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Abstract 

 

Estrogen receptor alpha (ERα)-mediated breast cancer is the main target of hormone therapy. However, the long-term use of Selective 

Estrogen Receptor Modulators (SERMs) however, can lead to side effects and resistance. This study evaluated how well selected phenolic 

derivatives from Ocimum sanctum L. to various ERα conformations and to assess the initial stability of selected ligand-receptor 

complexes in silico. Five compounds, dominated by the neolignan group with one flavonoid derivative, were molecularly docked against 

four ERα structures representing the apo, agonist, and SERM states using AutoDock-GPU, with method validation through co-crystal 

ligand redocking. The binding affinity and key residue interactions were analyzed to assess cross-conformation consistency. The most 

stable ligand candidates were further analyzed using molecular dynamics simulations for 30 ns in the agonist and SERM conformations to 

evaluate the initial structural stabilities of the protein–ligand complexes. The docking results showed that most compounds had ERα 

conformation-dependent affinity; however, Tulsinol D exhibited the most consistent affinity profile and maintained interactions with key 

ERα residues across all tested conformations. Molecular dynamics simulations showed that the ERα–Tulsinol D complex had good initial 

stability, characterized by protein backbone stability, reasonable residue flexibility, maintained structural compactness, and stable ligand 

positioning within the binding pocket. Based on these results, Tulsinol D has potential as an in silico candidate inhibitor of ERα based on 

phenolic metabolites from O. sanctum and warrants further investigation through advanced computational studies and experimental 

validation. 
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INTRODUCTION 
 

Breast cancer is one of the leading causes of death 

among women globally, and most cases are triggered by 

the activation of estrogen receptor alpha (ERα), which 

plays an important role in regulating cancer cell 

proliferation and survival (Bray et al., 2024; Wu et al., 

2025). Owing to its critical role, ERα has become one of 

the primary therapeutic targets in developing breast 

cancer drugs using Selective Estrogen Receptor 

Modulators (SERMs), such as tamoxifen and its 

derivatives (Linowiecka et al., 2024). Although clinically 

effective, SERM-based therapy has been reported to 

cause various side effects and resistance with long-term 

use, prompting the exploration of safer and more 

selective alternative ERα inhibitors (Buijs et al., 2024; 

Gautam et al., 2025; Mills et al., 2018). 

Ocimum sanctum L. is rich in secondary metabolites, 

including phenolic derivatives such as flavonoids and 

neolignans, which have been reported to exhibit various 

pharmacological activities, including antioxidant, 

anticancer, anti-inflammatory, and leishmanicidal 

properties (Bhattarai et al., 2024; Hasan et al., 2023; 

Suzuki et al., 2009). Initial in silico studies have 

indicated that several neolignan and flavonoid 

derivatives have a competitive affinity for ERα and 

interact with the ligand-binding domain (LBD) (Fauzi et 

al., 2024). This finding provides an opportunity to further 

evaluate the potential of neolignans and flavonoids from 

O. sanctum as a candidate ERα inhibitor. 

However, ligand–receptor interactions at ERα are 

complex because this receptor has several functional 

conformations, such as agonist, antagonist, and apo 

states, which are indicated to have an influence on the 

characteristics of the binding pocket and the mode of 

ligand interaction, such as the positional shift of helix 12 

(H12) and changes in the interaction landscape 

(McDougal et al., 2025). Therefore, evaluating ligand 

candidates against a single ER-α conformation has the 

potential to produce structural bias and is insufficient for 

comprehensively assessing the consistency of ligand-

binding ability. 

https://doi.org/10.14421/biomedich.2026.151.411-420
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This study further evaluated selected phenolic 

compounds from O. sanctum using a molecular docking 

approach on several ER-α structures representing 

different biological states, namely SERM, agonist, and 

apo conformations. This approach was used to assess the 

consistency of binding affinity and the pattern of 

interaction of key residues across receptor conformations 

so that the identified ligand candidates not only show 

superior performance on a specific protein structure. 

The multi-conformation docking results guided the 

selection of consistent ligand candidates for molecular 

dynamics (MD) simulations. Hollingsworth & Dror 

(2018) stated that MD simulation is an important 

approach in in silico validation to evaluate the initial 

stability of protein-ligand complexes in a soluble 

environment and under thermodynamic conditions that 

are closer to physiological conditions. Considering 

computational resource limitations, simulations were 

performed over a short time scale and focused on the two 

main functional states of ER-α, namely, the SERM and 

agonist states. 

