CHAPTER 3

IN-SILICO IDENTIFICATION OF WITHANOLIDE A AS ANEUROPROTECTANT

Chapter Highlights

e Analysis of drug like properties of Withania somnifera phytochemicals

e Molecular docking simulation of W. somnifera phytochemicals against PARP-1
using Auto Dock Tools 1.5.6

e Analysis of binding patterns of the phytochemicals and comparison with the reported

inhibitors of PARP-1

ABSTRACT

Poly (ADP-ribose) polymerase-1 (PARP-1) reverses DNA damage by repairing DNA nicks
and breaks in the normal cellular environment. However, during abnormal conditions like
cerebral ischemia and other neurological disorders, overactivation of PARP-1 leads to neuronal
cell death via a caspase-independent programmed cell death pathway. Strategies involving
inhibition or knockout of PARP-1 have proved beneficial in combating neuro-cytotoxicity. In
this study we performed in-silico analysis of 27 phytochemicals of Withania somnifera
(Ashwagandha), to investigate their inhibition efficiency against PARP-1. Out of 27
phytochemicals, we report 12 phytochemicals binding to the catalytic domain of PARP-1 with
an affinity higher than FR257517, PJ34 and Talazoparib (highly potent inhibitors of the
enzyme). Among these 12 compounds, five phytochemicals namely Stigmasterol,
Withacnistin, Withaferin A, Withanolide G and Withanolide A show an exceptionally high
binding affinity for the catalytic domain of PARP-1 and bind to the enzyme with similar

hydrogen bond formation and hydrophobic interaction pattern as their inhibitors. All of these
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phytochemicals follow Lipinski’s rule of 5 so they can be further developed into potential
future neuro-therapeutic drugs against neurodegenerative disorders involving neuronal cell

death.

3.1. INTRODUCTION

Neuronal damage occurring during neurodegenerative diseases, hypoxia, ischemia, and
infections involves a specially choreographed cell death pathway exhibiting characteristics of
both necrosis and apoptosis [1]. Among various factors participating in the execution of this
pathway, deoxyribose nucleic acid (DNA) repair enzyme poly (ADP-ribose) polymerase-1
(PARP-1) plays a significant role [2]. Excessive formation of peroxynitrite during
neurotoxicity leads to extensive DNA damage, causing over-activation of PARP-1 which
undertakes the responsibility of DNA repair [2, 3]. In its attempt to repair damaged DNA,
PARP-1 often triggers cell death via a cascade of events involving depletion of the cellular
energy store by depreciating nicotinamide adenine dinucleotide (NAD*) and adenosine
triphosphate (ATP) storage of cell [4-6]. The role of PARP-1 in caspase-independent
programmed cell death is illustrated in Fig. 3.1. PARP-1 is also reported to act directly on
mitochondria and mediate peroxynitrite-induced mitochondrial damage [7]. PARP-1 also
initiates translocation of apoptosis inducing factor (AlF), an established contributor of caspase-
independent neuronal cell death, from mitochondria to nucleus [8, 9]. AIF mediated apoptotic
cell death is reported in cerebral ischemia and in excitotoxic conditions which cause
mitochondrial membrane disruption [10-12]. AIF acts downstream in PARP-1 dependent cell
death [11] and is activated by ADP-ribose polymers (PARs) formed as a by-product of PARP-
1 activation [8]. PARs can also inhibit histones, DNA polymerases, topoisomerases | and Il as

well as PARP-1 itself by poly-ADP-ribosylation, thus inhibiting their activity [13]. Inhibition

46



of PARP-1 provides neuroprotection in ischemia-reperfusion injury [14], reactive oxygen
species-induced injury [15], and glutamate excitotoxicity [11], Alzheimer’s disease (AD) [16]
and Parkinson’s disease [17]. Targeting of PARP-1, to inhibit cell death is a well-adopted
strategy in cancer research and rigorous research has identified Talazoparib as a bioavailable
PARP-1 inhibitor. This compound has successfully entered phase Il clinical trial for the

treatment of breast cancer [18-20].
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Fig. 3.1.: PARP-1 plays a pivotal role in caspase-independent cell death by recruiting AIF
and depleting cell energy reservoir [4, 5].

