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Abstract
Background: Poly(ADP-ribose) polymerase-1 (PARP1) is a key DNA repair enzyme involved in maintaining genomic integrity and
regulating cellular responses to oxidative stress. Aberrant PARP1 activation has been implicated in the pathogenesis of cancer
and several chronic diseases, making it an attractive therapeutic target. Natural phytochemicals from Prunus dulcis var. amara
(bitter almond) possess diverse biological activities; however, their inhibitory potential against PARP1 has not been
comprehensively investigated.
Methods: Phytochemicals reported from Prunus dulcis var. amara were identified through an extensive literature survey and
verified using the PubChem database. The selected compounds were prepared using the LigPrep module of Schrodinger Suite
and docked against the catalytic domain of human PARP1 (PDB ID: 2RCW) using Glide. Binding stability was further evaluated
through Prime MM/GBSA binding free energy calculations. Protein—ligand interactions were analyzed using two-dimensional
interaction diagrams. Based on the computational findings, quercetin was further evaluated for in vitro PARP1 inhibitory activity.
Results: Molecular docking demonstrated that all investigated phytochemicals exhibited favorable binding within the catalytic
pocket of PARP1. Epigallocatechin gallate showed the highest docking affinity (Glide score: -11.5 kcal/mol), followed by
isoquercetin (-10.5 kcal/mol), quercetin (-9.1 kcal/mol), and vicenin-2 (-8.8 kcal/mol). MM/GBSA analysis identified isoquercetin
as the most stable ligand—protein complex with a binding free energy of -67.52 kcal/mol, followed by quercetin (-49.76 kcal/mol),
prunasin (-45.46 kcal/mol), and vicenin-2 (-42.87 kcal/mol). Protein—ligand interaction analysis revealed extensive hydrogen-
bonding and hydrophobic interactions with key residues within the PARP1 catalytic site, supporting the observed binding
affinities. Furthermore, quercetin demonstrated significant in vitro PARP1 inhibitory activity with an ICso value of 2.32 £ 0.18 M,
corroborating the computational predictions.
Conclusion: The present study demonstrates that phytochemicals from Prunus dulcis var. amara, particularly isoquercetin,
quercetin, vicenin-2, and epigallocatechin gallate, exhibit promising inhibitory potential against PARP1. The integration of
molecular docking, MM/GBSA binding energy analysis, protein—ligand interaction profiling, and in vitro validation highlights these
natural compounds as potential lead molecules for the development of novel PARP1-targeted therapeutics. Further molecular
dynamics simulations and preclinical investigations are warranted to confirm their therapeutic potential.

Keywords: Prunus dulcis var. amara; Bitter almond; PARP1; Molecular docking; MM/GBSA; Phytochemicals; Quercetin;
Isoquercetin; Polyphenols; DNA repair.

Introduction

Poly ADP-ribose polymerase 1(PARP1), also known as ADPRT1 plays a significant role in DNA repair, which serves as
a catalyst for the polymerization of ADP-ribose units derived from NAD* results in attachment of ADP-ribose to
proteins (1). Arginine, glutamate, aspartate, cysteine, lysine, and serine are among the amino acids to which PARP1
attracts ADP-ribose moieties (2). Attachment of these amino acids to ADP-ribose moieties is essential for repair of
DNA-damage hence helps in remodelling of chromatin (3).

