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Background: The Surinam cherry, Eugenia uniflora belongs to the family Myrtaceae, an edible fruit-bearing medicinal plant with
various biological properties. Several anticancer studies have been conducted on its essential oils while the non-essential oil
compounds including phenolics, flavonoids, and carotenoids have not been fully investigated.

Purpose: Therefore, the study evaluated the in silico anticancer potentials of phenolic, flavonoid, and carotenoid compounds of
E. uniflora against the MDM2 and Bcl-xL proteins, which are known to promote cancer cell growth and malignancy. The
physicochemical parameters, validation, cytotoxicity, and mutagenicity of the polyphenols were determined using the SwissADME,
pkCSM, ProTox-II, and vNN-ADMET online servers respectively. Lastly, the promising phytocompounds were validated using
molecular dynamics (MD) simulation.

Results: An extensive literature search resulted in the compilation of forty-four (44) polyphenols from E. uniflora. Top-rank among
the screened polyphenols is galloylastragalin, which exhibited a binding energy score of —8.7 and —8.5 kcal/mol with the hydrophobic
interactions (Ala93, Vall41) and (Leu54, Val93, 11e99), as well as hydrogen bond interactions (Tyr195) and (GIn72) of the proteins
Bcl-xL and MDM2 respectively. A complete in silico toxicity assessment revealed that the compounds, galloylastragalin, followed by
myricetin, resveratrol, p-Coumaroylquinic acid, and cyanidin-3-O-glucoside, were potentially non-mutagenic, non-carcinogenic, non-
cytotoxic, and non-hepatotoxic. During the 120 ns MD simulations, the RMSF analysis of galloylastragalin- MDM2 (complex 1) and
galloylastragalin- Bcl-xL (complex 2) showed the fewest fluctuations, indicating the conformational stability of the respective
complexes.

Conclusion: This study has shown that polyphenol compounds of E. uniflora led by galloylastragalin, are potent inhibitors of the
MDM2 and Bel-xL cancer proteins. Thus, they may be considered as candidate polyphenols for further anticancer studies.
Keywords: Eugenia uniflora, anticancer, in silico molecular docking, in silico toxicity, molecular dynamics simulation, polyphenols,
galloylastragalin

Introduction

Cancer is one of the world’s deadliest diseases, with an estimated 9.9 million deaths in 2020 due to the uncontrolled
generation of reactive oxygen species (ROS) and/or reactive nitrogen species (RNS).! According to reports, cancer is
a multifaceted process that manifests as distinct features at the cellular, tissue, and organismic levels.” According to
Valko et al,> ROS can cause base alterations, deletions, and strand breaks that lead to unstable genomes, chromosomal
rearrangements, and hyper and hypo-methylation of DNA. A mutant cell may develop into cancer if damaged DNA is
not repaired, giving it the ability to live and divide abnormally.* As a result, DNA damage has an oxidative character and
is thought to be a major factor in the carcinogenesis promotion stage. In addition, the mutant or transformed cells exhibit
changed amounts of cell cycle signaling molecules and apoptosis, which leads to unchecked cell growth and tumor
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development.® Six novel systemic hallmarks of cancer cells are the basic tumor metastasis connection, global inflamma-
tion, immune suppression, cachexia-causing metabolic changes, thrombosis propensity and neuroendocrine
abnormalities.” Cancer cells are unable to negatively regulate the cell cycle, which results in uncontrollably continuous
proliferation. They may also overcome the apoptotic response through a variety of methods, which reduces the attrition
of cells.*” One important regulatory process by which cells die if DNA damage is not properly repaired is called
apoptosis, or programmed cell death.® Activating apoptotic pathways and negatively regulating the progression of the cell
cycle in cancer cells are therefore thought to be the most significant therapeutic approaches for the treatment of cancer, as
these processes are fundamentally involved in neoplastic transformation and metastases.” The potential of antioxidants,
primarily derived from natural sources, to induce the regression of premalignant lesions or prevent their progression into
cancer is a topic of extensive research.'® Consequently, increasing the consumption of antioxidants which have the ability
to scavenge free radicals—may be a safer and more effective way to stop cancer cell initiation, a crucial first step in the
development of cancer.

