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Abstract

Breast cancer in women tends to be the most common cause of cancer-related death, and the causes and
progress of the illness are significantly influenced by estrogen receptor alpha (ERa). The current study
intended to develop a viable therapeutic candidate from the South Asian plant Glycine max, demonstrating
efficacy against the ERa in breast cancer through an in-silico computational approach. The 3D structures of
84 Glycine max proteins were retrieved from the IMPPAT and PubChem databases, respectively. These
structures were analyzed and screened by utilizing computational approaches for molecular docking, drug-
likeness, pharmacokinetic characteristics, and toxicity prediction. Considering the molecular docking,
pharmacokinetic (ADME) properties, drug-likeness, and toxicological effects, two compounds- Beta-Amyrin
(-10.3 kcal/mol) and Pseudotaraxasterol (-10.3 kcal/mol) - were selected as the potential inhibitors against
the Era protein. We conducted 100 ns molecular dynamics simulations, Molecular Mechanics Poisson-
Boltzmann Surface Area (MM/PBSA), and Principal Component Analysis (PCA) to analyze the stability and
interactions of the compounds as protein-ligand complexes, using Tamoxifen as a control drug. Overall, the
findings of this study strongly suggest that the selected compounds have the potential to act as inhibitors
against the ERaprotein of breast cancer, offering promising prospects for the treatment and management of
breast cancer.

Introduction

Breast cancer is a prevalent and complex disease originating from breast tissue cells, impacting millions of
people worldwide, primarily women (Akram et al., 2017). Breast cancer is among the most common
malignancies globally, with approximately 2.3 million new cases diagnosed annually, representing around
25% of all cancers in women (McPherson et al., 1994; Sung et al., 2021). In Bangladesh, the incidence rate is
around 22.5 cases per 100,000 females, and it ups 19.3 per 100,000 in women aged between 15 and 44 years
(Sultana et al., 2022). The most common symptom of breast cancer is a painless lump in the breast, which
often goes undiagnosed in its early stages (Coleman, 2017). This malignity originally arises from the ducts or
lobules of the breast and, via metastasis, spreads to other sites of the body through either lymphatic or blood
systems (Bisoyi, 2022). Regular self-examinations, clinical screenings, and mammograms are crucial in early
detection (Coleman, 2017). Breast cancer responds better to therapy when detected early, increasing survival
rates and lowering morbidity (Coleman, 2017). Patient outcomes have been further improved by innovations
in medical interventions, such as tailored therapy regimens and targeted medications ( Coleman, 2017). In
order to combat the disease and reduce its death rate, it is imperative to raise awareness and guarantee easy
access to medical care (Coleman, 2017). The primary molecular targets in breast cancer are estrogen
receptor alpha (ERa) and progesterone receptor; both appear in around 70% of total breast cancer cases
(Ellmann et al., 2009; Saha et al., 2019). Besides, another imperative marker used for breast cancer subtyping
is the epidermal growth factor receptor 2 (HER2), which is overexpressed in approximately 20% of all cases
(Parise et al., 2009). The molecular nature of breast cancer is also influenced by several risk factors, such as
age, sex, genetic predisposition, family history, and a sedentary lifestyle, understanding these risk factors is
critical as they assist early diagnosis, high-risk individuals and guide preventive measures (Rohel et al., 2023).

Estrogen, a vital sex hormone, is synthesized in the forms of oestrone (E1), oestradiol (E2), and oestriol (E3),
with oestradiol being the most potent and dominant in premenopausal women, and its role in breast cancer
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is closely tied to its interaction with estrogen receptors, particularly ERa playing critical role in female
development and maintenance (NIsson and Gustafsson, 2002; Humphries et al., 2002; Bartkowiak et al.,
2024). The ERa receptor regulates cell proliferation and survival by dimerizing and activating gene
transcription in response to oestrogen (Pinzone et al., 2004). When complexed with estrogen, the ERa
receptor dimerizes to regulate gene transcription, influencing cell proliferation and survival; ER positive breast
cancers are typically responsive to endocrine therapies like Tamoxifen, aromatase inhibitors, and selective
oestrogen receptor downregulators, but resistance develops over time, complicating long-term management
and necessitating novel treatment approaches (Raheem et al., 2023; Howell et al., 2004; Jordan, 2015; Grober
etal, 2011).