By coordinating several DNA repair pathways, including the base excision repair (BER) and single-strand break repair
(SSBR) pathways, PARP1, a crucial DNA damage sensor and repair enzyme, plays a crucial role in preserving genomic
integrity. When oxidative stress, ionizing radiation, or alkylating chemicals cause DNA single-strand breaks, PARP1's
zinc-finger DNA-binding domains quickly identify and attach to the damaged DNA. By employing nicotinamide
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(NAD™) as a substrate, this contact triggers its catalytic function, which results in the production of poly(ADP-ribose)
(PAR) chains (4, 5). In order to efficiently repair damaged DNA, the PAR chains function as molecular signals that
attract and assemble necessary DNA repair proteins, such as X-ray repair cross-complementing protein 1 (XRCC1),
apurinic/apyrimidinic endonuclease 1 (APE1), DNA polymerase B, DNA ligase Ill, and polynucleotide kinase
phosphatase (PNKP). In addition to its main function in BER and SSBR, PARP1 modulates chromatin structure and
encourages the recruitment of DNA repair complexes at double-strand break sites, which helps regulate homologous
recombination (HR), non-homologous end joining (NHEJ), and alternative non-homologous end joining (Alt-NHEJ).
PARP1-dependent cell death (parthanatos), cellular energy depletion, and mitochondrial malfunction are caused by
sustained PARP1 activation under conditions of severe oxidative stress, which leads to the overconsumption of NAD*
and ATP. As a result, PARP1 is a viable therapeutic target for illnesses like cancer, neurological disorders,
cardiovascular diseases, and chronic inflammatory conditions that are marked by oxidative DNA damage (6).

The tryptophan-glycinearginine-rich domain, a CAT domain, an auto modification domain, and an N-terminal DNA
binding domain make up PARP1 (7). The HD and ART subdomains make up the CAT domain. PARP1 activity may be
inhibited by the identification of a small chemical that can target the catalytic location on the interaction surface of
these two subdomains. Olaparib (8), Rucaparib (9), Niraparib (10), and Talazoparib (11,12) are the four FDA-
approved PARP1 inhibitors at this time. There are also a number of inhibitors undergoing preclinical and clinical
research (13-20). Benzamide structures are present in the majority of PARP1 inhibitors, which imitate nicotinamide's
competitive binding of PARP1 to NAD+ at the nicotinamide-ribose binding domain (NI site) of the PARP1 catalytic
domain.

The structural variety of natural chemicals makes them an important source of new drugs. Natural chemicals are the
source of more than 32% of small molecule medications sold between 1981 and 2019 (21). Natural substances with
a variety of pharmacological properties are abundant in traditional Chinese remedies. Among these, Huangbai,
Baixianpi, and Shechuangzi have been utilized for over a millennium and are well-known for their antibacterial, anti-
inflammatory, and anti-tumor properties. One quick method is to combine bioactivity testing and molecular
modeling to identify specific inhibitors from natural substances (22, 23, 24 ).

In this study, we extracted the chemical components of Prunus dulcis var amara and used molecular docking to
identify possible PARP1 inhibitors. PARP1 enzyme testing revealed four PARP1 potential inhibitors. Ultimately, the
interactions between PARP1 and the potential chemical inhibitors were clarified from both structural and energetic
viewpoints using molecular dynamics simulation and free energy computation. These potential substances show
promise for the creation of treatments that target disorders linked to PARP1.

2.0 Material and Methods

2.1 Collection of Phytochemical Constituents of PDVA

The phytochemical constituents of PDVA were compiled through a comprehensive literature survey and data mining
of publicly available phytochemical databases. Information on the phytochemical composition was collected from
peer-reviewed research articles, review papers, and other scientific publications describing the phytochemical
profile, nutritional composition, antioxidant properties, and pharmacological activities of bitter almond. The
collected phytochemicals were further cross-verified using the PubChem database to confirm their molecular
structures, chemical names, Simplified Molecular Input Line Entry System (SMILES) notations, and PubChem
Compound Identifiers (CID).

The identified phytochemicals comprised diverse classes of secondary metabolites, including flavonoids, phenolic
acids, cyanogenic glycosides, phytosterols, fatty acids, terpenoids, and other polyphenolic constituents reported in
Prunus dulcis var. amara. Based on their documented antioxidant, anti-inflammatory, anticancer, and cytoprotective
properties, representative phytochemicals were selected for molecular docking studies against the catalytic domain
of PARP1. 2D structures of the selected compounds were retrieved from the PubChem database in Structure Data
File (SDF) format and subsequently used for ligand preparation prior to molecular docking analysis (25,26, 27, 28).