The present study focuses on identifying possible inhibitors of PARP-1 from phytochemicals
present in Withania somnifera (Ashwagandha), a traditional Indian herb widely noted for its
neuro protective potential [21-24] and compares their inhibition potency with known PARP-1
inhibitors  2-{3-[4-(4-fluorophenyl)-3,6-dihydro-1(2H)-pyridinyl]propyl}-8-methyl-4(3H)-
quinazolinone (FR257517) (Fig 3.2.2), 2-(dimethylamino)-N-(6-0x0-5,6-

dihydrophenanthridin-2-yl)acetamide (PJ34) (Fig. 3.2.b) and Talazoparib (Fig. 3.2.c), for the
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development of plausible future strategies to combat with neurotoxicity and
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Fig. 3.2: Structures for known PARP-1 inhibitors. (3.2.a) 2-{3-[4-(4-fluorophenyl)-3,6-dihydro-
1(2H)-pyridinyl]propyl}-8-methyl-4(3H)-quinazolinone (FR257517), (3.2.b) 2-(dimethylamino)-
N-(6-0x0-5,6-dihydrophenanthridin-2-yl)acetamide (PJ34), (3.2.c) Talazoparib.

3.2. MATERIALS AND METHOD

3.2.1. Selection and preparation of inhibitors

W.somnifera (WS) phytochemicals used for this study were listed from various literature study
[24- 26], USDA Phytochemical and Ethnobotanical Database [27] and NCBI PubChem
Database [28]. The compounds complying with Lipinski's Rule of Five (for drug-likeness
properties) and having the ability to penetrate Blood Brain Barrier (BBB), were used for this
study. Drug likeness, Human Intestinal Absorption (HIA) property and mutagenicity of these
phytochemicals were predicted using the PreADMET server [29]. Online BBB prediction
server (version 0.90) equipped with PubChem Fingerprint and AdaBoost algorithm [30] was
used in predicting whether a phytochemical is BBB permeable. Molsoft drug-likeness and
molecular property prediction server [31] was used to determine the number of hydrogen bond

donors (HBD), the number of hydrogen bond acceptors (HBA), the molecular weight of the
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ligands and LogP (octanol/water partition coefficient). The details of these properties are listed
in Table 3.1.

Table 3.1.: Molecular drug properties of W. somnifera phytochemicals selected for
inhibition of PARP-1

SN | PubChem | Ligands Lipinski’s (Ro5) Criteria BBB HIA %
CID Penetrat
Mol. Wt. | HBA | HBD | LogP -on
(S500) | (<10) | (s5) | (<5)
1 443143 Anaferine 224.19 1 2 1.02 BBB+ 90.023
2 12306778 Anahygrine 224.19 2 1 1.15 BBB+ 94.969
3 222284 Beta-sitosterol 414.39 1 1 9.48 BBB+ 100.000
4 124434 Calystegine_ B2 | 175.08 4 5 -2.62 BBB+ 36.118
5 1794427 Chlorogenic Acid | 354.10 9 6 -0.30 BBB+ 20.427
6 441070 Cuscohygrine 224.19 3 0 1.28 BBB+ 100.000
7 11850 Dulcitol 182.08 6 6 -3.60 BBB+ 12.812
8 92987 Pelletierene 141.12 1 1 0.68 BBB+ 94.193
9 14106343 Somniferine 608.25 9 2 3.01 BBB+ 95.975
10 5280794 Stigmasterol 412.37 1 1 8.82 BBB+ 100.00
11 449293 Tropine 141.12 2 1 0.21 BBB+ 99.457
12 54606507 Withacnistin 512.28 7 1 3.63 BBB+ 97.473
13 265237 Withaferin A 470.27 6 2 3.21 BBB+ 94.740
14 14236711 Withanolide A 454.27 5 1 4.59 BBB- 96.650
15 101559583 Withanolide C 522.24 7 4 2.75 BBB+ 88.359
16 21679023 Withanolide G 454,27 5 2 4.94 BBB+ 94.478
17 25090669 Withanolide M | 468.25 6 2 4.30 BBB+ 94.892
18 23266147 Withanolide N 452.26 5 2 5.10 BBB+ 94.595
19 23266146 Withanolide O 452.26 5 2 4.78 BBB+ 94.592
20 21679034 Withanolide P 454.27 5 2 5.05 BBB+ 94.478
21 101281365 Withanolide Q 470.27 6 3 4.08 BBB+ 91.644
22 11049407 Withanolide S 504.27 8 5 1.58 BBB+ 71.684
23 44566968 Withaphysalin F | 484.25 7 2 2.17 BBB+ 94.540
24 10096775 | Withaphysalin M | 482.23 7 1 2.06 BBB+ 96.885
25 11752064 | Withaphysalin N | 484.25 7 1 2.36 BBB+ 96.340
26 23266146 | Withaphysalin O | 512.28 7 1 3.10 BBB+ 97.525
27 442877 Withasomnine 184.10 1 0 2.38 BBB+ 100.00