Plants are abundant in polyphenols, which are secondary metabolites with redox and antioxidant properties. Reactive
oxygen and nitrogen species (ROS and RNS), which are essential for various physiological activities such as gene
expression, growth, and infection defense, are combated by polyphenols. ROS detoxification is essential because
excessive ROS can cause oxidative stress and increase the risk of cancer. They also guard against oxidizing agents,
free radicals, and fatty acids from oxidative degradation.'' It is firmly thought that regular ingestion of phytochemicals
produced from plants may tip the scales in favor of the body having an appropriate level of antioxidants.'? Eugenia
uniflora is a member of the Myrtaceae family and is edible. It bears a conical-shaped shrub or small tree. The fruit is high
in flavonoids, carotenoids, phenolic compounds, vitamin C, and a variety of minerals, including calcium, iron, magne-
sium, and phosphorus.'? There are a number of pharmacological actions associated with the fruit. The fruit essential oils
contain characteristics that are antidiabetic, anticancer, analgesic, antifungal, antihypertensive, and antitumor.'*'° As
previously mentioned, Eugenia uniflora is a rich source of bioactive chemicals with a range of pharmacological
properties. It was interesting to note that several in vitro anticancer studies have been conducted with Eugenia uniflora
essential 0il.?> > However, there is no evidence to support the use of a molecular docking approach to investigate the
anticancer properties of Eugenia uniflora polyphenols. An extensive literature survey resulted forty-four (44) polyphe-
nols from E. uniflora (Table S1) have been examined in this study in order to evaluate their potential as cancer
treatments.”> >> This inspired us to use molecular docking to ascertain the precise binding mechanisms by which
polyphenols interact with the MDM2 and Bcl-xL proteins, as well as molecular dynamics-based methods to explore
the anticancer characteristics.

Materials and Methods

In silico Molecular Docking

Preparation and Refinement of the Protein and Ligand Structures

The phytochemicals were obtained by screening the extensive literature survey.>>> Robust molecular docking research was
performed on the chosen phytocompounds (Table S1) against cancer proteins that are currently considered attractive targets
for future therapeutic development. The PDB structures of Bel-xL (PDB ID 2YXJ; 2.20 A resolution)*® and MDM2 (PDB ID
3W69; 1.90 A resolution)?” were retrieved from the Protein Data Bank (http://www.rcsb.org). The associated inhibitor and
water molecules were removed from the appropriate protein structures prior to analysis. To get ready for docking in

AutoDockTools, polar hydrogen atoms, and Kollman charges were added to the protein structures. The concerned phyto-
compounds were downloaded from the NCBI PubChem (https://pubchem.ncbi.nlm.nih.gov/). The Open Babel Server was

then used to transform the downloaded sdf structures into pdb structures.”® The ligand structures underwent energy
minimization using the Gromos 96 force field after the PRODRG server was used to optimize their energy.”’

Molecular Docking
The ligands of interest were molecularly docked at the active binding sites of the relevant proteins utilizing a stiff protein
receptor and a flexible ligand docking methodology through the use of a grid-based molecular docking technology.>*

A grid box involving the active site residues of the MDM2 protein was created, with center x = —34.4, center y = 29.1,
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center z = —11.1, size_x = 15.7, size y = 18.5, and size_z = 28.9. Similarly, a grid box covering the active binding
pocket of Bel-xL was employed, with center x= —9.8, center y= —14.2, center z= 10.7, size x= 23.4, size_y=29.3, and
size_z= 16.3. After Autodock Vina finished the molecular docking procedure, the docked complexes were visualized
using the Discovery Studio visualization tool.>*?