Based on this approach, the objective of this study 

was to evaluate the consistency of the binding ability of 

selected neolignan compounds from O. sanctum to 

various ER-α conformations through multi-structure 

docking and, as well as to assess the initial stability of 

selected ligand candidates in SERM and ER-α agonist 

states using short-term molecular dynamics simulations. 

This study is expected to strengthen the scientific basis 

for the development of ERα inhibitor candidates based 

on phenolic metabolites derived from O. sanctum. 

 

 

MATERIALS AND METHODS 
 

Materials and Data Sources 

The structures of neolignan and flavonoid compounds in 

Ocimum sanctum L. (tulsinols A, B, C, D, and G) were 

obtained from the KNApSAcK database (Afendi et al., 

2012). The structure of the estrogen receptor alpha (ERα) 

protein was downloaded from the Protein Data Bank 

(PDB) (Berman, 2000), including 3ERT, 2OUZ, 1A52, 

and 1G50 (Eiler et al., 2001; Shiau et al., 1998; 

Tanenbaum et al., 1998; Vajdos et al., 2007). The ligand 

structures were optimized using Avogadro software 

(Hanwell et al., 2012). 

 

Procedures 

Protein and ligand preparation  

The proteins were cleaned of water molecules, ions, and 

co-crystal ligands. Polar hydrogen atoms were added, 

and partial charges were calculated using 

AutoDockTools 1.5.7 (Santos-Martins et al., 2021). The 

structures of the ligands (tulsinols A, B, C, D, and G) and 

reference ligands (estradiol, 4-hydroxytamoxifen, and 

lasofoxifene) were geometrically optimized and 

Gasteiger charges were assigned before being saved as 

PDBQT files (Jablonský et al., 2022). 

Molecular docking  

The docking procedure was validated by redocking the 

co-crystal ligand into the binding pocket of each protein. 

The method was considered valid if the root mean square 

deviation (RMSD) value between the redocked ligand 

and crystallographic ligand was < 2.0 Å (Fauzi et al., 

2024; Mora Lagares et al., 2020). 

Docking was performed using AutoDock-GPU, 

which implements the Lamarckian Genetic Algorithm-

based AutoDock4 scoring function (Santos-Martins et 

al., 2021). A grid box was set to cover the entire ligand-

binding domain (LBD) in each ERα structure. Docking 

parameters (grid size, number of evaluations, and number 

of runs) were standardized for all ligands so that the 

results could be compared consistently. The best pose 

was selected based on the lowest binding energy and 

evaluated using BIOVIA Discovery Studio Visualizer to 

identify hydrogen bonds, hydrophobic interactions, and 

key ligand-binding domain (LBD) interacting residues 

(BIOVIA, 2025).  

 

Molecular dynamics simulation 

Selected protein-ligand complexes resulting from 

docking evaluation were prepared using CHARMM-GUI 

(Lee et al., 2020). Proteins were parameterized using 

AMBER FF19SB, whereas ligands were parameterized 

using GAFF2 with AM1-BCC charges (He et al., 2020; 

Tian et al., 2020). The system was placed in a cubic 

simulation box, solvated with the TIP3P water model 

(Jorgensen et al., 1983), and neutralized using Na+ and 

Cl- ions to achieve neutral conditions with physiological 

ionic strength (Lee et al., 2020). 

Simulations were performed using GROMACS 

2025.4 (M. Abraham et al., 2025; M. J. Abraham et al., 

2015). Each system was first minimized using the 

steepest descent algorithm until the convergence criteria 

were met. This was followed by an equilibration stage 

following the CHARMM-GUI protocol at a temperature 

of 310 K and pressure of 1 bar with the application of an 

appropriate thermostat and barostat (Lee et al., 2020). 

The next stage was a production simulation for 30 ns to 

obtain the molecular dynamics trajectory used in the 

analysis.  

 

Trajectory analysis 

Analysis of molecular dynamics simulation trajectories 

was performed using the built-in utilities of the 

GROMACS software package. Various structural 

parameters were analyzed along the simulation 

trajectories, including the root mean square deviation 

(RMSD) of the protein backbone and the RMSD of the 

ligand relative to the initial simulation structure. 

Protein residue fluctuations during simulation were 

analyzed using root mean square fluctuation (RMSF) 

backbone. The level of compactness of protein structure 

was analyzed by calculating radius of gyration (Rg) 

based on protein backbone coordinates. Solvent-
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accessible surface area (SASA) of the proteins was 

calculated along the simulation trajectory. Noncovalent 

interactions between proteins and ligands were analyzed 

by calculating the number of hydrogen bonds along the 

trajectory. 