Structures for FR257517, PJ34 and Talazoparib (Fig. 3.2.) - potent inhibitors for PARP-1 [32-
34] were downloaded in .sdf format from RCSB-Protein Database (PDB) [35]. All the
phytochemicals and the inhibitor were converted from .sdf to .pdb format using PyRx-Python
prescription 0.8 [36]. The same software was also used for energy minimization of all the
ligands by application of mmff94 force field and conjugate gradients optimization algorithm

for 200 steps.
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3.2.2. Retrieval of PARP-1 Enzyme Structure

The 3-dimensional (3D) structure for PARP-1 was downloaded from RCSB-PDB (PDB ID:
5DS3) [37]. Crystal structure of this enzyme was deposited by Langelier et al. as a
constitutively active protein structure. The structure consists of 271 amino acids containing the
catalytic domain of Human PARP-1 (residues 788-1012). The protein was cloned and
expressed in Escherichia coli expression system. Structure determination was performed by X-

ray crystallographic method at a resolution of 2.6 A.
3.2.3. Preparation of Enzyme for Docking

The 3-D structure of PARP-1 was loaded on UCSF Chimera [38] for energy minimization.
First, ligands and heteroatoms were removed to clean and optimize the molecule. Heteroatoms
present in the PARP-1 structure were polyethylene glycol and sulfate ion. Then energy
minimization of the enzyme was performed using steepest descent method for 100 steps (0.02

A step size) and conjugate gradient method which has ten steps with the step size of 0.02 A.
3.2.4. Simulating Molecular Docking Studies

Auto Dock Tools 1.5.6 (ADT) [39] was used to perform the docking studies of PARP-1 with
FR257517, PJ34 and Talazoparib and W.somnifera phytochemicals. The enzyme molecule was
assigned Gestgeiger partial charges after merging of nonpolar hydrogen atoms and by applying
torsion to the ligands by rotation of all rotatable bonds. Also, the addition of polar hydrogen
atoms, application of solvation parameters and Kollman charges were performed using ADT.
Among three search algorithm options offered by ADT to analyze active binding with different
efficacy, the Lamarckian genetic algorithm (LGA) was utilized for this study. The docking

study was performed by creating a grid box near the catalytic domain amino acid residues of
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the protein with the number of points 90, 90 and 90, in, Y and Z dimension and values for
center of the grid box were assigned as 4.924, 36.5 and 9.798 for X, Y, and Z-center,
respectively. Spacing for the grid box was kept at 0.375 A, and it was ensured that the grid box
entirely covers all the active site residues present at the binding site of the enzyme. Space for
the translational and rotational walk of the ligands was provided. For docking study of every
ligand, 30 independent runs were performed with the maximum number of 27,000 GA
operations generated on a single population of 150 individuals. Parameters like the rate of
crossover, the rate of gene mutation, and elitism were set to their default values of 0.80, 0.02,
and 1, respectively. The second round of molecular docking was performed for high binding
affinity phytochemicals by drawing a grid box covering the entire surface of the enzyme to
study off-target interactions of the ligands. The grid box was assigned a number of points 116,
126 and 115 in X, Y and Z dimensions, respectively. Offset value was set at -1.025 for X-axis
and 4.659 for Y-axis. All the other parameters regarding the docking study were kept similar
to that of the first round of docking. For further analysis and visualization of protein-ligand
interaction patterns, UCSF Chimera and LigPlot+ (v.1.4.5) [40] softwares were used. This
study involved only the lowest energy binding pose of each phytochemical to gain a deeper
insight of the hydrogen bonding and hydrophobic interaction patterns manifested by the

protein-ligand complexes.
3.3. RESULTS
3.3.1. Analyzing inhibition potential of W. somnifera phytochemicals against PARP-1

W. somnifera phytochemicals were docked near the catalytic amino acid residues of PARP-1
for determining the binding parameters. The results obtained for docking studies of all the

ligands include lowest binding energy, inhibition constant, hydrogen bonding and hydrophobic
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interactions (for 30 docking runs) between the enzyme and the ligands. Comparison of binding
energy of the inhibitors and various phytochemicals against PARP-1 is plotted and represented

in Fig. 3.3.
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Fig. 3.3.: Comparison of binding energies of inhibitors and W. somnifera phytochemicals

