd. for C21H18N6O5S: C 54.07; H 3.89; N 18.02%. Found: C 53.87; H 4.08; N 17.42%.

1-(5-(2-(4-methylthiobenzoyl)hydrazinecarbonyl)pyridin-2-yl)-3-(4-(methylthio)phenyl)urea (60)

Yield: 60%; beige solid, m.p. 293–295 ◦C; IR (v , cm−1) : 3308, 3255, 3132 (N-H); 3010 (aromatic C-H);
2918 (aliphatic C-H); 1697 (urea C=O); 1666 and 1639 (hydrazide C=O); 1585, 1543, 1537, 1487, 1473 (C=N,
aromatic C=C and C-N); 1309 (C-S); 836 (aromatic C-H bend.). 1H NMR (300 MHz) (DMSO-d6 /TMS) δ

(ppm): 2.43 (s, 3H, -SCH3) ; 2.51 (s, 3H, C30-H); 7.22 (d, 2H, C26-H and C28-H,J : 8.8 Hz); 7.36 (d, 2H, C1-H
and C3-H,J : 8.8 Hz); 7.49 (d, 2H, C25-H and C29-H,J : 8.8 Hz); 7.71 (d, 1H, C17-H,J : 8.8 Hz); 7.86 (d, 2H,
C4-H and C6-H,J : 8.8 Hz); 8.23 (d, 1H, C16-H,J : 8.8 Hz); 8.80 (s, 1H, C14-H); 9.77 (s, 1H, urea NH); 10.21
(s, 1H, urea NH); 10.46 and 10.49 (2s, 2H, hydrazide NH). 13C NMR (75 MHz) (DMSO-d6/TMS) δ (ppm):
14.05 (C-30), 15.74 (C-7), 111.16 (C-17), 119.55 (C-15), 121.94 (C-4 and C-6), 124.97 (C-26 and C-28), 127.55
(C-25 and C-29) 127.93 (C-1 and C-3), 128.38 (C-23), 131.13 (C-2), 136.38 (C-5), 137.71 (C-16), 143.47 (C-27),
147.05 (C-14), 151.76 (C-9), 154.86 (C-12), 164.08 (C-18), 165.34 (C-22. Anal. calcd. for C22H21N5O3S2 : C
56.51; H 4.53; N 14.98%. Found: C 56.80; H 4.63; N 14.69%.
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2.2. Biological studies
2.2.1. Cell culture and compounds treatment

The cell lines used in the biological studies were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured according to the supplier’s instructions.

The olaparib was purchased from BioVision (BioVision, Inc., Milpitas CA, USA), while the doxo was
obtained from Cell Signaling Technology (Danvers, MA, USA). All of the test compounds and positive controls
were prepared as a 1000× stock solution in DMSO to ensure that the final concentration of DMSO was below
0.1%.

2.2.2. Cytotoxicity assay
Cells that were seeded into 96-well plates were treated with the compounds and incubated for 48 h. Cell
viability was determined using the Roche WST-1 assay (Roche Group, Basel, Switzerland) according to the
manufacturer’s instructions. The absorbance was measured using a Varioscan microplate reader (Thermo Fisher
Scientific Inc., Waltham, MA, USA) at 440 nm with 690 nm as a reference wavelength. The experiments were
done a minimum of 3 times.

For the chemosensitization assay, the HeLa cells were cotreated with a 10-µM dose of the compounds
and 1.5-µM dose of doxo, and incubated for 24 h at conventional cell culture conditions. The ratio of surviving
cells after the compound treatments was determined again using the WST-1 assay. The experiments were done
a minimum of 3 times.

2.2.3. PARylation assay
The PARP inhibitory activity of compounds was investigated by measuring the inhibition of the H2O2 -induced
PARylation in the HeLa cells [24]. Briefly, the HeLa cells, in 96-well black microplates, were pretreated with
either potent PARP-1 inhibitors or olaparib for 1 h and then DNA damage was provoked via the addition of
a 1-mM dose of H2O2 for 10 min. After removal of the supernatant and washing with phosphate buffered
saline, the cells were fixed with ice-cold methanol-acetone (7:3) and kept at −20 ◦C for 20 min. After
blocking the cells with 5% bovine serum albumin, the samples were incubated with the primary PAR mAb
(Enzo Life Sciences Inc., Exeter, UK) and then with secondary antimouse Alexa Fluor 488 antibody (Thermo
Fisher Scientific). The fluorescence values were measured with a fluorometric multiplate reader (Thermo Fisher
Scientific). The obtained PAR signal was normalized with a nuclear 4 ′ ,6-diamidino-2-phenylindole (DAPI)
signal. The experiments were done a minimum of 3 times.