The discovery of novel chemicals, particularly from nature, has become a critical source in cancer treatment
by blending traditional plant-based medicine with modern molecular approaches to adopt their high structural
diversity and wide spectrum of bioactivity (Gordaliza; 2007). Soybean (Glycine max), a globally traded legume,
belonging the family of Fabaceae and its seeds are rich in bioactive isoflavones (phytoestrogens) such as
genistein, daidzein, and glycitein, which can mimic estrogen and interact with ERq, potentially modulating its
transcription activity, makes soybean a promising candidate against breast cancer treatment (Abdulkadir et
al., 2024; Fuentes and Silveyra, 2019; Das et al., 2020).

Computational methods, especially molecular docking enables virtual screening of compound libraries to
find potential active molecules (Pinzi and Rastelli, 2019). During this current investigation, we screened 84
compounds for their capacity to bind ERa using molecular docking, followed by 100 ns molecular dynamics
simulations to assess stability. Further in silico analysis investigated pharmacokinetics, toxicity, and
biological activity of selected phytoestrogen to establish the therapeutic potentials to aid the development of
safer and effective breast cancer treatments.

Materials and Methods
Protein preparation

The protein structure of human ERa complexed with 4-hydroxytamoxifen (PDB code: 3ERT, R-Value Free:
0.262, R-Value Work: 0.229) at a resolution of 1.9 A was obtained from the Protein Data Bank in PDB format
(Rose et al., 2017). The PDB is a repository of data regarding experimental protein and nucleic acid structures
(Rose et al., 2017). This PDB ID was selected due to its origin (Homo sapiens) and superior resolution
compared to other PDB structure IDs ( Rose et al., 2017). Protein chain (A) in Fig. 1 has 261 amino acid
residues and possesses a molecular weight of 30.24 kDa. To prepare for molecular docking and dynamic
simulation, BIOVIA Discovery Studio software was utilized to exclude water molecules, heteroatoms, and
inhibitor molecules, while also including polar hydrogen atoms (Ayodele et al., 2023; Dassault Systemes,
2024). BIOVIA Discovery Studio Visualiser is a complimentary, comprehensive molecular modelling program
designed for the visualization, sharing, and analysis of protein and small molecule data (Verma et al., 2022).

Ligand preparation
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A total of 84 notable phytoconstituents from the medicinal plant Glycine max were extracted from the Indian
Medicinal Plants, Phytochemistry, and Therapeutics database, IMPPAT 2.0 (Vivek-Ananth et al., 2023). The
three-dimensional structures of phytocompounds were acquired from PubChem in SDF format (Kim et al.,
2016). PubChem provides data on chemical compounds, including their structure, molecular formula,
molecular weight, and more. Subsequently, the compounds were transformed into PDB format via Open
Babel software and their energy was minimized to guarantee compatibility with molecular docking
experiments ( O' Boyle et, 2011). The 3D structure of the standard control chemical (Tamoxifen, CID ID:
2733526) was obtained in SDF format for further comparison with the phytocompounds (Roy et al., 2021).

Virtual screening and molecular docking

Molecular docking analysis was employed to examine binding affinity and interaction types, while molecular
screening was utilized to identify lead compounds with desirable biological functions. PyRx is an open-
access virtual screening tool designed for evaluating extensive libraries of chemicals against specific
therapeutic targets (Hempel et al., 2015). AutoDock4 and AutoDock Vina are the two most efficient tools
inside PyRx that provide an intuitive interface for conducting molecular docking in computer-aided drug
creation (Dallakyan, 2015). We used PyRx V.0.8 GUI and AutoDock Vina for the molecular docking of the
chosen phytocompounds and the target protein of our study. The target protein was prepared and converted
into a macromolecule for docking purposes. Thereafter, Open Babel is employed to import and prepare the
ligands within the software (Saxena and Mishra, 2023). The ligands were minimized using the default
settings, incorporating hydrogen and Gasteiger charges, and translated to pdbqgt format (Saxena and Mishra,
2023). The grid box parameters were established at X =22.5188, Y = 5.4029, Z = 21.8576, and executed with
an exhaustiveness of 8. The ligands were selected based on their maximum binding affinity. The rest
compounds were rejected due to a binding affinity of < 9.0 kcal/mol. The Discovery Studio 2024 program was
utilized to visualize protein-ligand interactions, enabling a comprehensive analysis of the particular bonds
and amino acid residues present in the binding areas (Dassault Systemes, 2024).