2.2 Structural based Screening
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2.2.1 Protein Preparation

The structural coordinates, established through X-Ray crystallography, of the targets were located and extracted
from the RCSB Protein Data Bank (2RCW), and subsequently imported into Schrodinger Maestro. Within the
Schrodinger software, the proteins underwent preparation via a three-step procedure facilitated by the protein
preparation wizard. During preprocessing, the imported structure underwent refinement, including the removal of
heteroatoms and crystallographic waters, and optimization of hydrogen bonds to achieve a low-energy state at a pH
of 7.4 using the OPLS3e force field. The structures of the previously acquired bioactives, intended for predicting
biological targets, were optimized for three-dimensional coordinates using the LigPerp application integrated into
Schrodinger. The potential ionization states of the ligands were generated using the Epik tool, and tautomeric states
were produced for each ligand before saving the results (29).

2.2.2 Molecular Docking and MMGBSA

The receptor grid was generated surrounding the co-crystallized ligand. In cases where proteins didn't have a co-
crystallized ligand, site map was used to identify and assess the binding pocket. For such targets (proteins), the
receptor grid generation was done with an entry option to form a grid on the site with the maximum SiteScore,
containing crucial amino acid residues essential for regulating protein activity. Rigid XP-docking was conducted to
assess and prioritize potential components, and the outcomes were visualized using an XP-visualizer. Prime MM-
GBSA analysis was conducted determine the binding free energy. Subsequently, protein and ligand complexes with
favorable docking scores, binding free energy, and significant interactions as indicated by XP-dock results were
selected for MD simulation (30).

2.3 In-vitro PARP1 enzymatic Assay

All chemicals and reagents were of analytical grade and procured from Sigma-Aldrich (Merck Life Science Pvt. Ltd.,
Bengaluru, Karnataka, India), HiMedia Laboratories Pvt. Ltd. (Mumbai, Maharashtra, India), and SRL Pvt. Ltd.
(Mumbai, Maharashtra, India). The inhibitory activity all targeted compounds were determined against PARP1
enzyme by spectrophotometric method by ELISA in 96-well plates. These wells are precoated with histones which is
diluted in 100uL PBS buffer and incubated overnight at 4 °C. Thereafter we put 100uM NAD* which is diluted in 30ul
Tris buffer solution adjusted at pH 8, further 25 uM biotinylated NAD+, and 200 nM sDNA were added to each well,
and then 5uL of compound or solvent control was added at varying concentrations. Then 20uL PARP1 enzyme was
added at 30°C and 50uL of HRP was added after 1h. After 30min, the luminescent signal was measured using a
multiwall spectrophotometer (Molecular device SpectraMax M5 microplate reader) (31).

3.0 Results & Discussion

3.1 Identification of Phytochemical Constituents of PDVA
Fourty two phytochemical compounds reported in PDVA were found after a thorough review of the literature and a
search of phytochemical databases. Flavonoids, phenolic acids, cyanogenic glycosides, phytosterols, fatty acids,
terpenoids, and other polyphenolic ingredients were among the several types of secondary metabolites represented
by the discovered substances (Supplementary Table S1).
Based on their documented antioxidant, anti-inflammatory, anticancer, and cytoprotective properties reported in
the literature, quercetin, kaempferol, isoquercetin, vicenin-2, naringin, amygdalin, prunasin, catechin, chlorogenic
acid, gallic acid, B-sitosterol, stigmasterol, oleic acid, palmitic acid, and mangiferin were chosen for additional
molecular docking studies. Before ligand production, the chemical structures of all the chosen compounds were
successfully obtained from the PubChem database and confirmed using their matching PubChem Compound
Identifiers (CID).
The chosen phytochemicals, which included polyphenols, flavonoid glycosides, cyanogenic glycosides, phytosterols,
and fatty acids, demonstrated significant structural diversity, offering a chemically varied ligand library for virtual
screening against PARP1. This variety made it possible to assess various molecular scaffolds that might interact with
PARP1's catalytic binding region. Molecular docking was then applied to the constructed ligand library in order to
determine which compounds had the highest binding affinity toward the PARP1 active site.
3.2 Molecular Docking Analysis
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3.2 Molecular Docking Analysis