The plot for comparison of binding energies summarizes that Withaferin A exhibits lowest
binding energy of -11.35 kcal/mol, a value much lower than that of known PARP-1 inhibitors
FR257517, PJ34 and Talazoprib which show binding energy values of -10.42 kcal/mol, -8.45
kcal/mol and -9.91 kcal/mol respectively. 11 more compounds including Beta-sitosterol,
Stigmasterol, Withacnistin, Withanolide A, Withanolide G, Withanolide O, Withanolide P,
Withanolide R, Withaphysalin F, Withaphysalin M and Withaphysalin N bind to PARP-1 with
binding energies lower than FR257517, PJ34 and Talazoparib, thus exhibiting higher binding
affinity. Though rest of the 15 phytochemicals show elaborate hydrogen bonding with PARP-
1, they fail to manifest higher binding affinity towards the protein molecule than the reported

inhibitors since the phytochemicals display higher binding energies as compared to the
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inhibitors. So, out of the 27 phytochemicals, 12 molecules exhibit lower binding energy as
compared to three potent inhibitors of PARP-1, i.e., FR257517, PJ34 and Talazoprib. The
details of binding energy, estimated inhibition constant and hydrogen bond formation between

the phytochemicals and PARP-1 enzyme are listed in Table-3.2.

Table 3.2.: Detailed Result of Docking Study of PARP-1 and selected Ligands

S. Ligand PubChem ID Lowest Estimated Amino Acid residues
No. Binding Inhibition Participating in Hydrogen
Energy Constant Bonding with PARP-1
(kcal/mol) (Ki)

(Residues essential for Hydrogen
bond formation with PARP-1 as
reported by Kinoshita et al. [24])

FR257517 - -10.42 23.06 nM Ser 904, Tyr 896, Gly 863, Arg 878,
Glu 988
PJ34 4858 -8.45 637.04 nM Gly 863
Talazoparib 44819241 -9.91 54.84 nM Gly 863

Withania somnifera Phytochemicals

1 Anaferine 443143 -6.41 19.97uM Glu988, Lys 903, Tyr 907, Gly 863,
His 862, Glu 862, Glu 923, Lys 1000,
Asp 965
2 Anahygrine 12306778 -6.35 22.11 pM Glu98s, Tyr 896, Gly 863, Glu 809
3 Beta-sitosterol 222284 -10.78 12.57 uM Arg 878, Gly 871, Gly 876, Glu 988,
Lys 903, Tyr 907
4 Calystegine_B2 124434 -5.03 204.98 uM Gly 888, Lys 903, Glu 988, Met 890,

Gly 863, Ser 904, Tyr 896, Asp 899,
Lys 949, GIn 846, Glu 840, Arg 841,
Cys 845, Gly 843, Thr 910, Asn 906,
Ala 905, Asp 905, Asp 835, Asp 773,

Gly 894
5 Chlorogenic 1794427 -7.73 2.17 uM Tyr 896, Gly 894, Ser 904, Gly 863,
Acid Arg 878, Gly 888, Tyr 889, Ala 880,

Arg 865, Tyr 907, Ser 907, Ser 864,
Glu 988, His 862, Met 890, Asn 868
6 Cuscohygrine 441070 -5.75 61.28 uM Tyr 896, Gly 863, Lys 903

7 Dulcitol 11850 -3.83 1.55 uM Tyr 889, Arg 878, Tyr 896, Gly 894,
Ala 880, Gly 894, Asn 868, Lys 903,
Gly 876, Asn 906, Thr 910, Ser 864,
Arg 865, Gly 888, Met 890, Leu 941,
Lys 940, Tyr 907, Leu 985
8 Pelletierene 92987 -5.37 115.8 uM Tyr 896, Lys 1000

9 Somniferine 14106343 -9.11 211.22 nM Arg 878, His 862
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10 Stigmasterol 5280794 -11.11 7.17 nM Gly 871, Arg 878, Glu 988, Gly 876,

Tyr 907
11 Tropine 449293 -5.31 129.13 uM Ser 904, Gly 863, Ala 905, Thr 910,
Tyr 896, His 862
12 Withacnistin 54606507 -11.33 4.94 nM His 862, Arg 878, Tyr 894, Gly 863,
Ala 880
13 Withaferin A 265237 -11.35 4.79 nM Arg 878, Tyr 896, Met 890, Ser904,
Gly 863, His 862, Gly 876
14 Withanolide A 14236711 -11.08 7.54 nM Arg 878, Gly 863, Tyr 896, Tyr 907,
His 862
15 Withanolide C 101559583 -10.32 27.04 nM Tyr 889, Gly 888, Tyr 907, His 862,
Tyr 896, Gly 863, Arg 878, Gly 894,
Asn 868
16 Withanolide G 21679023 -11.09 7.37 nM Gly 863, His 862, Arg 878, Ser 864,
Met 890
17 Withanolide M 25090669 -10.12 38.02 nM His 862, Arg 878, Gly 863, Gly 894
18 Withanolide N 23266147 -10.38 41.63 nM Tyr 896, Gly 894, Gly 863, Met 890,
Gly 888, Gly 876, Arg 878, Ser 904
19 Withanolide O 23266146 -10.44 22.27 nM Gly 894, Tyr 896, Arg 878, Gly 863,
Met 890, Gly 888
20 Withanolide P 21679034 -10.70 14.41 nM Gly 894, Tyr 896
21 Withanolide Q 101281365 -9.66 83.57 nM Arg 878, Gly 876, Gly 888, Gly 863,