2.3. Computational details
2.3.1. Molecular docking calculations

In order to evaluate the binding sites of a biologically active compound(s) in the target structure, it is crucial to
understand the effects of the compound(s) acting as a medical agent. Therefore, molecular docking studies were
carried out using Discovery Studio (DS) 2018 software (Dassault Systèmes, Vélizy-Villacoublay, France) [25],
which exerts the CDOCKER algorithm [.26]. The crystal structure of target, PARP-1, was obtained from the
Research Collaboratory for Structural Bioinformatics Protein Data Bank (http://www.rcsb.org) under PDB
ID: 4RV6. This protein model was chosen due to its compatibility with the biological activity studies in
this research. All of the synthesized compounds (1–63), as ligands, were drawn, and the geometry, energy
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optimizations were made in vacuum at a DFT/B3LYP/6-31G (d) basis set in Gaussian 09 (Gaussian 09,
Revision E.01) software [27]. Additionally, all of the compounds were minimized using the Chemistry at
HARvard Macromolecular Mechanics force field [.28], implemented in DS 2018 to determine the ionization states,
tautomers, isomers, and conformations of these compounds. Although all of the compounds were prepared, only
the molecular docking studies were applied and evaluated on compounds (56, 58, 60, 61, and 63) that showed
activity as a result of biological studies in this research.

After preparation of the selected compounds, the enzyme was prepared using DS 2018 tools and minimized
until the root mean square deviation (RMSD) reached the lower value of 0.05 kcal/mol Å2 . Literature
information on PARP-1, and the define and edit binding site tool of DS 2018 were used to determine the
binding site of the PARP-1 structures and binding interactions for the compounds.

Prior to the molecular docking process, the docking approach was examined for reliability and accuracy
using CDOCKER, GOLD, and Autodock. This stage was applied 3 times to get a most representative searching
of the docking calculations. For this reason, the positive control molecule present inside of PARP-1, rucaparib
(AG-014699, PF-01367338; RPB), was removed, and then redocking was exerted into the enzyme by self-docking.
The RMSD values were used to analyze the reliability of each docking approach with respect to the positive
complex (Table 1).

Table 1. RMSD values of the top 3 conformer poses of Rucaparib.

RMSD
Pose CDOCKER GOLD AutoDock
1 0.5281 4.6721 1.8435
2 0.4876 5.3846 2.8673
3 0.6835 4.2469 1.9467
Average RMSD (Å) 0.5664 4.7679 2.2192

After validation, CDOCKER was performed between the selected compounds and the enzyme. The
docking score, binding energy, and RMSD were used to define the best pose for each complex.

The selected compounds also were investigated with regards to their pharmacokinetic properties using
silico ADMET. For this purpose, physicochemical parameters, including solubility, human intestinal absorption
(HIA), blood-brain barrier (BBB) penetration, cytochrome P450 (CYP450) 2D6 inhibition (CYP2D6), hepa-
totoxicity, and plasma protein binding (PPB) were computed using the ADMET subprotocol of DS 2018. The
ADMET parameters are depicted in Table 2.

3. Results and discussion
3.1. Chemistry

The urea and carbohydrazide derivatives were synthesized in 3 steps. In the first step, methyl 6-aminopyridine-
3-carboxylate was solved in acetone and the urea compounds were synthesized with different substituted
isocyanates. In the second step, the ester functional group was converted to the hydrazide group in ethanol
with a reflux. In the last step, the carbohydrazide structures were obtained by reacting these hydrazide
compounds with substituted benzoyl chloride in dichloromethane (Figure 1 and Table 3). The purity of the
synthesized compounds was checked via TLC, melting point, HPLC, and elemental analysis. The structures
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Table 2. Drug-likeness properties of the selected compounds and positive controls (doxo and rucaparib for PARP-1).

Compound Solubility HIA BBB level CYP2D6 Hepatotoxic PPB
Doxo 2 3 4 false true false
Rucaparib 2 0 2 false true true
56 2 0 4 false true true
58 2 3 4 false true true
60 2 0 4 false true true
61 2 0 4 false true true
63 3 0 4 false true true

HIA, human intestinal absorption: 0 = good; BBB, blood-brain barrier: 1 = high, 2 = medium, 3 = low, and 4
= undefined; CYP2D6, with a value of true (inhibitor) or false (no inhibitor); hepatotoxic, with a value of true
(toxic) or false (nontoxic); PPB, plasma protein binding, more than 90% for PPB: chemicals strongly bound.
Less than 90% for PPB: chemicals weakly bound.

of the synthesized compounds were confirmed by IR, 1H NMR, 13C NMR, heteronuclear single-quantum
correlation (HSQC), and MS.

Figure 1. Synthetic pathway of the compounds.

IR spectra of the compounds afforded urea and carbohydrazide N-H stretching (3102–3377 cm−1) and
C=O stretching bands (1650–1690 cm−1) . Aromatic and aliphatic C-H stretching bands were observed at
3092–3005 cm−1 and 3000–2850 cm−1 . Aromatic C=C stretching, urea, and carbohydrazide N-H bending
bands were found at 1400–1600 cm−1 , respectively.

The NH protons of the urea and carbohydrazide groups resonated as a singlet or multiple different singlet
peak because of the E/Z isomer at 9.09–11.35 ppm. The metaprotons of the pyridine ring were observed at
7.45–7.78 ppm and the paraprotons of the pyridine ring were observed at 8.21–8.25 ppm as doublet peaks. The
ortho protons of the pyridine ring were observed at 8.80–8.82 ppm as a singlet peak. Protons belonging to the
aromatic ring and the other aliphatic groups were observed with the expected chemical shift and integral values.