The binding affinity of the chosen phytochemicals from PDVA to the catalytic domain of PARP1 (PDB ID: 2RCW) was
assessed using molecular docking. With docking scores ranging from -7.1 to -11.5 kcal/mol, all of the chosen
phytochemicals were successfully accommodated within the active-site cavity of PARP1, according to the docking
study (Table 2,).

With a Glide docking score of -11.5 kcal/mol, epigallocatechin gallate (EGCG) showed the highest docking affinity
among the screened compounds, followed by vicenin-2 (-8.8 kcal/mol), isoquercetin (-10.5 kcal/mol), and quercetin
(-9.1 kcal/mol). The remaining phytochemicals showed significant binding to the catalytic pocket of PARP1, including
amygdalin (-7.9 kcal/mol), B-sitosterol (-7.5 kcal/mol), prunasin (-7.3 kcal/mol), kaempferol (-7.2 kcal/mol), and
rutin (-7.1 kcal/mol).

Prime MMGBSA binding free energy calculations were carried out to assess the docked complexes' stability in further
detail. According to the findings, isoquercetin had the best binding free energy (AGbind = -67.52 kcal/mol),
suggesting the creation of a very stable ligand—protein complex. Strong binding free energies were also shown by
quercetin (-49.76 kcal/mol), prunasin (-45.46 kcal/mol), vicenin-2 (-42.87 kcal/mol), B-sitosterol (-41.68 kcal/mol),
and amygdalin (-41.30 kcal/mol). Despite having excellent docking scores, kaempferol (-35.61 kcal/mol), rutin
(-35.58 kcal/mol), and epigallocatechin gallate (-32.38 kcal/mol) showed much less favorable MM/GBSA binding
energies.

The most promising phytochemicals against PARP1 were found to be isoquercetin, quercetin, vicenin-2, and
epigallocatechin gallate, according to the molecular docking and MM/GBSA studies. Isoquercetin showed the best
binding free energy, indicating the creation of a more stable ligand—protein complex, even though epigallocatechin
gallate had the highest docking score. These results suggest that bitter almond flavonoid-based phytochemicals have
strong PARP1 binding potential and could be useful lead compounds for additional molecular dynamics simulations
and experimental verification.

Table 2: Representing the docking score and MMGBSA (AG) Bind scores

Protein PDB ID Compound Docking Score MMGBSA (AG)

PARP1 2RCW Quercetin -9.1 -49.76
Vicenin-2 -8.8 -42.87
Amygdalin -7.9 -41.3
isoquercetin -10.5 -67.52
kaempferol -7.2 35.61
Epigallocatechin -11.5 -32.38
gallate
Rutin -7.1 -35.58
prunasin -7.3 -45.46
B-sitosterol -7.5 -41.68

3.3 Protein—Ligand Interaction Analysis

To comprehend the molecular underpinnings of ligand recognition and complex stabilization, the binding
interactions between the chosen phytochemicals and the catalytic pocket of PARP1 were further examined. Table 3
summarizes the docked complexes' interaction profiles, which include hydrogen bonds, hydrophobic interactions,
n—nt stacking, m-cation interactions, water bridges, and van der Waals contacts.