Forecasting drug-likeness and ADME characteristics

SwissADME is a web-based computational tool utilized to illustrate the ADME characteristics of chosen
phytochemicals (Daina et al., 2017). The essential characteristics linked to ADME properties, including
Lipinski's rule of five, were presented. The Simplified Molecular Input Line Entry System (SMILES) was
employed to generate the list, featuring one input molecule per line with numerous entries. The results are
presented for each molecule in tables, graphs, and an Excel spreadsheet. Our current research seeks to
assess the correlation between the drug-like characteristics of candidate compounds and their oral
bioavailability, utilizing the Lipinski rule. The Lipinski rule of five posits that the probability of inadequate
absorption or permeation escalates when the number of hydrogen bond donors (HBD) is > 5, the number of
hydrogen bond acceptors (HBA) is = 10, the molecular weight (MW) is = 500, and the calculated Log P (iLogP)
surpasses 5 (or MlogP > 4.15) (Lipinski, 2017). Before categorizing a molecule as a drug, its pharmacokinetic
(PK) properties, including absorption, distribution, metabolism, and excretion (ADME), physicochemical
characteristics, blood-brain barrier permeability, hydrophobicity, and lipophilicity are thoroughly evaluated

through computer-based analysis (Hou and Xu, 2003).
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Forecasting toxicological characteristics

It is essential to assess the toxicological properties of drug candidates and confirm their safety prior to
granting approval for any new medication. The ProTox-Ill online web server was utilized to evaluate the
toxicological characteristics of the selected compounds (Banerjee et al., 2018). This platform provides
predictions for the values of oral toxicity, hepatotoxicity, cytotoxicity, carcinogenicity, immunotoxicity, and
mutagenicity.

Molecular dynamics simulation

Molecular dynamics simulation elucidated the physical movements of the atoms and molecules inside the
bound protein-ligand complex (Michaud-Agarwal et al., 2011). We utilized the YASARA Dynamics tool to
examine the dynamic behavior of the ligand-3ERT complex over several time scales to assess the binding
stability of the ligands to the 3ERT protein (Land and Humble, 2018). The two optimal complexes (3ERT-
CID73145, 3ERT-CID12305110) and the control (3ERT-CID2733526) were chosen for the molecular dynamic
simulation, which lasted 100 ns with intervals of 0.25 ns each ( Land and Humble, 2018).

During the preliminary stage of the simulation, the 3ERT-drug complex underwent a purification step to
enhance its structure, including the hydrogen bond network. The grid size of (96.9654 x 96.9654 x 96.9654) A
were later determined to create a cubic box with periodic cell boundary conditions. We employed the
AMBER14 force field within a cubic box to conduct simulations of the ligand-3ERT complex in a simulated
aqueous environment (Wallace et al., 1995). We introduced supplementary sodium (Na*) and chlorine (CI7)
ions into the cubic box via the TIP3P approach to attain system neutrality. Subsequently, we employed the
steepest descent approach to minimize the energy of the drug-3ERT combination. Conversely, we employed
the Particle Mesh Ewald (PME) computation method to assess the long-range Coulomb interactions (Roy et
al., 2021). This research was performed under physiological circumstances at a temperature of 298 K, a pH
of 7.4, and a sodium chloride concentration of 0.9% (Roy et al., 2021). The trajectory data were evaluated at
the conclusion of the 100 ns simulation to compute the RMSD (root mean square deviation), RMSF (root
mean square fluctuation), Rg (radius of gyration), and SASA (solvent accessible surface area) values
(Salentin et al., 2015).

MM-PBSA analysis/energy of binding analysis method

Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) methods are employed to determine the
binding affinity of protein-ligand interactions, given their remarkable connection with results from
experiments and efficiency (Kumari et al., 2014). In the context of rescoring ligand-protein complexes
predicted by docking, binding free energy assessment approaches can serve as a valuable and effective tool,
providing more precise estimates of ligand-protein binding affinities than simple scoring functions. Different
ligand orientations generated by docking software are utilized as starting ligand-receptor coordinates for
molecular dynamics simulations to accomplish this objective. The MD simulations undergo additional
processing through the MPBSA evaluation. The most reliable ligand orientation is determined by comparing
the optimal binding free energy obtained (Honig and Nicholls, 1995; Cheng et al., 2012). The stable region of
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the three compounds with ER alpha complexes was employed to produce a 100 ns molecular dynamics
trajectory for MM-PBSA computations.

The binding energy components were measured using the MMPBSA technique in the YASARA simulator
(YASARA Biosciences). The g_mmpbsa tool calculates the protein-ligand complex's binding energy using the
following equation.

AGBinding = GComplex B (GProtein + GLigand)

Where Ggompiex denotes the binding complex’s total free energy, and Gpotein @nd Gy jgang denote the total free
energies of the three molecules bound to ER-alpha, respectively.