In their 13C NMR spectra, the signal due to the urea and carbohydrazide carbonyl carbon appeared at
161.24–171.93 ppm. The signal due to the aromatic carbon was observed at 153.03–111.67 ppm. C=N carbon
on the pyridine ring was observed at 147.0–157.5 ppm. Other aliphatic carbons were observed at the expected
regions. The analyses by ES-MS for some selected compounds (19, 26, 46, 53, and 61) showed the presence of
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Table 3. The substituents of the carbohydrazide derivatives.

Comp R R1 Comp R R1 Comp R R1

15 F F 32 NO2 CH3 49 OCH3 F
16 F Cl 33 NO2 OCH3 50 OCH3 Cl
17 F NO2 34 NO2 H 51 OCH3 NO2

18 F CF3 35 CF3 F 52 OCH3 CF3

19 F CH3 36 CF3 Cl 53 OCH3 CH3

20 F OCH3 37 CF3 NO2 54 OCH3 OCH3

21 F H 38 CF3 CF3 55 OCH3 H
22 Cl F 39 CF3 CH3 56 SCH3 F
23 Cl Cl 40 CF3 OCH3 57 SCH3 Cl
24 Cl NO2 41 CF3 H 58 SCH3 NO2

25 Cl CF3 42 CH3 F 59 SCH3 CF3

26 Cl CH3 43 CH3 Cl 60 SCH3 SCH3

27 Cl OCH3 44 CH3 NO2 61 SCH3 CH3

28 Cl H 45 CH3 CF3 62 SCH3 OCH3

29 NO2 F 46 CH3 CH3 63 SCH3 H
30 NO2 NO2 47 CH3 OCH3

31 NO2 CF3 48 CH3 H

protonated molecular ion peaks [M+H]+ in agreement with their molecular weight. The major fragmentation
pattern involved the cleavage of the urea and carbohydrazide CO-NH amide bond, m/z 178. The elemental
analysis of the compounds was given a satisfactory result with the calculated values.

The HSQC spectrum of compound 58 (bearing thiomethyl and nitro substituent) was analyzed to be able
to explain the ppm values of the aromatic protons and interaction between the protons and carbons. According
to the HSQC spectrum, the interactions between the proton peak at 2.43 ppm and the carbon peak at 15.72
ppm belonged to the thiomethyl group. When the interaction between the proton and carbon on the pyridine
ring was examined, the paraproton (C16-H) peak at 8.21 ppm interacted with the carbon peak (C16) at 138.06
ppm. The metaproton (C17-H) peak at 7.71 ppm interacted with the carbon peak (C17) at 111.06 ppm. The
peak of C26-H and C28-H was shifted to the downfield by the electron withdrawing effect of the nitro group
and appeared at 8.37 ppm, as a doublet, and interacted with the carbon peak (C26 and C28) at 129.00 ppm.
The peak of C1-H and C3-H was shifted to the upfield by the electron donating effect of SCH3 and appeared at
7.25 ppm as a doublet, and interacted with the carbon peak (C1 and C3) at 121.69 ppm. The C4-H and C6-H
proton peak at 7.49 ppm interacted with the carbon peak (C4 and C6) at 127.54 ppm. The C25-H and C29-H
proton peak at 8.14 ppm interacted with the carbon peak (C25 and C29) at 123.79 ppm.

3.2. Biological evaluation
First, the PARP inhibitory effect of the 63 compounds was evaluated using a 96-well fluorometric cellular
PARylation assay, using olaparib as a positive control. In this assay, H2O2 treatment was used to induce
PARP activity, and as expected, a twice-fold increase was obtained on the cellular PARylation level, which was
similar to previous reports [24,29].
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When the cells were pretreated with 10 µM olaparib, 1 h prior to H2O2 treatment, the cellular PARy-
lation level diminished almost to the nontreated cellular levels. For 19 of the 63 compounds, a concentration of
10 µM of was found to significantly decrease H2O2 -induced PARylation in the Hela cells (*: P ≤ 0.05, **: P
≤ 0.001, ***: P ≤ 0.005) (Table 4 and Figure 2).

Table 4. Effect of the 63 compounds on H2O2 -induced cellular PARylation. Data are presented as the mean ± SD.