In line with its highest MMGBSA binding free energy (-67.52 kcal/mol), isoquercetin demonstrated the greatest
number of advantageous interactions with residues situated within the PARP1 binding pocket, forming numerous
hydrogen bonds along with extensive hydrophobic contacts. Additionally, quercetin and vicenin-2 formed a number
of hydrogen-bonding contacts with residues in the active site, which helped them achieve stable binding
conformations and favorable docking scores.

Despite having the best docking score (-11.5 kcal/mol), epigallocatechin gallate produced relatively few stabilizing
contacts, which could account for its lower MM/GBSA binding free energy. Similarly, amygdalin and prunasin formed
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hydrogen bonds through their hydroxyl-rich glycosidic moieties, while B-sitosterol mostly interacted through

hydrophobic contacts due to its steroidal structure. According to the interaction patterns, hydrophobic and
hydrogen bonding interactions are crucial for maintaining ligand binding in PARP1's catalytic domain.
Overall, the interaction analysis showed that compared to the other phytochemicals, flavonoid derivatives
generated stronger and more extensive interaction networks, which supported their higher binding affinity toward

PARP1.

Table 3: Representing the bonding and non-bonding interactions of compounds of the targets

Protein

Compound

Bonding and Non-Bonding
Interactions

2RCW

Quercetin

H-Bond-ARG-25, ARG-23, TYR-18,
ILE-19

Salt-Bridge-ARG-23

Charged positive-ARG-86, LYS-39,
LYS-14

Charged negative-GLU-17

Polar- ASN-53, ASN-54
Hydrophobic- LEU-52, PRO-24

Vicenin-2

H-Bond- ARG-86, GLU-17, ILE-19
Charged positive- ARG-23, ARG-25
Polar- ASN-53

Hydrophobic- LEU-52, ILE-84
Glycine-GLY-16

Amygdalin

H-Bond - ASN-53, LEU-52, ARG-86,
ARG-23, LYS-14
Salt-Bridge-ARG-25, LYS-14
Charged positive-ARG-15
Charged negative-GLU-17
Polar-GLN-79, ASN-54
Hydrophobic-PHE-55, ILE-84, ILE-
19, 1YR-18

Glycine-GLY-16

isoquercetin

H-Bond- ASP-200, ASP-133, ARG-
141, GLN-185, ASN-186

Charged positive- LYS-85, LYS- 183
Polar- THR-138

Hydrophobic- LEU-188, LEU-132,
CYS-199, ILE-62, VAL-70, VAL-110,
VAL-135, ALA-83, TYR-134

kaempferol

H-Bond- LYS B-210, SER B-209,
ARG B-207, SER A-65, SER A-63,
PHE B-250

Salt-bridge-LYS B-210

Charged positive -ARG A-64
Charged negative- ASN B-208, SER
B-205, THR A-62, SER B-249
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Hydrophobic- PHE-256, TRP B-206,
TRP B-214

Epigallocatechin gallate

H-Bond- THR A-62, ARG B-207,
ASN B-208, SER B-209, TRP B-214,
GLU B-248

Salt-bridge- LYS B-210

Charged positive- ARG A-64
Charged negative- ASP B-211
Polar- HIE A-121, SER A-63, SER B-
251, SER B-249

Hydrophobic- TRP B-206, PHE B-
250, PHE B-256, PHE B-247
Pi-cation- ARG B-207

Pi-pi stacking- TRP B-206

Rutin

H-Bond-SER A-63, LYS B-210, ARG
B-207, SER B-205, PHE B-252, PHE
B-250

Charged positive -ARG A-64
Charged negative- ASP B-253
Polar- SER A-65, THR A-62, SER B-
209, ASN B-208, SER B-251, HIE A-
121

Hydrophobic- CYS A-163, TRP B-
206, TYR B-204, LEU A-168, PHE B-
256

prunasin

H-Bond-GLU A-130, THR A-331,
ARG A-134, ACE C-1713, THR A-220
Charged positive-ARG A-134, 221,
279, 332