Results

Molecular docking and interpretation of ligand protein
interaction

The docking study utilized the crystal structure of human estrogen receptor alpha (ER-a). We employed the
Indian Medicinal Plants, Phytochemistry and Therapeutics (IMPPAT) Library for the purpose of docking. The
84 phytoconstituents of Glycine max plant exhibit binding affinities ranging from - 3.9 to -10.3 kcal/mol, while
six of them exhibit binding affinities ranging from - 9.6 to -10.3 kcal/mol, as presented in Supplementary
Table 1 as well as these compounds were selected for further evaluation. In this study, the control ligand was
tamoxifen (CID ID: 2733526) which exhibited a binding affinity of -6.8 kcal/mol. The two selected compounds
(Beta-Amyrin: CID73145, Pseudotaraxasterol: CID12305110) with the highest binding affinity, along with the
structural analysis of control (Tamoxifen: CID 2733526) are presented in Fig. 1 and Table 1. The investigation
suggested that Beta-Amyrin it exhibited one Pi-Sigma (1-6) bond at the TRP383 (3.56 A) position as well as
there were seven alkyl bonds at LEU525 (5.22 A), LEU536 (4.57 A), LEU536 (5.23 A), LEU536 (4.06 A), LEU354
(3.91 A), LEU536 (4.54 A), and LEU354 (4.91 A), respectively. There were also eight r-alkyl bonds at TRP383
(5.11 A), TRP383 (5.45 A), TRP383 (4.2 A), TRP383 (5.19 A), TRP383 (5.1 A), TRP383 (4.26 A), TYR526 (4.99
A), and TYR526 (4.72 A), respectively. The compound Pseudotaraxasterol showed two n-cbonds at TRP383
(3.93 A), and TRP383 (3.35 A) as well as there were five m-alkyl bonds at TRP383 (5.35 A), TRP383 (5.42 A),
TRP383 (4.15 A), TRP383 (4.95 A), and TYR526 (4.74 A). And there were many alkyl bonds presented in
following distance: ALA350 (4.25 A), ALA350 (4.18 A), LEU525 (4.69 A), LYS529 (5.13 A), LEU536 (4.8 A),
LEU525 (4.81 A), LYS529 (3.9 A), LYS529 (4.32 A), VAL533 (5.25 A), LEU354 (4.85 A), LEU536 (3.91 A),
LEU354 (3.89 A). Lastly, the control (tamoxifen) showed nine bonds in total, one 1- at ILE424 (3.96 A), one
alkyl bond at MET421 (4.88 A), and others are m-alkyl bonds at PHE404 (5.47 A), ALA350 (3.97 A), LEU525
(4.97 A), LEU346 (4.97 A), LEU387 (5.13 A), MET421 (5.13 A), and at LEU525 (5.06 A). From this ligand-
protein interaction we observed that, pseudotaraxasterol (CID 12305110) showed two alkyl bonds ALA350
residue of the protein at 4.25 A, 4.18 A distance while the control Tamoxifen (CID 2733526) showed only one
m-alkyl bond at 3.97 A. Moreover, at the LEU525 residue, Beta-Amyrin (CID 73145) showed one alkyl bond,
pseudotaraxasterol showed two alkyl bond, and the control exhibited two r-alkyl bonds at 5.22 A, 4.69 A, 4.81
A, 4.97 A, and 5.06 A respectively. The residues of non-bond interactions and bond categories are given in
Supplementary Table 2.
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Examination of Drug-Like characteristics and ADME
evaluation

The pharmacokinetic properties are essential in the realm of drug development, as they dictate the
characteristics of an effective oral medication, including its metabolism and elimination, all while minimizing
the risk of adverse effects (Yang et al., 2019). Due to the low pharmacokinetic profiles, numerous
pharmaceuticals are unable to progress to market during clinical trials. Table 2 presents the evaluation
outcomes concerning the drug-likeliness profile of the chosen substances. In the realm of drug discovery,
Lipinski's rule of five functions as a computational framework to evaluate solubility, membrane permeability,
and pharmacological effectiveness (Bahugina et al., 2017). The determination is contingent upon four critical
factors: molecular weight, the quantity of hydrogen bond donors, the quantity of hydrogen bond acceptors,
and the logarithmic value of the partition coefficient. Our investigation demonstrates that the two chosen
phytocompounds, “CID 12305110” and “CID 73145,” adhere to the Lipinski criteria, exhibiting only one
violation and possessing a molecular weight of under 500. Furthermore, they exhibit fewer than 10 hydrogen
bond acceptors, with hydrogen bond donors being less than 5, and an octanol-water partition coefficient
(iLOGP) of less than 5. In addition to adhering to the Lipinski rules, these two compounds also conform to the
supplementary four criteria established by Hopkins. Specifically, both compounds exhibit a topological polar
surface area (TPSA) ranging from 20 to 21 A2, possess 31 heavy atoms, contain no rotatable bond, and are
devoid of any undesirable structural alerts, as illustrated in Table 2.
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Table 2

List of pharmacokinetic properties includes physicochemical properties, lipophilicity, water solubility, drug-
likeness and medicinal chemistry of four selected compounds (Yang et al., 2019; Bahugina et al., 2017;
Roehm et al., 1991).