PARylation% SD PARylation% SD PARylation % SD
No treatment 100 258 + 20 195.29 8.49 + 42 178.92 5.27
H2O2 199.22 7.17 + 21 165.25 5.32 + 43 185.64 10.38
+ OLA 101.96 1.07 + 22 206.55 8.95 + 44 162.8 8.17
+ 1 234.98 12.65 + 23 215.29 2.75 + 45 156.08 6.61
+ 2 237.57 10.85 + 24 219.91 2.75 + 46 170.7 7.67
+ 3 220.28 12.12 + 25 221.48 16.2 + 47 165.54 9.73
+ 4 206.36 15.48 + 26 201.36 9.24 + 48 184.42 2.02
+ 5 183.69 0.61 + 27 208.9 6.08 + 49 177.52 10.86
+ 6 185.39 4.79 + 28 163.08 4.35 + 50 179.87 6.43
+ 7 177.31 9.21 + 29 198.07 2.73 + 51 171.88 9.13
+ 8 225.69 6.4 + 30 185.8 10.15 + 52 166.09 14.46
+ 9 233.39 12.7 + 31 223.5 29.05 + 53 185.65 15
+ 10 217.8 16.81 + 32 209.01 0.03 + 54 179.31 14.88
+ 11 197.25 14.63 + 33 209.88 14.45 + 55 164.36 7.2
+ 12 167.1 6.2 + 34 184.06 4.56 + 56 184.53 1.18
+ 13 166.14 9.9 + 35 198.1 17.88 + 57 193.98 5.53
+ 14 162.82 14.04 + 36 189.21 21.23 + 58 133.63 6.02
+ 15 213.52 9.69 + 37 200.59 1.03 + 59 166.42 10.23
+ 16 235.66 12.71 + 38 187.94 6.13 + 60 160.58 4.81
+ 17 166.78 11.45 + 39 196.71 6.47 + 61 150 4.8
+ 18 195.44 11.32 + 40 199.79 3.05 + 62 173.94 5.75
+ 19 209.58 16.44 + 41 160.87 6.98 + 63 149.71 7.14

Figure 2. Molecules with promising PARP inhibitor activity seen in the cellular PARylation assay normalized with
DAPI signal are presented in the graph. Significance was determined by 2-way ANOVA using GraphPad Prism software
(*: P ≤ 0.05, **: P ≤ 0.001, ***: P ≤ 0.005).
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The carboxamide group and aromatic moiety are the most important structures for PARP-1 inhibitors.
One or more nitrogen/carbonyl-bearing heteroaromatic ring imparting hydrophobic regions at the active side
of the enzyme is preferable. At least 1 NH group is necessary for making a hydrogen bond with the enzyme
easily. When the hydrophobic groups are attached to the molecule, the inhibitor effect significantly increases.
Furthermore, the heteroaromatic ring improves the ability of binding to the enzyme [.30,31]. Therefore, pyridine
ring was chosen as the starting material and urea and carbohydrazide functional groups. The biological
evaluation showed that electron donating groups, such as a thiomethyl substituent or hydrophobic groups,
on the aromatic ring raise inhibitory activity.

Next, the cytotoxicity of these 19 compounds was tested on the HeLa, MCF-7, Capan-1, HCC-1937, and
MRC-5 cells, and the data indicated that they had a negligible effect on cell proliferation up to 30 µM. Doxo
was used as a positive control and the IC50 values of compounds 3, 10, and 29–34 were given previously. The
IC50 values of all of the synthesized compounds are given in Table S1 [.32,33].

It has been well-reported that PARP inhibitors function as a chemosensitizer on tumor cells treated with
DNA damaging agents. A combination of olaparib and doxo synergistically inhibited proliferation of various
cancer cells [24,34] To test whether our putative PARP inhibitors also sensitized DNA damage induced-tumor
cells, the HeLa cells were treated with doxo alone or in combination with the compounds of interest. The data
suggested that the chemosensitizer effect of compounds 13, 14, 21, 28, 41, 44, 45, 46, 47, 51, 52, 58, 60, and
63 was statistically significant (Figure 3 and Table 5).

Figure 3. Effect of the compounds on cell viability when combined with doxo is given in the graph. Significance of the
differences was determined by 2-way ANOVA (*: P ≤ 0.05, **: P ≤ 0.001, ***: P ≤ 0.005).

DNA damage repair mechanisms are also strongly involved in chemopotentialization. Aside from PARP,
other DNA damage response proteins, such as the phosphatidylinositol 3-kinase-related protein kinase family,
including DNA-dependent protein kinase, ataxia telangiectasia-mutated and ataxia telangiectasia, and Rad3-
related, are also main players of DNA damage response, and inhibition of these proteins is promising as chemo-
potentiating agents. Furthermore, several other cell signaling molecules play a role in chemosensitization, such
as drug transporters, prosurvival proteins, NF-KB pathway members, cell cycle proteins, etc. [35] Our data
showed that compound 60 had a very strong chemosensitizer effect that was even better than that of olaparib,
suggesting that an additional mechanism(s) aside from PARP inhibition is/are involved, which needs to be
further investigated.
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Table 5. Chemosensitizer effect of the compounds. Data are presented as the mean ± SD.