Assessment of Physicochemical Features and Potential Toxicity of the Phytocompounds

For additional physicochemical properties and drug-like feature evaluation, the phytocompounds having binding energy
scores < —7.5 kcal/mol with the corresponding cancer proteins in AutoDock Vina were selected.®> The SwissADME
server was utilized to estimate the physicochemical parameters, and the pkCSM server was utilized for validation.>*3
The compounds’ cytotoxicity and mutagenicity (AMES mutagenesis) were evaluated using the ProTox-II and vNN-

ADMET online servers.>®>’

Molecular Dynamics Simulations

Molecular dynamics simulation (MDS) is an essential step in validating molecular docking data, as it provides an
accurate assessment of the potential stability of protein-ligand complexes.*® The compounds were subjected to MDS for
120 ns using the GROMACS (version 2019) force field parameters (GROMOS96 43al).’*>*3% Constant pressure and
temperature (NPT) ensemble was used to set the equilibration stages.>®*' According to Umesh et al,*' the MD
simulations were run at a standard temperature of 300 K and pressure of 1.013 bar. An estimate of the conformational
and structural stability of complexes was obtained through the analysis of root-mean-square-deviation/fluctuation
(RMSDV/F).

Results and Discussion

Interaction of the Phytocompounds with the Cancer Proteins

The hyperoxic and hypoxic conditions result in the production of free radicals, including superoxide anions, hydroxyl radicals,
and hydrogen peroxide.** In addition, various free radicals like H,O, are produced in cells via various pathways due to oxidative
biochemical reactions. The reactive oxygen species (ROS) are extremely reactive molecules that contain an unstable oxygen
species with unpaired electrons and reactive chemical properties.*? These free radicals can alter Biomolecules such as proteins,
carbohydrates, membrane lipids, DNA, and lipids, leading to eventual cellular dysfunction or death.** Apart from the endogenous
source, external factors also contribute to ROS production, including smoking cigarettes, ionizing radiation, and hazardous gases.
Consequently, the development and progression of numerous diseases are caused by chronic inflammation, which is caused by
ROS and different kinds of free radicals. Inflammation is mainly caused by a variety of immunological and inflammatory
response factors.*® Pro-inflammatory cells are often a major source of multiple inflammatory mediators, including ROS and
cytokines (TNF-a, IL-1, and IL-6), which contribute to the development of cancer.”> Nowadays, medicinal plants are becoming
more and more significant because of their many therapeutic uses. Several contemporary synthetic medications are also widely
accessible and utilized regularly. While its benefits are undeniable, the adverse effects make it too unsafe. Conversely, plant
metabolites have different structural characteristics and different biological actions with negligible or no side effects. Eugenia
uniflora possesses a wide range of pharmacological properties that are mainly attributed to the presence of a broad range of
secondary metabolites such as flavonoids, carotenoids, and phenolic compounds.'® Forty-four (44) phytocompounds in all were
tested in this investigation against the cancer proteins (MDM2 and Bcl-xL). Among the 44 phytocompounds, resveratrol,
p-Coumaroylquinic acid, and cyanidin-3-O-glucoside are phenolic compounds, whereas galloylastragalin and myricetin are
flavonoids, which showed potential binding affinity against MDM2 and Bcl-xL proteins (Tables 1 and 2). According to reports,
resveratrol inhibits the expression of B-catenins in multiple myeloma cells, as well as the target genes c-Myc, MMP-7, and
survivin. This reduces the proliferation, migration, and invasion of cancer cells.** Resveratrol suppressed the Wnt/p-catenin
signaling system, which decreased the number of malignant cells and stopped their growth, hence decreasing breast cancer stem-
like cells both in vitro and in vivo.*’ In addition to inducing cell death in glioblastoma and colon cancer, cyanidin-3-O-glucoside
has been shown to lower ROS levels by controlling the Nrf2 signaling pathway.*® Human retinal endothelial cells’ ability to
migrate can be inhibited by cyanidin-3-O-glucoside, and HeLa cell cycle arrest in the G1 phase can be avoided.*” Myricetin
exhibited a dose-dependent 70% reduction in human colon cancer cells (HCT-15), whereas galloylastragalin showed a strong
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Table | Binding Energy Scores and Interaction Profile of the Phytocompounds with mdm2 Protein
Phytocompounds Class Chemical Structure Binding Energy Interacting
Scores Residues
(kcal/mol)
mdm2 (3W69)
Galloylastragalin Flavonoid- -85 Leu54, Val93,
3-o-glycoside 1199, GIn72
Cyanidin-3-O-glucoside Anthocyanin -7.5 lleé1, Val93,
1199, GIn72,
Met62*
on
Myricetin Flavonol oH 7.7 Leu54, Gly58,
GIn72, Val93,
His96, Met62
Resveratrol Polyphenol on 7.6 Leu54, Gly58, lle61,
O Tyr67, GIn72, Val75,
Ho Phe91, Val93#,
11e99#, His96*
OH
(5R,65)-2-[((2S,5R)-2-{[(3R)-4-acetyl- -10.7 Leu54, lle6 1, Met62,