Properties Attributes Pubchem ID: 73145 Pubchem ID: 12305110
Physiochemical Properties  MW(g/mol) 426.72 g/mol 426.72 g/mol

Heavy atoms 31 31

Arom.heavy atoms 0 0

Rotable bonds 0 0

H-bond acceptor 1 1

H-bond donor 1 1

TPSA 20.23 A2 20.23 A2
Lipophilicity Log P (o/w) 474 4.77
Water Solubility Log S (ESOL) -8.25 -8.09
Pharmacokinetics Gl absorption Low Low

BBB permeant No No
Drug-likeliness Lipinski Yes Yes

Bioavailability score 0.55 0.55
Medicinal Chemistry Synthetic accessibility 6.04 6.17

Furthermore, these compounds demonstrated a bioavailability score of 0.55. Figure 2 shows the top two
compounds exhibit the following parameters: POLAR (Polarity), INSOLU (Insolubility), INSATU (Instauration),
FLEX (Rotable bond flexibility), LIPO (Lipophilicity), SIZE (Molecular Weight), and nearly entirely fall into the
colored zone that denotes an appropriate physio-chemical space for oral bioavailability. Ultimately, this
analysis reveals that the natural compounds “CID 12305110" and “CID 73145" meet all the fundamental
criteria for classification as drug-like compounds. Additionally, both molecules satisfy the requirements for
an ideal LogP (octanol/water). All of them fall between 0 and 5, which is the ideal range (Roehm et al., 1991).
Nevertheless, neither of these drugs penetrates the blood-brain barrier (BBB) effectively, and both have low Gl
absorption value.

Predictions of toxicity

Currently, toxicity prediction is an essential phase in medication design to assess the adverse effects of a
certain molecule on humans, plants, and the environment. Traditional methods include several animal
experiments to evaluate the toxicity of chemicals, which are not only expensive and time-consuming but also
raise significant ethical issue (Muhammad et al., 2018). Computer-aided toxicity prediction is more efficient
and cost-effective, yielding findings more often. This diminishes the quantity of biological experimental
assessments. The ProTox-lll server was utilized to forecast the toxicological features of the two chemicals,
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as seen in Table 3. The results suggest that none of the substances are likely to exhibit neurotoxicity,
hepatotoxicity, mutagenicity, or cytotoxicity, but may demonstrate immunotoxicity.

Concerning acute oral toxicity, the CID 73145 chemical exhibited modest toxicity (Hodge and Sterner, 2005),
with an LD50 value of 1190 mg/kg, categorizing it in class IV of the Global Harmonised System (GHS), which
suggests it may be detrimental if ingested. Compound CID 12305110 had an LD50 value of 70,000 mg/kg.
According to Hodge and Sterner (2005), it is classified as class VI (LD50 > 5000), indicating it is non-toxic
(Guo et al., 2021).

Table 3
Toxicity profiling of top two compounds through ProTox-lll Online server.
?ompound Hepatotoxicity = Carcinogenicity = Muta Cytotoxicity LDsg Predicted
Pubchem Val k Toxicity
ID) genicity alue(mg/kg) Class
CID Inactive Inactive Inactive  Inactive 1190 v
73145
CID Inactive Inactive Inactive  Inactive 70000 VI
12305110
CID Active Inactive Inactive  Inactive 1190 \%
2733526

Molecular Dynamic Simulation

In the current study, 100 ns MD simulations of the most potent inhibitors was conducted in relation to the
target, which is the "human estrogen receptor alpha ligand-binding domain" (PDB ID: 3ERT). This was
important because docking studies only show one scene while biomolecules behave dynamically. In
comparison to the control, all the compounds exhibited a consistent dynamic configuration of ER alpha.