Cell viability % SD Cell viability % SD
DMSO 100 1.33 + 46 45.47 0.47
Doxo 57.04 1.65 + 47 48.78 0.44
+ OLA 39.52 1.07 + 51 45.55 0.72
+ 13 44.33 0.89 + 52 44.97 0.69
+ 14 47.94 0.4 + 55 46.26 3.72
+ 17 55.66 0.66 + 58 45.14 0.78
+ 21 44.98 0.42 + 59 61.55 1.68
+ 28 47.72 2.52 + 60 25.97 0.73
+ 41 45.68 2.81 + 61 62.22 1.58
+ 44 45.15 0.45 + 62 58.12 0.3
+ 45 45.76 0.25 + 63 46.95 1.3

3.3. Computational results
In this study, validation of the docking protocol was done by implementing 3 different docking softwares,
including CDOCKER, GOLD, and Autodock, according to the manufacturer’s instructions. The lowest RMSD
value revealed that the crystallographic pose determined the reliability and reproducibility of the docking
protocol. Rucaparib was redocked with the lowest RMSD value (0.6 Å) using the CDOCKER method at the
best scoring position, as seen in Table 1. These results suggested that the selected docking method was suitable
for the experimental results for 4RV6.

3.3.1. Docking results between the compounds (56, 58, 60, 61, and 63) and PARP-1

In the docking studies, the chosen compounds (56, 58, 60, 61, and 63) were used in the same process, based on
the positive control (rucaparib). Additionally, their binding affinity was calculated and compared with rucaparib
and doxo as PARP-1 inhibitors or PARP-1 positive controls.

The positive control, rucaparib, formed 8 hydrogen bonds with Gly863 (1.839 Å), Ser904 (1.908 Å),
Gly863 (1.831 Å), His862 (2.671 Å), Lys903 (2.856 Å), and Glu763 (2.837 Å) residues of the enzyme and 1
halogen with Phe897 (2.806 Å), and 6 hydrophobic interactions with Tyr889, Tyr907, Tyr896, and Ala898
residues. The second, doxo had 10 nonbonding interactions, including 8 hydrogen bonds with Gln759, His862,
Tyr889, Asp766, Gly888, Glu763, and Tyr907 residues, and 2 hydrophobic interactions with Met890 and Tyr896
residues of the enzyme. The 3-dimensional (3D) orientations of rucaparib and doxo, and their detail interaction
types also are given in Figure S1 and Table S2 of the supporting information section.

The selected compounds, 56, 58, 60, 61, and 63, contained methylthio substituent groups in their frame
structures that were docked with PARP-1.

Compound 58 had 8 interactions with Tyr907 (2.186 Å), Gly888 (1.768 Å), Asp766 (4.981 Å), Met890
(3.448 Å), Tyr896 (4.138 Å), Leu769 (5.253 Å), Arg878 (3.846 Å), and Ala880 (5.0764 Å) residues in the binding
site of PARP-1. On the other hand, compound 60, which had a very strong chemosensitizer effect that was
even better than that of olaparib, displayed 9 nonbonding interactions with different residues (Glu988, Asp766,
Met890, Tyr896, Leu769, Arg878, Pro881, and ALA880) of the enzyme. The docking calculations and views
showed that, out of all of the docked compounds, the Tyr907 and Tyr896 residues formed the most effective
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interactions with compound 58. The important interactions are also marked in red in Table S2 of the supporting
information section.

Aside from interactions of the ligands with PARP-1, their docking orientations were a predominant
parameter to define the best one. Compounds 58 and 60 had more fitting orientation than the others
(compounds 56, 61, and 63). The relative poses of compound 58 (A) and compound 60 (B), according to doxo
(yellow, ball, and stick), in the binding site of PARP-1 are shown in Figure 4. The 2D and 3D orientations
of the residues (56, 61, and 63) and their interaction types are presented in Figure S2 and Table S3 of the
supporting information section.

Figure 4. Images of the binding orientations and crucial residues. Figure shows 3D views of the best docked orientations
of compounds 58 and 60 with residues in the binding site of the PARP-1.

As mentioned previously, the best poses of the selected compounds were determined based on their docking
scores, binding energies, and RMSD values, as demonstrated in Table 6, where it is shown that compounds 58
and 60 had better affinity than the other compounds against PARP-1. These results are marked in red in
Table 6.

Furthermore, whether the selected compounds exhibited drug properties or not was examined using
ADMET in DS 2018. These results are given in Table 2, which showed that these compounds had low
solubility and low BBB permeability. They all also had good human intestinal absorption, except for doxo
and compound 58. Table 2 summarizes that the compounds tended to not be inhibitors against CYPs. Their
hepatotoxicity results showed that all of the compounds were toxic to the liver. The final parameter, PPB
prediction, demonstrated that all of the compounds had high binding capacity, except for doxo.
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Table 6. Binding affinity of the lead compounds. Docking score, binding energy, and RMSD of the PARP-1 positive
controls (doxo, rucaparib), and the selected compounds (56, 58, 60, 61, and 63) against the PARP-1.