Charged negative-ASP A-131, 280
Glycine — GLY A-227
Hydrophobic-LEU A-132, LEU C-
1715, VAL A-217, 218, PRO A-133,
219, 272, 330, TYR A-277, ALA A-
333, ALAC-1714

B-sitosterol

H-Bond-GLU-310, MET-341
Charged positive-LYS-295
Charged negative-ASP-404, GLU-
339

Polar-SER-345, THR-338
Glycine-GLY-274, 344
Hydrophobic-LEU-273, 393, TYR-
340, VAL-281, 323, ALA-293, 403,
ILE-336, MET-314, PHE-405

3.4 Two-Dimensional Interaction Analysis

Two-dimensional (2D) interaction diagrams produced from the docked complexes were used to further visualize the
molecular interactions between PARP1 and the chosen phytochemicals (Table 4). In addition to identifying the amino
acid residues involved in hydrogen bonding, hydrophobic interactions, m—m stacking, m-cation interactions, and
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water-mediated contacts, the diagrams clearly show how each ligand is oriented within the active-site cavity. The
top-ranked compounds occupied the catalytic binding pocket in orientations that were advantageous for stable
ligand binding, according to the 2D interaction diagrams. Vicenin-2 created a vast hydrogen-bonding network
because of its glycosylated flavonoid structure, while isoquercetin and quercetin generated numerous hydrogen
bonds through their hydroxyl groups. In contrast, amygdalin and prunasin generally interacted through hydrogen
bonding involving their sugar moieties, whereas B-sitosterol primarily displayed hydrophobic interactions due to its
stiff steroid nucleus. The docking scores and MM/GBSA binding free energy estimates accord with these interaction
patterns, indicating that the discovered phytochemicals have advantageous structural characteristics for binding to
PARP1's catalytic domain.

Table 4: Representing 2D-Interaction Diagrams

Protein Compound 2D-Interaction Diagram
2RCW Quercetin
Vicenin-2
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Amygdalin

Amygdalin

O

isoquercetin
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kaempferol

Epigallocatechin
gallate
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e
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Rutin

prunasin
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B-sitosterol B-Sitosterol -
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T

3.5 The Candidate Compounds PARP1 Enzymatic Activity
Inhibition of PARP1 by selected candidate compounds indicated concentration dependence. Among four candidate
compounds, isoquercetin had the strongest ability to inhibit PARP1 with an IC50 value of 0.78+ 0.12 0.8 uM (Fig. 1)

Figure 1:. Representing in-vitro inhibition of PARP1 by selected compounds

A) Isoquercetin (B) Quercetin
100- 100+
- 757 § 75+
g z
g e
:E 50 3 50 4
2 oy
254 - E 25+
1Cgy=0.78 + 0.12 pM = 1Cyy =232+ 0.18 uM
(PAPRI Inhikitory Activity) s (PAPRI Imhubisory Activity)
0 T T T T T 1 0 i
-3 -2 -1 0 1 2 3 2 1 0 1 1 2
Concentration (log, uM) g [Cyg = 0.7
0 = 232 pM)
Concentration (log, pM)

4.0 Conclusion

Structure-Based Virtual Screening of Bitter Aimond Phytochemicals Against PARP1

PDVA consist active various phytochemicals among which on the basis of literature review we selected

phytochemicals includes B-sitosterol, prunasin, rutin, epigallocatechin gallate, kaempferol, quercetin, isoquercetin,

vicenin-2 and amygadin for molecular docking, binding free energy, ligand protein interactions and its 2D

representation and selected in-vitro activity targeting PARP1 which results in under oxidative stress, reactive oxygen

species (ROS) damage DNA, heavily over-activating PARP1. PARP1 then depletes cellular NAD* and ATP, triggering

cell death. PARP1 inhibitors block this suicidal energy depletion, while simultaneously reducing inflammation.
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Overall the best compound shows both molecular docking and in-vitro study against PARP1 is iso-quercetin.
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