His 862, Ser 864, Asn 868, Met 890,
Gly 894, Tyr 907

22 Withanolide S 11049407 -9.89 56.77 nM Arg 878, Tyr 896, Gly 894, Gly 863,
Ser 864, Met 890, Gly 888
23 Withaphysalin 44566968 -10.43 22.46 nM Ser 864, His 862
F
24 Withaphysalin 10096775 -10.84 11.26 nM Arg 878, His 862
M
25 Withaphysalin 11752064 -10.64 15.92 nM His 862, Arg 878, Gly 863
N
26 Withaphysalin 23266146 -10.18 34.63 nM His 862, Gly 863, Tyr 896, Met 890,
o Arg 878
27 Withasomnine 442877 -6.54 16.18 uM Gly 863

3.3.2.  Analysis of Binding Mechanism of Inhibitors with PARP-1

Among the 12 compounds demonstrating higher binding affinity towards PARP-1, five
phytochemicals showing binding energy lower than -11.00 kcal/mol were regarded as highly
potent inhibitors of PARP-1 and were further analyzed for visualizing their binding
characteristics using LigPlot+ (v.1.4.5). Interaction pattern of these five molecules namely
Withaferin A, Withacnistin, Stigmasterol, Withanolide A and Withanolide G were compared
with that of FR257517 (binding energy: -10.42 kcal/mol), PJ34 (binding energy: -8.45

kcal/mol) and Talazoparib (binding energy: -9.91 kcal/mol). FR257517 interacts with the
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Arg878 residue of PARP-1 with two hydrogen bonds formed between its fluorophenyl group
and two nitrogen atoms present in the polar side chain of the amino acid with bond lengths of
2.73 and 2.76 A (Fig. 3.4.a). It shows a hydrogen bonding between a nitrogen atom of the
amino acid Glycine 863 and an oxygen atom with the bond length of 2.77 A (Fig. 3.4.a).
FR257517 also shows hydrophobic interaction with various amino acid residues namely Glu
988, Tyr 896, Phe 897, His 862, Ser 904, Gly 876, Leu 877, Gly 894, lle 895, Lys 903 and Ala
898 (Fig. 3.4.a). The inhibitors PJ34 and Talazoparib each form two hydrogen bonds with
oxygen and nitrogen atoms of Gly863 residue. Bond lengths for interaction between PJ34 and
Gly 863 are 3.11 A (for N atom) and 2.69 A (for O atom) and those for Talazoparib and Gly
863 interaction are 2.70 A (for N atom) and 2.84 A (for O atom) (Fig. 3.4.b, 3.4.c). PJ34
hydrophobically interacts with Gly 894, Tyr 889, Ala 898, Tyr 907, His 862, Ser 904, Phe 897,
Lys 903, Glu 988, Tyr 896 and lle 895, whereas Talazoparib exerts hydrophobic interactions
with Ser904, Tyr 907, Glu988, Gly888, Ala898, Met 890, Tyr 896, His862, Lys903 and Phe
897 (Fig. 3.4.b, 3.4.c). Withaferin A, the phytochemical exhibiting lowest binding energy
forms 6 hydrogen bonds with Gly 888, Met 890, Tyr 896, Arg 878 and Gly 876 and
hydrophobic interactions with Gly 871, lle 872, His 862, Leu 877, Gly 894, Tyr 889, Tyr 907,
Ala 880 and GIn 875 (Fig 3.5.a). Withacnistin, which shows binding energy quite closer to
Withaferin A, forms hydrogen bonds with Arg 878, Ser 864, His 862 and Tyr 896 and
hydrophobically interacts with, Leu 877, Gly 894, lle 895, Ser 904, Phe 897, Gly 863, Trp 862,
[1e872 and Tyr 907 (Fig 3.5.b). Stigmasterol shows hydrogen bond formation with Arg 878
and Gly 871 and hydrophobically interacts with residues similar to those of FR257517 except
Gly 894 and lle 895 (Fig 3.5.c). Other amino acid residues of PARP-1 exhibiting hydrophobic