Compound Docking score (kcal/mol) Binding energy (kcal/mol) RMSD (Å)
Doxo* –39.7383 –68.7904 0.00989
Rucaparib* –38.8097 –67.0333 0.00980
56 –21.9615 –59.8692 0.01573
58 –37.1597 –62.6150 0.01567
60 –36.7471 –63.6826 0.01565
61 –21.4600 –61.7469 0.01573
63 –21.5848 –61.2780 0.01574

3.4. Conclusion
In this study, some new PARP-1 inhibitors, containing carbohydrazide and urea derivatives, were designed
and synthesized. PARP inhibition of the synthesized compounds was screened by cellular PARylation assay in
the HeLa cell line. Of the compounds, 19 demonstrated good enzymatic inhibitory activity, especially those
bearing a thiomethyl substituent on the aromatic ring. Compound 58 had the most PARP-1 enzyme inhibitory
activity; therefore, compound 58 was selected as a lead compound to be able to develop new PARP inhibitors.
Furthermore, the activity of the most potent derivatives was investigated for the chemosensitizer effect of these
compounds in cancer cells treated with doxo. Compound 60 had a very strong chemosensitizer effect that
was even better than that of olaparib. These results demonstrated that the hydrophobic moieties and electron
donating groups were a suitable scaffold for the development of new PARP inhibitors. The results of both the
molecular docking and ADMET analyses suggested that compound 60 possessed drug-likeness properties, and
according to several criteria, it might be classified as a PARP-1 inhibitor candidate in drug design.
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SUPPORTING INFORMATION PART OF THE ACTIVITY STUDIES 

Table S1: IC50 values of all synthesized compounds using human breast cancer cell lines 

(HCC-1937, MCF-7), human pancreatic adenocarcinoma cell line (Capan-1), normal human 

lung fibroblast cell line (MRC-5), human servical endometrial carcinoma cell line (HeLa). 

Doxorubicin was used as standard positive control. (ND: Not determined). 

IC50 (µM) 

HCC1937 Capan1 MCF7 HeLa MRC5 

Doxo 1.24 ± 0.48 0.88 ± 0.26 0.875 ± 0.09 1.04 ± 0.31 6.81 ± 0.48 

1 ND ND ND ND ND 

2 ND ND ND ND ND 

3 ND ND ND ND ND 

4 25.37 ± 2.52 31.41 ± 4.37 13.48 ± 2.6 14.13 ± 1.1 25.35 ± 2.51 

5 ND ND ND ND ND 

6 ND ND ND ND ND 

7 ND ND ND ND ND 

8 ND ND ND ND ND 

9 ND ND ND ND ND 

10 ND ND ND ND ND 

11 ND ND ND ND ND 

12 ND ND ND ND ND 

13 ND ND ND ND ND 

14 ND ND ND ND ND 

15 ND ND ND ND ND 

16 ND ND ND ND ND 

17 ND ND ND ND ND 

18 ND ND ND ND ND 

19 ND ND ND ND ND 

20 ND ND ND ND ND 

21 ND ND ND ND ND 

22 ND ND ND ND ND 

23 ND ND ND ND ND 
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24 ND ND ND ND ND 

25 ND ND ND ND ND 

26 ND ND ND ND ND 

27 ND ND ND ND ND 

28 ND ND ND ND ND 

29 7.6 ± 0.09 7.4 ± 0.62 7.3 ± 0.86 6.6 ± 0.53 15.4 ± 1.42 

30 10.4 ± 0.6 9.3 ± 0.79 9.6 ± 0.56 9.8. ± 1.86 18.3 ± 1.54 

31 7.8 ± 0.82 7.3 ± 0.75 7.5 ± 0.13 7.9 ± 1.68 17.4 ± 1.12 

32 ND ND ND ND ND 

33 ND ND ND ND ND 

34 ND ND ND ND ND 

35 ND ND ND ND ND 

36 ND ND ND ND ND 

37 30.2±2.23 ND ND 24.35±2.40 33.2±2.32 

38 ND ND ND ND ND 

39 ND ND ND ND ND 

40 ND ND ND ND ND 

41 ND ND ND ND ND 

42 ND ND ND ND ND 

43 ND ND ND ND ND 

44 ND ND ND ND ND 

45 ND ND ND ND ND 

46 ND ND ND ND ND 

47 ND ND ND ND ND 

48 ND ND ND ND ND 

49 ND ND ND ND ND 

50 ND ND ND ND ND 

51 ND ND ND ND ND 

52 ND ND ND ND ND 

53 ND ND ND ND ND 

54 ND ND ND ND ND 



3	

55 ND ND ND ND ND 

56 ND ND ND ND ND 

57 ND ND ND ND ND 

58 ND ND ND ND ND 

59 ND ND ND ND ND 

60 ND ND ND ND ND 

61 ND ND ND ND ND 

62 ND ND ND ND ND 

63 ND ND ND ND ND 
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SUPPORTING INFORMATION PART OF THE COMPUTATIONAL STUDIES 

Figure S1. Docked conformation of the positive controls of PARP-1. Figure shows 3D docking poses of A) the Rucaparib (light blue, stick) and 

B) Doxorubicin (light yellow, stick) as PARP-1 inhibitors.
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Table S2. Interaction types and distance of Rucaparib and Doxorubicin as PARP-1 positive controls and ligands (58 and 60) with PARP-1. 