All trajectory analyses were performed using the gmx 

rmsd, gmx rmsf, gmx gyrate, gmx sasa, and gmx hbond 

modules integrated into the GROMACS software 

package (M. Abraham et al., 2025; M. J. Abraham et al., 

2015). The trajectory analysis data were then visualized 

in a graphical form using Python scripts based on the 

matplotlib library (Hunter, 2007).  

 

 

RESULTS AND DISCUSSION 
 

Molecular docking result 

The validity of the docking procedure was evaluated by 

redocking the co-crystal ligands into the binding pockets 

of each estrogen receptor alpha (ERα) structure. The 

redocking results showed that the docking poses of the 

ligands could be reproduced well, with root mean square 

deviation (RMSD) values of 1.53 Å for the 3ERT 

structure, 0.92 Å for 2OUZ, 0.94 Å for 1A52, and 0.91 Å 

for 1G50. All RMSD values were below the threshold of 

2.0 Å, indicating that the docking parameters and settings 

used were adequate for predicting the ligand binding 

mode on the ERα ligand-binding domain (LBD). 

 
 

Table 1. Docking binding energies of tulsinol compounds from Ocimum 

sanctum L. against ERα in different conformational states 

 

Ligand 
Binding energy (kcal/mol) 

3ERT 2OUZ 1A52 1G50 

4-hydroxytamoxifen -10.35 - - - 

Lasofoxifene - -13.48 - - 

Estradiol - - -10.46 -10.60 

Tulsinol A -10.88 -11.10 -11.14 -9.09 

Tulsinol B -13.48 -13.03 -13.97 -3.87 

Tulsinol C -13.31 -14.00 -14.17 -11.27 

Tulsinol D -13.15 -14.46 -14.68 -13.71 

Tulsinol G -10.96 -11.07 -11.07 -12.37 

 

The results of molecular docking of the reference 

ligand and tulsinol compounds from Ocimum sanctum L. 

against ERα in various conformations are presented in 

Table 1 and Figure 1. All tulsinol compounds were able 

to bind to the LBD of ERα, but showed variations in 

binding affinity depending on the receptor conformation. 

The reference ligands exhibited affinity patterns 

consistent with their biological functions, where 4-

hydroxytamoxifen and lasofoxifene showed high affinity 

in the SERM conformation, while estradiol had stable 

affinity in the agonist and apo conformations. 

Among all docked compounds, Tulsinol D showed 

relatively low and consistent binding energy values 

across all ERα conformations used. In contrast, other 

tulsinol compounds showed high affinity only in certain 

conformations and decreased affinity for other 

conformations. 

 

 

 

 
 

Figure 1. Docking binding energies of tulsinol compounds from O. sanctum against ERα across different conformations. 
 

 

Analysis of ligand interactions with key ERα 

residues, including Glu353, Arg394, and His524, is 

presented in Table 2. The reference ligand maintained 

interactions with these residues in conformations that 

were consistent with their roles. Most tulsinol 

compounds exhibit inconsistent residue interaction 

patterns, that appear only in certain conformations, or are 

dominated by hydrophobic interactions. However, 

Tulsinol D maintains engagement with all three key 

residues in all ERα conformations tested, with a 

combination of hydrogen bonding and hydrophobic 

interactions. 
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Two-dimensional visualization of ligand–protein 

interactions showed that Tulsinol D occupied the same 

ERα binding pocket as the reference ligand and 

interacted with canonical ERα LBD residues (Figure 2). 

Based on the consistency of binding affinity and the 

pattern of key residue interactions across conformations, 

Tulsinol D was selected as a candidate ligand for further 

analysis using molecular dynamics simulations. 
 

 

 

Table 2. Consistency of ligand interactions with key ERα residues across conformations. 
 