interactions with Stigmasterol are Trp861, Asn 868, Tyr 907, lle 872, GIn 875 and Ser 864.
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Among these five Withanolides, Stigmasterol shows the highest number (16) of hydrophobic
interactions, which is also greater than all three reported inhibitors. Withanolide G forms three
hydrogen bonds with Gly 863, Arg 878 and His 862 whereas Withanolide A forms two
hydrogen bonds with residues Gly 863 and Arg 878. These two withanolides also show
extensive hydrophobic interactions with various amino acid residues (Fig 3.5.d, 3.5.e). All of
these five phytochemicals display lower binding energy while interacting with PARP-1 in

comparison to reported inhibitors.
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3.3.3.  Analysis of off-target interaction of the high-affinity phytochemicals
Among the five phytochemicals with a high binding affinity towards PARP-1, three

phytochemicals exhibit a low-affinity interaction at sites other than the designated catalytic

sites of the enzyme. Stigmasterol and Withacnistin, each reveals a single off-target interaction
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pose with a binding energy of -8.25 kcal/mol and -6.53 kcal/mol respectively. Withaferin A,

however, shows two off-target binding poses, but with low binding affinities (binding energy:

-7.72 kcal/mol and -6.29 kcal/mol). Withanolide A and Withanolide G along with all the

known inhibitors (except FR257517) do not manifest any off-target binding affinities. The

details regarding binding energy, inhibition constant and involved residues for off-target

binding of the ligands are listed in Table 3.3., and the binding poses for off-target and active

site interactions for the ligands are illustrated in Fig. 3.6-3.8.

Table 3.3.: Details of off-target interaction between five high affinity phytochemicals and

PARP-1

Serial Ligand
No

Binding Energy
Manifested In Off-

Target Binding Pose

Estimated
Inhibition Constant

(Ki)

Amino Acid residues
Participating in Hydrogen
Bonding with PARP-1

(kcal/mol) (outside the catalytic
site)

FR257517 -4.9 Ser 911

PJ34 -

Talazoparib --

Withania somnifera Phytochemicals
1 Stigmasterol -8.25 897.73 nM Lys 893
2 Witachcnistin -6.53 16.47 uM Ser 911, Lys 1010

3 Withaferin A -6.29 8.43 uM Thr 867
-7.72 2.18 uM Lys 796

4 Withanolide B - -- -

5 Withanolide G --

In the case of the ligands manifesting off-target interaction, affinity towards the site other than

the catalytic domain is much lower than their affinity towards the active site of PARP-1.
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Fig. 3.8.: Withacnistin binding at (a) the catalytic site; (b) off-target domain.
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3.4. DISCUSSION

Overproduction of nitric oxide (NO) due to nNOS activation in an ROS enriched environment
leads to the generation of peroxynitrite [41,42], which is a potent oxidant playing a highly
important role in neurotoxicity [43,44]. Peroxynitrite production results in DNA damage and
thereby triggers activation of PARP-1, an enzyme involved in DNA repair, DNA replication,
gene expression, and regulation, finally causing cell death via depletion of cellular energy, a
phenomenon which researchers have tried to explain by “suicide hypotheses” proposed by
Berger et al. [5-6]. Though the actual mechanism of PARP-1 mediated cell death is not yet
understood completely, inhibition or genetic knockout of PARP-1 has ameliorated
neurodegenerative conditions establishing PARP-1 as a potent therapeutic target for combating
neurotoxicity [45-47]. PARP-1 is a 113 kDa protein possessing a large active site which can
be classified as the acceptor site and the donor site [48]. Standard PARP1 inhibitors are known
to bind the nicotinamide ribose binding site, or NI site [32, 49]. Previous in-silico study of the
catalytic domain of PARP-1 has revealed that hydrogen bond formation between residues Gly
863, Arg 878 and Ser 904 and the ligand is necessary for binding pocket stability [49, 50].
Specifically, the residues Gly 863 and Ser 904 are reported to be primarily responsible for the
establishment of inhibitory capacity of the PARP-1 inhibitors [49]. Most synthetic PARP-1
inhibitors compete with NAD+ to bind the catalytic domain and tend to block different
enzymatic pathways which involve NAD+ [51]. Also, high toxicity and other side effects
associated with synthetic PARP-1 inhibitors necessitate the development of novel PARP-1
inhibitors [51]. So, this study attempted to evaluate the effectiveness of phytochemicals of
Withania somnifera, an Indian herb commonly known as Ashwagandha, in inhibiting PARP-