3-methylpiperazin- | -yl]Jcarbonyl}-
5-ethylpyrrolidin- 1 -yl)carbonyl]-5,6-bis
(4-chlorophenyl)-3-isopropyl-6-methyl-
5,6-dihydroimidazo[2, | -b][|,3]thiazole
(Inhibitor)

Cl

VN S N
@ o &
Cl

|

o

‘/<

Tyré7, GIn72, Val75,
Val93, lle99, His96*

(Continued)
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Table | (Continued).
Phytocompounds Class Chemical Structure Binding Energy Interacting
Scores Residues
(kcal/mol)
mdm2 (3Wé9)
Mitomycin C -5.8 Leu 54, Phe55

Notes: Hydrophobic interactions are marked in italics, hydrogen bonds are highlighted in bold, Ti-stakings are displayed with * and Pi-sigma bonds are displayed with #.

Table 2 Binding Energy Scores and Interaction Profile of the Phytocompounds with Bcl-xL Protein

HO,,
i) /O\/
OH
X () H
oH |
(e]
HO

Phytocompounds Class Chemical Structure Binding Energy | Interacting Residues
Scores
(kcal/mol)
Bcl-xL (2YX])
Galloylastragalin Flavonoid- -8.7 Ala93, Vall41, Tyr195,
3-o-glycoside Tyrl01*
OH
OH
‘ OH
Cyanidin-3-O-glucoside Anthocyanin =76 Alal42, Glul29,
Leul30, Aspl33,
Argl39
o
p-Coumaroylquinic acid Cinnamate oH 7.5 Alal04, Leul 08, Argl 39,
ester ; Alal42, Phel05,

Phe97%, Tyrl0I

(Continued)
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Table 2 (Continued).

Phytocompounds Class Chemical Structure Binding Energy | Interacting Residues
Scores
(kcal/mol)

Bcl-xL (2YX))

Myricetin Flavonol -7.9 Alal42, Leul 30,
Gly138, Argl39

4-{4-[(4-Chlorobiphenyl-2-yl)methyl] -12.2 Tyrl01, Alal 04, Leul 08,

piperazin- 1 -yl}-n-{[4-({(Ir)- Q Argl39, Vall 41, Alal 42,
3-(dimethylamino)- | -[(phenylthio) s Phe97, Tyr195%,
methyl]propyl}amino)-3-nitrophenyl] O;Ni’o HN>{_>N7 Asnl97, Leul 30#
sulfonyl}benzamide 5
N
0 Nso
N O

Mitomycin C -5.8 Ala93, Gly 138, Tyrl95*

Notes: Hydrophobic interactions are marked in italics, hydrogen bonds are highlighted in bold, TT-stakings are displayed with * and Pi-sigma bonds are displayed with #.