Comp. 
(PARP-1) Interactions Distance 

Å Bonding Bonding Types Bindind site of enzyme Bindind site of ligand 

Rucaparib 
(RPB) 

A:GLY863:HN - A:RPB:O1 1.839 Hydrogen Bond Conventional Hydrogen Bond A:GLY863:HN A:RPB:O1 
A:SER904:HG - A:RPB:O1 1.908 Hydrogen Bond Conventional Hydrogen Bond A:SER904:HG A:RPB:O1 
A:RPB:H1 - A:GLY863:O 1.831 Hydrogen Bond Conventional Hydrogen Bond A:GLY863:O A:RPB:H1 
A:HIS862:HA - A:RPB:O1 2.671 Hydrogen Bond Carbon Hydrogen Bond A:HIS862:HA A:RPB:O1 
A:LYS903:HE2 - A:RPB:F1 2.856 Hydrogen Bond Carbon Hydrogen Bond A:LYS903:HE2 A:RPB:F1 
A:SER904:HA - A:RPB:O1 2.539 Hydrogen Bond Carbon Hydrogen Bond A:SER904:HA A:RPB:O1 
A:RPB:H2 - A:GLY863:O 2.975 Hydrogen Bond Carbon Hydrogen Bond A:GLY863:O A:RPB:H2 
A:RPB:H17 - A:GLU763:OE1 2.837 Hydrogen Bond Carbon Hydrogen Bond A:GLU763:OE1 A:RPB:H17 
A:PHE897:O - A:RPB:F1 2.806 Halogen Halogen (Fluorine) A:PHE897:O A:RPB:F1 
A:TYR889 - A:RPB 5.701 Hydrophobic Pi-Pi Stacked A:TYR889 A:RPB 
A:TYR907 - A:RPB 4.691 Hydrophobic Pi-Pi Stacked A:TYR907 A:RPB 
A:RPB - A:TYR907 4.192 Hydrophobic Pi-Pi Stacked A:TYR907 A:RPB 
A:TYR896:C,O;PHE897:N - A:RPB 5.069 Hydrophobic Amide-Pi Stacked A:TYR896:C,O;PHE897:N A:RPB 
A:TYR896:C,O;PHE897:N - A:RPB 4.115 Hydrophobic Amide-Pi Stacked A:TYR896:C,O;PHE897:N A:RPB 
A:RPB - A:ALA898 5.241 Hydrophobic Pi-Alkyl A:ALA898 A:RPB 

Comp. Interactions Distance 
Å Bonding Bonding Types Bindind site of enzyme Bindind site of ligand 

Doxorubicin 

A:GLN759:HE21 - Doxorubicin:O37 2.83234 Hydrogen Bond Conventional Hydrogen Bond A:GLN759:HE21 Doxorubicin:O37 
A:HIS862:HE2 - Doxorubicin:O20 2.78395 Hydrogen Bond Conventional Hydrogen Bond A:HIS862:HE2 Doxorubicin:O20 
A:TYR889:HH - Doxorubicin:O19 2.54788 Hydrogen Bond Conventional Hydrogen Bond A:TYR889:HH Doxorubicin:O19 
Doxorubicin:H53 - A:ASP766:OD2 2.28877 Hydrogen Bond Conventional Hydrogen Bond A:ASP766:OD2 Doxorubicin:H53 
Doxorubicin:H60 - A:GLY888:O 1.9483 Hydrogen Bond Conventional Hydrogen Bond A:GLY888:O Doxorubicin:H60 
Doxorubicin:H61 - A:GLU763:OE1 2.14561 Hydrogen Bond Conventional Hydrogen Bond A:GLU763:OE1 Doxorubicin:H61 
A:HIS862:HE1 - Doxorubicin:O27 2.52902 Hydrogen Bond Carbon Hydrogen Bond A:HIS862:HE1 Doxorubicin:O27 
Doxorubicin:H68 - A:TYR907 2.58467 Hydrogen Bond Pi-Donor Hydrogen Bond A:TYR907 Doxorubicin:H68 
Doxorubicin:C36 - A:MET890 5.42442 Hydrophobic Alkyl A:MET890 Doxorubicin:C36 
A:TYR896 - Doxorubicin:C36 4.58901 Hydrophobic Pi-Alkyl A:TYR896 Doxorubicin:C36 
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Comp. Interactions Distance Å Bonding Bonding Types Bindind site of enzyme Bindind site of ligand 

58 

A:TYR907:HH - 58:O28 2.18571 Hydrogen Bond Conventional Hydrogen Bond A:TYR907:HH 58:O28 
58:H32 - A:GLY888:O 1.76818 Hydrogen Bond Conventional Hydrogen Bond A:GLY888:O 58:H32 
A:ASP766:OD2 - 58 4.98112 Electrostatic Pi-Anion A:ASP766:OD2 58 
A:MET890:SD - 58 3.44773 Other Pi-Sulfur A:MET890:SD 58 
A:TYR896 - 58 4.13769 Hydrophobic Pi-Pi Stacked A:TYR896 58 
58:C48 - A:LEU769 5.25346 Hydrophobic Alkyl A:LEU769 58:C48 
58:C48 - A:ARG878 3.84551 Hydrophobic Alkyl A:ARG878 58:C48 
58 - A:ALA880 5.07643 Hydrophobic Pi-Alkyl A:ALA880 58 