Ligand 
ERα key residue 

Glu353 Arg394 His524 

4-hydroxytamoxifen 3ERT (HB) 3ERT (HB) 3ERT (HI) 

Lasofoxifene 2OUZ (HB) 2OUZ (HB) 2OUZ (HI) 

Estradiol 1A52 (HB), 1G50 (HB) 1A52 (HB), 1G50 (HB) 1A52 (HB), 1G50 (HB) 

Tulsinol A 1A52 (HI), 1G50 (HI), 2OUZ (HB), 

3ERT (HB) 

1A52 (HI), 1G50 (HI), 2OUZ (HB), 

3ERT (HB) 

1A52 (HB), 1G50 (HI), 

2OUZ (HI), 3ERT (HB) 

Tulsinol B 1A52 (HI), 2OUZ (HI), 3ERT (HI) 1A52 (HI), 1G50 (HI), 2OUZ (HI), 

3ERT (HI) 

1A52 (HI), 1G50 (HI), 

2OUZ (HB), 3ERT (HI) 

Tulsinol C 1G50 (HI), 3ERT (HI) 1G50 (HI), 3ERT (HI) 1A52 (HI), 1G50 (HI), 

2OUZ (HI), 3ERT (HI) 

Tulsinol D 1A52 (HI), 1G50 (HB), 2OUZ (HB), 

3ERT (HI) 

1A52 (HI), 1G50 (HB), 2OUZ 

(HB), 3ERT (HI) 

1A52 (HB), 1G50 (HI), 

2OUZ (HI), 3ERT (HI) 

Tulsinol G 1A52 (HB), 1G50 (HI), 2OUZ (HB), 

3ERT (HB) 

1A52 (HI), 1G50 (HI), 2OUZ (HI), 

3ERT (HI) 

1A52 (HB), 1G50 (HI), 

2OUZ (HI), 3ERT (HB) 

Note: HB= Hydrogen bond; HI= Hydrophobic interaction 

 

 
(a) 

 
(b) 

 

Figure 2. 2D interaction diagrams of (a) reference ligand and (b) Tulsinol D within the ligand-binding domain of ERα (PDB ID: 2OUZ). 
 

 

Molecular dynamics simulation result 

Molecular dynamics simulations were performed on the 

ERα–Tulsinol D complex in the SERM (2OUZ) and 

agonist (1G50) conformations for 30 ns, and compared 

with the respective reference ligand complexes. The 

initial stability of the protein–ligand complexes was 

evaluated by analyzing the backbone RMSD, RMSF, 

radius of gyration (Rg), ligand RMSD, solvent-accessible 

surface area (SASA), and number of hydrogen bonds. 

The backbone RMSD profile showed an initial 

increase in the early phase of the simulation, reflecting 

the relaxation process of the structure from its crystalline 

state, followed by relatively stable conditions in both 

ERα conformations (Figure 3). In the agonist 

conformation (1G50), the backbone RMSD values of the 

ERα–estradiol complex were in the range of 0.10–0.22 

nm, while those of the ERα–Tulsinol D complex were in 

the range of 0.11–0.21 nm throughout the 30 ns 

simulation, with moderate fluctuations and no extreme 

spikes. In the SERM conformation (2OUZ), the ERα–

lasofoxifene and ERα–Tulsinol D complexes showed 

higher backbone RMSD values than the agonist 

conformation, ranging from 0.15 to 0.34 nm and 0.15 to 

0.30 nm, respectively. Although the backbone RMSD 

fluctuations in both complexes were greater, the RMSD 

values remained within a controlled range and did not 

exhibit a continuous upward trend until the end of the 

simulation. 
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(a) 

 
(b) 

 

Figure 3. Backbone RMSD of ERα–ligand complexes in (a) agonist (PDBID: 1G50) and (b) SERM (PDBID: 2OUZ) conformations during 30 ns 
molecular dynamics simulations. 

 

 

 

 
(a) 

 
(b) 

 

Figure 4. Backbone RMSF of ERα–ligand complexes in (a) agonist (PDBID: 1G50) and (b) SERM (PDBID: 2OUZ) conformations during 30 ns 

molecular dynamics simulations. 

 

 

Root mean square fluctuation (RMSF) analysis of the 

backbone was performed to evaluate the flexibility of 

ERα residues during molecular dynamics simulations. 

Specifically, in the agonist conformation (1G50), most 

residues in the ERα–Tulsinol D and ERα–estradiol 

complexes showed RMSF values in the range of 0.05–

0.15 nm, with some local fluctuation peaks reaching 

approximately 0.25 nm for Tulsinol D and 0.42 nm for 

estradiol (Figure 4). In the SERM conformation (2OUZ), 

the majority of residues showed RMSF values in the 

range of 0.06–0.12 nm, with local fluctuation peaks 

reaching approximately 0.35–0.38 nm in the ERα–

Tulsinol D complex and up to 0.55 nm in the reference 

ligand complex. These high fluctuations were local and 

not widely distributed along the protein domain. 

 

 

 
(a) 

 
(b) 

 

Figure 5. Radius of gyration of ERα–ligand complexes in (a) agonist (PDBID: 1G50) and (b) SERM (PDBID: 2OUZ) conformations during 30 ns 

molecular dynamics simulations. 