anticancer effect.***° The MDM2 gene encodes human MDM2, also known as E3 ubiquitin-protein ligase MDM2, which
degrades the p53 tumor suppressor by proteasomal means. Here, MDM2 raises the risk of cancer by acting as a negative regulator
on the p53 tumor suppressor gene. Through its binding to tumor suppressors, degradation of cell-cycle inhibitors, and induction
of genomic abnormalities, MDM2 stimulates both genomic instability and cell proliferation. Moreover, it binds and breaks down
Rb directly, preventing Rb-E2F1 interaction.” Table 1 displays the binding energy scores of the phytocompounds against the
mdm 2 protein (binding energy scores <—7.5 kcal/mol), and Table S2, provides a summary of the binding energy values of all 44
phytocompounds. A binding energy score of —8.5 kcal/mol was seen in the interaction of galloylastragalin with the hydrophobic
interactions (Leu54, Val93, 11e99) and hydrogen bonds (GIn72) of the MDM?2 protein. The binding energy score of typical
Mitomycin C with hydrophobic (Phe55) and hydrogen bond (Leu54) interactions was —5.8 kcal/mol. Using the proposed
inhibitor (5R,6S)-2-[((2S,5R)-2-{[(3R)-4-acetyl-3-methylpiperazin-1-yl]carbonyl}-5-ethylpyrrolidin-1-yl)carbonyl]-5-(6-chlor-
ophenyl)-bis6-methyl-5,6-dihydroimidazo-3-isopropyl-6-methyl [2,1-b][1,3] thiazole, we investigated how bonded to the
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MDM2 protein and compared its binding pattern to the relevant phytochemicals.?” The inhibitor exhibited a significant binding
potential with a binding energy value of —10.7 kcal/mol. It was shown to be associated with residues Leu54, Ile61, Met62, Tyr67,
GIn72, Val75, Val93, 11e99 (hydrophobic contacts), and His96 (n-stakings) at the active binding pocket of the MDM?2 protein
(Table 1). Interestingly, Table 1 and Figure 1A show that these active site residues are associated with galloylastragalin,
a substance that has been shown to have a significant role in the interaction between MDM2 and small molecule inhibitors.?’
A defective apoptotic mechanism, which intentionally reduces the cell’s advantages for survival, is the primary cause of most of
these cancer cases.”” One important protein family associated with apoptosis is the Bel-2 family. In cancer cells, Bel-xL inhibits
the multi-domain pro-apoptotic proteins Bak and Bax that are associated with the mitochondria, which eventually promotes cell
growth and malignancy.> Thus, it is believed that the most important therapeutic strategy for the treatment of cancer involves
inhibiting the Bcl-xL protein and triggering apoptotic pathways. The detailed binding energy scores of all the concerned
phytocompounds have been provided in Table 2 (compounds displaying binding energy scores < —7.5 kcal/mol) and Table

S3. In this investigation, the compound galloylastragalin interacts with the hydrophobic interaction (Ala93, Vall41) and
hydrogen bond interactions (Tyr195) of the protein Bel-xL returning a binding energy score of —8.7 kcal/mol (Table 2 and
Figure 1B). The suggested inhibitor interacts with Bcl-xL protein with Tyr101, Alal04, Leul08, Argl39, Vall41, Alal42
(hydrophobic interaction) and Phe97, Tyr195, Asn197 (hydrogen bond) returning a binding energy score of —12.2 kcal/mol,
whereas the standard Mitomycin C showed binding energy score of —5.8 kcal/mol as well. The active site residues Tyr101,
Vall41, and Tyr195 of Bel-xL were involved in the interactions between galloylastragalin and the enzyme, which is essential for
binding the putative inhibitor. The presence of a carbonyl functional group and extra trihydroxybenzoic ring in galloylastragalin

unlike cyanidin-3-O-glucoside may be attributed to its highest binding affinity, as these functional groups have been reported to
54,55

improve anticancer activity.
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Figure | The mode of interaction of galloylastragalin with (A) mdm2 and (B) Bcl-xL protein. The blue and pink ribbon represents the mdm2 and Bcl-xL protein.
Galloylastragalin has been illustrated as a red and green stick.
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Table 3 Physicochemical Features and Toxicity Estimation of the Selected Phytocompounds