Root means square deviation (RMSD)

Root Mean Square Deviation (RMSD) is often used to evaluate the stability of the receptor-ligand complex in
molecular dynamics simulation. Overall, having a mean RMSD of 2.243 A, CID 73145 complex reported
stable, though there are some peaks observed in its RMSD plot (Fig. 3). The complex revealed stability during
the first 64 ns, after that minor deviations were observed at 74.25 and 79.25 ns which were 2.856 A and
2.841 A, respectively, as well as there is a maximum peak of 2.996 A at 74.5 ns (Fig. 3). The mean RMSD of
CID 1235110 complex is 2.353 A which also revealed stable behaviour. Though there are some major peaks
observed in the RMSD plot during 29 ns to 35.75 ns and at 44.25 ns as well as the maximum peak was of
3.228 A at 32.75 ns (Fig. 3). On the other hand, the CID 2733526 (control) complex maintained a distorted
high RMSD value for a long period. Mean RMSD of this complex was 2.769 A and RMSD value was always
higher than 3 A during 22 to 93.5 ns. Comparatively, the CID 73145 complex showed a better result of root
mean square deviation (RMSD) than the others.

Root means square fluctuation (RMSF)
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To evaluate the structural dynamics of the protein residues, the RMSF values were computed. These values
reveal the flexibility of the protein residues in reaction to the ligand binding during the simulation. The CID
73145 complex have a highest RMSF peak of 7.35 A at ALA 551 and a second highest RMSF peak of 7.13 at
ARG 548. From the RMSF plot, there is a highest peak of 9.86 A and a second highest peak of 8.05 A of the
CID complex whereas CID 2733526 (control) complex have a highest peak of 8.87 A and a second highest
peak of 7.72 A at ALA 551 and HIS 550 residues, respectively (Fig. 4). The mean root mean square fluctuation
(RMSF) values of CID 73145, CID 12305110, and CID 2733526 (control) are 1.505 A, 1.617 A, and 1.686 A,
respectively (Fig. 4). This result suggests that compared to control, CID 73145 induced minimal
conformational change of protein and CID 12305110 induced some major active site conformational shifts.

Radiation of gyration (Rg)

Protein's compactness and folding behavior can be understood through analyzing the overall conformational
state and its relation to the tertiary structure, which is known as the radius of gyration (Rg). The radius of
gyration (Rg), as a function of time, was used to evaluate the structural compactness. The average Rg values
were 19.010 A, 19.081 A, and 18.990 A as observed for CID 73145, CID 12305110, and CID 2733526,
respectively (Fig. 5). For CID 73145, the Rg values range from 18.80 A to 19.20 A for ~ 90%-time period of the
simulation. In case of CID 12305110, ~ 95%-time period maintained a Rg fluctuation from to 18.89 A to 19.27
A. Moreover, CID 2733526 (control) complex maintain a Rg fluctuation of 18.80 A to 19.18 A only for ~ 70%-
time period (Fig. 5). These fluctuations indicate that the active site of the protein is less likely undergo
significant conformational changes when binding with CID 73145 and CID 12305110 except CID 2733526.

Solvent-accessible surface area (SASA)

The solvent-accessible surface area (SASA) indicates the portion of a biomolecule's surface that is available
to solvent molecules. This measurement is essential for understanding the free energy associated with
protein-ligand binding, protein folding, and interactions between proteins. CID 73145, CID 12305110, and CID
2733526 (control) have an average SASA value of 12996.738, 12956.616, and 12790.524, respectively

(Fig. 6). There is no significant inconsistency of the SASA values of these complexes.

Hydrogen bond interactions

The mean number of hydrogen bonds between solute and solvent for CID 73145, CID 12305110, and CID
2733526 are 405.180, 404.476, and 399.504, respectively (Fig. 7). There is no significant difference of
hydrogen bonds number between these complexes.

Molecular mechanics Poisson Boltzmann surface area
(MM/PBSA)

The average binding energy for CID 73145, CID 12305110, and CID 2733526 (control) are 103.348 kJ/mol,
115.638 kJ/mol, and 20.247 kJ/mol (Fig. 8). Though control has a lower binding energy compared to other
complexes, several large fluctuations in the MM/PBSA graph indicates that protein’s active side residues
might alter and as a result there might be an unstable complex formation due to these fluctuations. On the
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other hand, CID 73145 and CID 12305110 have moderate binding with the protein complex as there are
consistent binding energies ranges from 50 kJ/mol to 150 kJ/mol.