Comp. Interactions Distance Å Bonding Bonding Types Bindind site of enzyme Bindind site of ligand 

60 

60:H32 - A:GLU988:OE2 2.08571 Hydrogen Bond Conventional Hydrogen Bond A:GLU988:OE2 60:H32 
A:ASP766:OD2 - 60 4.09083 Electrostatic Pi-Anion A:ASP766:OD2 60 
A:MET890:SD - 60 3.45328 Other Pi-Sulfur A:MET890:SD 60 
A:TYR896 - 60 4.24352 Hydrophobic Pi-Pi Stacked A:TYR896 60 
60:C46 - A:MET890 4.30363 Hydrophobic Alkyl A:MET890 60:C46 
60:C50 - A:LEU769 4.81004 Hydrophobic Alkyl A:LEU769 60:C50 
60:C50 - A:ARG878 4.75605 Hydrophobic Alkyl A:ARG878 60:C50 
60:C50 - A:PRO881 5.04879 Hydrophobic Alkyl A:PRO881 60:C50 
60 - A:ALA880 5.01063 Hydrophobic Pi-Alkyl A:ALA880 60 
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Figure S2. 2D and 3D interaction diagrams of compounds. Figure shows compound 56, 61 and 63 (light pink, orange and red color, 
stick, respectively) with PARP-1 binding domain, forming non-bonding interactions including H-bonds, electrostatics and hydrophobic… etc 
(different dashed lines) with different residues. 
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Table S3. Interaction types and distance of of the selected compounds (56, 61 and 63) with PARP-1. 

Comp. Interactions Distance Å Bonding Bonding Types Bindind site of enzyme Bindind site of ligand 

56 

56:H32 - A:GLU988:OE2 2.09972 Hydrogen Bond Conventional Hydrogen Bond A:GLU988:OE2 56:H32 
A:SER983:O - 56:F41 3.4023 Halogen Halogen (Fluorine) A:SER983:O 56:F41 
A:ASP766:OD2 - 56 3.88242 Electrostatic Pi-Anion A:ASP766:OD2 56 
A:MET890:SD - 56 3.31055 Other Pi-Sulfur A:MET890:SD 56 
A:TYR896 - 56 4.12955 Hydrophobic Pi-Pi Stacked A:TYR896 56 
A:TYR907 - 56 5.32726 Hydrophobic Pi-Pi Stacked A:TYR907 56 
56:C46 - A:LEU769 5.06907 Hydrophobic Alkyl A:LEU769 56:C46 
56:C46 - A:ARG878 4.70033 Hydrophobic Alkyl A:ARG878 56:C46 
56:C46 - A:PRO881 5.00127 Hydrophobic Alkyl A:PRO881 56:C46 
56 - A:ALA880 4.80613 Hydrophobic Pi-Alkyl A:ALA880 56 

Comp. Interactions Distance 
Å Bonding Bonding Types Bindind site of enzyme Bindind site of ligand 

61 

61:H32 - A:GLU988:OE2 2.07759 Hydrogen Bond Conventional Hydrogen Bond A:GLU988:OE2 61:H32 
A:MET890:SD - 61 3.39075 Other Pi-Sulfur A:MET890:SD 61 
A:TYR896 - 61 4.05268 Hydrophobic Pi-Pi Stacked A:TYR896 61 
61:C45 - A:MET890 4.81517 Hydrophobic Alkyl A:MET890 61:C45 
61:C49 - A:LEU769 5.03942 Hydrophobic Alkyl A:LEU769 61:C49 
61:C49 - A:ARG878 4.38385 Hydrophobic Alkyl A:ARG878 61:C49 
61:C49 - A:PRO881 5.39119 Hydrophobic Alkyl A:PRO881 61:C49 
61 - A:ALA880 4.63875 Hydrophobic Pi-Alkyl A:ALA880 61 

Comp. Interactions Distance 
Å Bonding Bonding Types Bindind site of enzyme Bindind site of ligand 

63 

63:H32 - A:GLU988:OE2 1.74954 Hydrogen Bond Conventional Hydrogen Bond A:GLU988:OE2 63:H32 
A:ASP766:OD2 - 63 3.72017 Electrostatic Pi-Anion A:ASP766:OD2 63 
A:MET890:SD - 63 3.2628 Other Pi-Sulfur A:MET890:SD 63 
A:TYR896 - 63 4.05735 Hydrophobic Pi-Pi Stacked A:TYR896 63 
63:C46 - A:LEU769 4.98056 Hydrophobic Alkyl A:LEU769 63:C46 
63:C46 - A:PRO881 4.73497 Hydrophobic Alkyl A:PRO881 63:C46 
63 - A:ALA880 4.85019 Hydrophobic Pi-Alkyl A:ALA880 63 
63 - A:LEU984 5.40852 Hydrophobic Pi-Alkyl A:LEU984 63 
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