Phytocompound Molecular Number of Number of Log P | Solubility Gl Toxicity
weight Hydrogen Bond Hydrogen Absorption . . . . .
Mutagenicity | Cytotoxicity | Carcinogenicity | Hepatotoxicity
(Dalton) Acceptor (HBA) Bond Donor
(AMES
(HBD) .
Mutagenesis)
Galloylastragalin 600.48 15 9 0.737 Soluble Low No No No No
Myricetin 31824 8 6 1.69 Soluble Low No No No No
Resveratrol 22824 3 3 297 Soluble High No No No No
p Coumaroylquinic 33831 8 5 -0.3515 Soluble Low No No No No
acid
Cyanidin- 484.84 10 8 —2.614 Soluble Low No No No No
3-O-glucoside

Notes: log P- Logarithm of partial coefficient.
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In silico Analysis of Physicochemical Features and Toxicity Indices

Most often, the physicochemical qualities of a substance are evaluated to estimate the pharmacokinetics of pharmaco-
logical leads.*®** We evaluated the physicochemical properties of the compounds in accordance with Lipinski’s rule of
five and Veber’s rule.’® The phytocompounds with binding energy scores of < —7.5 kcal/mol with the relevant proteins
were chosen for further drug-likeness evaluation (Tables 1 and 2). All compounds had slight deviations from Lipinski’s
rule of five like molecular weights > 500 Dalton, number of H-bond acceptors > 10, number of H-bond donors > 5, or log
P values > 5 (Table 3). Under this pretext, it is pertinent to note that medications often used in the fight against cancer
have apparently demonstrated slight deviations from Lipinski’s rule of five (RO5).>*>” One of the most important phases
in the development of new drugs nowadays is preclinical toxicity.’* The detrimental effects of chemical exposure that
result in genetic alterations are referred to as mutagenicity.>*>> A complete in silico toxicity assessment revealed that the
compounds galloylastragalin, myricetin, resveratrol, p-Coumaroylquinic acid and cyanidin-3-O-glucoside were poten-
tially non-mutagenic, non-carcinogenic, non-cytotoxic, and non-hepatotoxic (Table 3) and our results were consistent

with previous reports.>®>

MD Simulations

Based on binding energy ratings, the substances galloylastragalin interacted with the MDM?2 and Bcl-xL protein the best
(Tables 1 and 2). This led to the execution of 120 ns molecular dynamics (MD) simulations of the corresponding protein-
ligand complexes. The complexes including galloylastragalin - MDM2 protein complexes (complex 1), galloylastragalin
- Bel-xL protein (complex 2), had mean RMSD values of 0.79 and 0.73 A& respectively. In contrast, for the equivalent
complexes, the mean RMSF values were 1.33 and 1.12 A. In complexes 1 and 2 the RMSD values of the C atoms
fluctuated at first, but after 105 and 110 ns they stabilized and stayed in equilibrium (Figure 2A and C). However, during
the 120 ns MD simulations, the RMSF analysis of complexes 1 and 2 showed the fewest fluctuations and was generally
steady, indicating the conformation stability of the respective complexes (Figure 2B and D).
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Figure 2 (A) RMSD analysis of the complex galloylastragalin - mdm2 protein. (B) RMSF analysis of the complex galloylastragalin - mdm2 protein. (C) RMSD analysis of the
complex galloylastragalin - Bcl-xL protein. (D) RMSF analysis of the complex galloylastragalin - Bcl-xL protein.
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Conclusion

A total of 44 phytocompounds of Eugenia uniflora were molecularly docked against MDM2 and Bcl-xL proteins, to
evaluate the anticancer potential of the plant. Among the phytocompounds, galloylastragalin, a previously reported
bioactive molecule, was the best-scoring lead compound with exceptional inhibitory capabilities against the cancer
proteins based on thorough molecular docking, in silico toxicity, and MD simulations studies. An in vivo anticancer
study followed by the molecular mechanism of action will further assist in potentiating galloylastragalin for possible
anticancer drug candidates.
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