1 activity. Withania somnifera or Ashwagandha is conventionally used as nerve tonic [52],
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memory and cognition enhancer [53-54] and also as therapy of neurodegenerative disorders
including cerebral ischemia [55-56]. A recent scientific study has reported that root extract of
W. somnifera successfully combats ischemic pathophysiology by impairing the PARP1-AlF
pathway [57]. We have selected 27 phytochemicals of Ashwagandha including the
Withanolides, which reportedly contribute to neuroprotective potential of the herb for the
study. Though the phytochemicals might show a synergestic effect when the plant extract is
administered, it may or may not be very effective. It is reported that the bioactive compounds
present in plant extracts might be agonists or antagonists of the neurotransmitters [58].
Understanding the mechanism of the constituent phytochemicals, might help in identifying
suitable candidates for designing of future neurotherapeutic drugs. Since the extract of W.
somnifera is reported to interfere with the PARP1-AIF pathway, studying the ability of its
constituent phytochemicals in inhibiting the enzyme PARP1 can reveal potent molecules for

drug development.

In the present study, 12 constituent phytochemicals of W. somnifera showed higher inhibition
potential than the reported inhibitor FR257517, PJ34 and even Talazoparib, which is currently
in Phase-111 clinical trial [19]. Among these 12 inhibitors, 5 compounds reveal exceptionally
high inhibiting capacity with binding energy lower than -11.00 (binding energy of FR257517,
PJ34 and Talazoparib being -10.42 kcal/mol, -8.45 kcal/mol and -9.91 kcal/mol respectively).
Withaferin A shows highest binding affinity as it shows the lowest binding energy of -
11.35kcal/mol and further analysis of PARP1-Withaferin A complex using LigPlot+ reveals
that similar to FR257517 it forms two hydrogen bonds with amino acid residue Arg 878. This
is an important aspect of interaction pattern of Withaferin A with PARP-1 since the interaction

between carbonyl oxygen of the ligand and the residue Arg 878 is required for stabilization of
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the PARP1-ligand complex [49]. Withaferin A also exhibits hydrogen bonding with amino
acid residues Met 890, Ser 904, His 862 and Gly 876 (Fig. 3.5.a), but does not interact with
Gly 863 (FR257517, PJ34 and Talazoparib interact with Gly 863 residue), which is required
for improving interaction between ligand and PARP-1 [49,51]. Among various hydrophobic
interactions exhibited by it, this phytochemical notably interacts with His 862, Tyr 907, Ala
880 and lle 872, which reportedly constitute the ligand-binding site of PARP-1 [49]. Among
the rest of four phytochemicals exhibiting binding energy less than -11 kcal/mol, Withanolide
A and Withanolide G show almost similar binding energy (-11.08kcal/mol and -11.09 kcal/mol
respectively) and are the only two phytochemicals to form hydrogen bond with the Gly 863
residue (Fig 3.5.d-3.5.¢), which is reported to have 52% hydrogen bond occupancy among the
key amino acids, Arg 878 residue being the second abundant one (40% of hydrogen bond
occupancy) [49]. Both the phytochemicals form hydrogen bonds with Arg 878 residue, which
performs a critical role to stabilize adenosine part of NAD+ (substrate for PARP1) [59]. The
ligands hydrophobically interact with residues like Ser 904, which has 33% bond occupancy
among the key amino acids present in the active site of PARP-1 [49], Tyr 907 and Ser 864,
both of which are prominently present in the ligand binding site of PARP-1 [49]. His 862 and
Glu 988 are two more residues which significantly contribute to the interactions taking place
in the active site [60, 61]. In this study also, we have found that while Withanolide G forms a
hydrogen bond with His 862, Withanolide A hydrophobically interacts with the same, which
is @ mechanism similar to that of all three reported inhibitors FR257517, PJ34 and Talazoparib.
Withanolide A also hydrophobically interacts with Glu 988, the residue responsible for NAD+
catalysis activity of PARP-1 [62, 63] and Lys 903, which is necessary for DNA polymerization
[64] but Withanolide G does not show any interaction with these two residues. However,