Discussion

In contemporary contexts, CADD has become an essential instrument in the realm of drug development
methodologies, significantly reducing costs, time, and labour involvement (51). CADD constrains the
biological research undertaken by scientists and simultaneously alleviates ethical concerns, thereby
accelerating the drug innovation process (Li et al., 2013). Molecular docking, ADMET, and MD simulation
represent the methodologies of CADD that demonstrate commendable biological efficacy (Hopkins, 2007).
Through a series of studies, we discovered that molecular docking effectively predicts the binding modes of
protein-ligand interactions, while MD simulation elucidates the complex interactions between the two,
thereby ranking small compounds as promising candidates for specific drug efficacy (Chandran and
Patwardhan, 2017; Janaki et al., 2021; Xu et al., 2021; Verma et al., 2022). This study involved a
comprehensive analysis and screening of 84 compounds aimed at targeting the ERa protein for the treatment
of neurological disorders. Molecular docking was performed to evaluate if the compounds exhibiting greater
binding affinity ( Janaki et al., 2021; Yang et al., 2017). In our investigation, the foremost two compounds
were identified due to their superior binding capacity with the ligand, specifically PubChem CID 73145 and
PubChem CID 12305110, both exhibiting a binding score of -10.3 kcal/mol. Diverse forms of interactions at a
distance typically confirm the significance of protein-ligand interactions, which are crucial for forecasting the
binding affinities between ligands and proteins. All molecules demonstrated a range of unbound and bound
interactions with numerous residues at the site or its periphery. In the ERa protein, control (CID 2733526)
exhibited nine hydrophobic interactions with the residues ILE A: 424, MET A: 421, PHE A: 404, ALA A: 350,
LEU A: 346, LEU A: 387, and LEU A: 525 (11-g, alkyl, and mt-alkyl). “CID 73145" exhibited sixteen hydrophobic
interactions (alkyl, m—-alkyl, and m-6) with TRP A: 383, LEU A: 525, LEU A: 536, LEU A: 354, and TYR A: 526. “CID
12305110" exhibited a total of twenty hydrophobic interactions, including n-g, -alkyl, and alkyl types, with the
following residues: TRP A: 383, ALA A: 350, LEU A: 525, LYS A: 529, LEU A: 536, VAL A: 533, LEU A: 354, LEU
A: 354, and TYR A: 526. The diverse forms of hydrophobic interactions, including m-g, mt-alkyl, and alkyl,
between the ERa protein and various compounds with distinct protein residues are illustrated in
Supplementary Table 2 and Fig. 1.

Subsequently, we assessed the pharmacokinetic properties, as the optimization of these characteristics is
essential for compounds to successfully navigate standard clinical trials and emerge as viable drug
candidates (Yang et al., 2017). The molecular weight and polar surface topological area (TPSA) values exhibit
an inverse relationship with molecular permeability; higher values correspond to diminished permeability,
while lower values are indicative of enhanced permeability (Prasanna and Doerksen, 2008; Rawat et al.,
2024). LogP serves as a measure of lipophilicity, defined as the logarithm of the partitioning between
inorganic and aqueous phases (Tshepelevitsh et al., 2020). Lipophilicity determines a drug's absorption
capacity; lower LogP values often indicate better absorption (Box and Comer, 2008). Another important
factor is solubility, which is determined by LogS; lower values are advantageous for effective therapeutics
solubility (Saxena and Mishra, 2023; Box and Comer, 2008). When the quantity of hydrogen bond acceptors
and donors surpasses the optimal range, it negatively impacts the ability of drug molecules to traverse the
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membrane bilayer (Coimbra et al., 2020). The quantity of rotatable bonds ought to remain below 10, as
exceeding this threshold could potentially influence oral bioavailability (Veber et al., 2002). Our assessment
of ADMET properties for the docked compounds indicates that both compounds fall within the acceptable
range for consideration as potential drug candidates. Given that our pharmaceutical agent must exert its
effects on neurological conditions, it is imperative that it successfully traverses the blood-brain barrier, a
fundamental criterion in the realm of drug discovery (Curtaz et al., 2022). A harmful substance possesses the
capability to inflict harm on a living organism (Roy et al., 2021). Research indicates that toxicity plays a
significant role in the failures observed during the later stages of drug development. The efficacy of in silico
toxicity analysis is notable, as it addresses the limitations inherent in traditional methodologies, such as the
necessity for animal testing, exorbitant costs, and the considerable time investment required by in vivo
techniques. An analysis of the toxicity profile of the two leading compounds has been conducted using in
silico methods. The information derived from the toxicity examination server indicates that none of the
compounds exhibit carcinogenic or mutagenic properties. The LD50 primarily offered insights into the
immediate or acute toxicity of compounds, revealing their optimal characteristics within the study.