FR257517, PJ34 and Talazoparib exhibit interaction with Glu 988 and Lys 903. The other two
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molecules Withacnistin and Stigmasterol (binding energy -11.33 kcal/mol and -11.11 kcal/mol
respectively) form hydrogen bonds with Arg 878 residue, similar to inhibitor FR257517, but
unlike the three reported inhibitors, these two phytochemicals show no hydrogen bonding with
the critical residue Gly 863, but forms hydrophobic interaction with the residue. Withacnistin
forms hydrogen bond with His 862, presence of which is required for binding interactions at
the active site [60], and Ser 864, a highly significant residue present in the ligand binding site
of PARP-1 [49], but Stigmasterol hydrophobically interacts with both of these residues.
Among the other important residues present at the ligand binding site of PARP-1, Stigmasterol
hydrophobically interacts with Glu 988 (required for catalysis of NAD") [62, 63], Ser 864 and
Ser 904 (constituent residues of ligand binding site of PARP-1), whereas Withacnistin shows
no interaction with Glu 988 but forms hydrogen bond with Ser 864 and hydrophobically
interacts with Ser 904. Withacnistin also shows hydrogen bonding with His 862, another

significant residue present at the active site [60].

Whether a ligand possesses higher affinity towards a site other than the active site of the target
protein, is a matter of importance in inhibitor screening. The Higher affinity of a ligand towards
an off-target site may lead to side-effects [65]. In this study, the off-target interaction of the
five high-affinity phytochemicals reveals lower or no binding affinity of the ligands towards
sites other than the active site of the enzyme. Stigmasterol, Withacnistin and Withaferin A
displayed off-target interaction, but the binding energies for all three ligands were significantly
higher compared to their binding energy in catalytic site interaction. Withanolide G and
Withanolide A display no off-target interaction. It can be inferred from such binding
characteristics that these phytochemicals are prone to bind to the catalytic domain of the

enzyme.
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These five phytochemicals of W. somnifera can be regarded as potent PARP-1 inhibitors,
because not only they exhibit higher binding affinity towards the enzyme as compared to
reported inhibitors FR25517, PJ34 and Talazoparib, they also show greater number of
hydrogen bond formation and hydrophobic interaction with most of the crucial residues of the
active site which are responsible for inhibition of the enzyme. The phytochemicals also have
much lower inhibition constant (Ki) values than all the three reported inhibitors. As compared
to the binding pattern of Talazoparib (already in Phase-111 clinical trial), Withanolide A shows
almost similar interaction pattern regarding hydrogen bond formation and hydrophobic

interactions (Fig. 3.9).

Fig. 3.9.: Comparison of hydrogen binding and hydrophobic interaction pattern of
Talazoparib and Withanolide A with PARP-1 catalytic domain.

@—@ |_jgand bond ,,»;‘g Non-ligand residues involved in hydrophobic contact(s)
e—e Non-ligand bond &  Corresponding atoms involved in hydrophobic contact(s)
®-.2-# Hydrogen bond and its length O Equivalent Residues

Further, it also interacts hydrophobically with Ile 879, Ala 880 and lle 872, residues previously

reported as crucial residues for binding of ligands and also forms a hydrogen bond with Arg
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878 (one of the key amino-acids to form hydrogen bonds in the enzyme-inhibitor complex)
[48]. The phytochemical also has no off-target affinity and only binds the catalytic domain of
the enzyme with high binding affinity. In terms of binding energy, Withaferin A can be
considered as the most potent inhibitor, but taking into account the criteria of binding energy,
hydrogen bonds and hydrophobic interactions, Withanolide A can surely be a worthy candidate
for PARP-1 inhibition.

3.5. CONCLUSION

This in-silico study involves 27 WS phytochemicals which are screened for their ability to
inhibit PARP-1, an important mediator of caspase-independent cell death pathway involved in
neurotoxicity. Here, we report 12 phytochemicals of W. somnifera showing a higher affinity
towards PARP-1 as compared to inhibitors FR257517, PJ 34 and Talazoparib. Amongst these
12 inhibitors, 5 compounds, Withaferin A, Withacnistin, Stigmasterol, Withanolide G and
Withanolide A, show a remarkably high binding affinity (binding energy < -11.00 kcal/mol)
towards PARP-1 and forms a higher number of hydrogen bonds and hydrophobic interactions
as compared to these three inhibitors. Withaferin A binds to the catalytic site of the enzyme
with the highest affinity since it shows lowest binding energy among all the phytochemicals
analyzed and Withanolide A, besides showing low binding energy, also exhibits an almost
exact pattern of hydrogen bonding and hydrophobic interactions as that of Talazoparib. It has
been previously reported that inhibition of PARP-1 leads to subsequent reversal of cell death
and the PARP-1 inhibition strategy can be exploited to combat neurotoxic conditions. Our

study establishes the potential of five WS phytochemicals as novel inhibitors of PARP-1.
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