As MD simulation evaluates the actual dynamics of atoms, it has become an essential tool for CADD (
Hernandez-Rodriguez et al., 2016). In this study, MD simulation was investigated for two lead compounds
along with a control. From the dynamic simulation result, the RMSD, RMSF, SASA, MM-PBSA, H-bond
formation, and the radiation of gyration were reported. The investigation revealed that compared to the
control (CID 2733526), CID 73145 had the lowest mean RMSD (2.243 A) and no unusual changes in the
RMSEF plot, suggesting that this complex maintained a stable binding. Although the Rg values for the three
complexes were quite similar (19.010 A, 19.081 A, and 18.990 A), CID 73145 and CID 12305110 showed
fewer fluctuations over time, but CID 2733526 (the control) deviated from its mean Rg values most of the
time. None of these complexes showed significant variation in their H-bond formation profiles or SASA value
profiles. The MM-PBSA profile indicated that the lead compounds had a greater average binding energies
(CID 73145: 103.348 kJ/mol, CID 12305110: 115.638 kd/mol) compared to the control (CID 2733526: 20.247
kJ/mol). However, there were noticeable fluctuations in the control's MM-PBSA profile compared to the lead
compounds, which may suggest that the control showed a potential change in active site conformation.
Based on these investigations, it seems that CID 73145, in contrast to the control molecule, established an
effective, strong, and robust binding with the target ER, protein. Nevertheless, extensive in vitro and in vivo
studies are necessary for the extracted candidates to enter into the clinical trials and be approved for
mankind.

Conclusion

The emergence of breast cancer poses major global health challenges. The current study intended to support
breast cancer treatment by using synthetic compounds in the development of new candidates. Since ERa
plays a key role in promoting cancer growth, proliferation, and migration, it is considered a potential target for
drug development against breast cancer. To address this, we employed various computational techniques to
identify new/novel inhibitors of the ERa protein in breast cancer treatment. A dataset of 84 natural
compounds was analyzed to evaluate their inhibitory potential. Through virtual screening and molecular
docking, two promising lead compounds: Beta-Amyrin and Pseudotaraxasterol, were identified. These
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compounds demonstrated strong binding affinities to the ERa protein when compared to the standard drug,
Tamoxifen. Further validation through molecular dynamics simulations confirmed the stability of these drug-
protein interactions. Additionally, ADMET analysis indicated that the selected compounds have favorable
absorption, distribution, metabolism, and excretion profiles, with no probable toxicity concerns. Since this
study is entirely based on computational methods, experimental studies will be warranted to confirm the
effectiveness of these compounds against in vitro and in vivo breast cancer models. The findings of this
study are expected to benefit future research in identifying specific pharmacological targets for the
development of effective breast cancer therapies.
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Figure 1

Protein-ligand interaction profile of the docked complex. Where (A) represents the interaction between 3ERT
and Beta-Amyrin (PubChem CID: 73145) whereas (B) shows non bonded interaction between them. On the
other hand, (C) represents the interaction between 3ERT and Pseudotaraxasterol (PubChem CID: 12305110)
whereas (D) shows non bonded interaction between them. (E) represents the interaction between 3ERT and
control (PubChem CID: 2733526) whereas (F) shows non bonded interaction between them.
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Figure 2

The top two compounds are within colored zone that indicates suitable physio-chemical space for oral
bioavailability and show the POLAR (Polarity), INSOLU (Insolubility), INSATU (Instauration), and FLEX (Rotable
bond flexibility), LIPO (Lipophilicity), SIZE (Molecular Weight), parameters. (A) Beta-Amyrin (CID 73145), (B)
Pseudotaraxasterol (CID 12305110).
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Figure 3

Graphical representation of root mean square deviation (RMSD) for CID 73145 (orange), CID 12305110 (blue),
and CID 2733526 (green). The amino acid residue number of 3CERT protein is presented on X axis while Y

axis indicates RMSF value in angstrom (A).
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Figure 4

RMSF plot for CID 73145 (orange), CID 12305110 (blue), and CID 2733526 (green). The amino acid residue
number of 3ERT protein is presented on X axis while Y axis indicates RMSF value in angstrom (A).
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Figure 5

Radiation of gyration (Rg) plot for CID 73145 (orange), CID 12305110 (blue), and CID 2733526 (green). The
time frame is presented on X axis while Y axis indicates Rg value in angstrom (A).
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Figure 6

Solvent-accessible surface area (SASA) plot for CID 73145 (orange), CID 12305110 (blue), and CID 2733526
(green). The time frame is presented on X axis while Y axis indicates the SASA value in angstrom (A).
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Visual representation of the number of H-bonds between solute and solvents for CID 73145 (orange), CID
12305110 (blue), and CID 2733526 (green). The time frame is presented on X axis while Y axis indicates
number of H-bonds.
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Figure 8

Visual representation of molecular mechanics Poisson Boltzmann surface area (MM/PBSA) for CID 73145
(orange), CID 12305110 (blue), and CID 2733526 (green). The time frame is presented on X-axis while Y-axis
indicates the binding energies in kdJ/mol.
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