 

 
Based on Figure 5, the radius of gyration (Rg) profile 

shows that the global structure of ERα remained compact 

throughout the simulation. In the agonist conformation 

(1G50), the Rg value of the ERα–estradiol complex was 

in the range of 1.82–1.85 nm, while the ERα–Tulsinol D 

complex was in the range of 1.85–1.88 nm, with 

fluctuations of less than 0.06 nm throughout the 

simulation. Meanwhile, in the SERM conformation 
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(2OUZ), the Rg values of the ERα–lasofoxifene and 

ERα–Tulsinol D complexes were in the range of 1.83–

1.87 nm and 1.85–1.90 nm, respectively, with relatively 

small fluctuations (< 0.07 nm) and no long-term upward 

or downward trends. 

 

 

 
(a) 

 
(b) 

 

Figure 6. Ligand RMSD of ERα–ligand complexes in (a) agonist (PDBID: 1G50) and (b) SERM (PDBID: 2OUZ) conformations during 30 ns molecular 
dynamics simulations. 

 

 
 

The ligand RMSD analysis shown in Figure 6 

indicates that the ligand remained within the ERα 

binding pocket throughout the simulation. In the agonist 

conformation (1G50), estradiol maintained a low and 

stable ligand RMSD in the range of 0.02–0.06 nm. In 

contrast, Tulsinol D showed an increase in RMSD in the 

early phase of the simulation, followed by a plateau 

condition in the range of 0.18–0.24 nm until the end of 

the simulation. In the SERM conformation (2OUZ), the 

RMSD of lasofoxifene and Tulsinol D ligands showed 

relatively similar fluctuations, ranging from 0.05–0.15 

nm and 0.10–0.15 nm, respectively, without any extreme 

RMSD spikes or significant ligand position shifts. 

Figure 7 shows the solvent-accessible surface area 

(SASA) profile of the protein, which fluctuated slightly 

throughout the simulation in both conformations. In the 

agonist conformation (1G50), the SASA value of the 

ERα–estradiol complex ranged from 122 to 130 nm2, 

while that of the ERα–Tulsinol D complex ranged from 

125 to 135 nm2. In the SERM conformation (2OUZ), the 

ERα–lasofoxifene complex showed SASA values in the 

range of 128–142 nm2, while the ERα–Tulsinol D 

complex was in the range of 132–145 nm2. No consistent 

upward or downward trend in SASA was observed 

during the simulation. 

 

 

 
(a) 

 
(b) 

 

Figure 7. SASA of Protein of ERα–ligand complexes in (a) agonist (PDBID: 1G50) and (b) SERM (PDBID: 2OUZ) conformations during 30 ns molecular 

dynamics simulations. 

 

 

The number of hydrogen bonds between ligands and 

ERα fluctuated throughout the molecular dynamics 

simulation (Figure 8). In the agonist conformation 

(1G50), estradiol formed 0–3 hydrogen bonds, while 

Tulsinol D generally formed 0–1 hydrogen bonds with a 

lower frequency. In the SERM conformation (2OUZ), 

lasofoxifene forms 0–2 hydrogen bonds, while Tulsinol 

D shows a fluctuating number of hydrogen bonds in the 

range of 0–3, with sporadic appearances of up to four 

hydrogen bonds in some simulation intervals. 
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(a) 

 
(b) 

 

Figure 8. Number of Hydrogen Bonds of ERα–ligand complexes in (a) agonist (PDBID: 1G50) and (b) SERM (PDBID: 2OUZ) conformations during 30 
ns molecular dynamics simulations. 

 

 

Discussion 

The multi-conformation docking approach in this study 

confirmed that ligand performance against estrogen 

receptor alpha (ERα) cannot be assessed based on a 

single protein structure state, given that ERα is a nuclear 

receptor with a dynamic ligand binding domain (LBD) 

that adopts conformational changes, such as apo, agonist, 

and SERM states (Fanning et al., 2018; McDougal et al., 

2025). This was reflected in the docking results (Table 1 

and Figure 1), where most tulsinol compounds showed 

ERα conformation-dependent affinity. In contrast, 

Tulsinol D maintained a relatively consistent binding 

affinity across all tested conformations. This consistency 

is reinforced by the analysis of key residue interactions 

(Table 2), which showed the involvement of Glu353, 

Arg394, and His524 in all ERα conformations. These 

residues are widely reported as canonical residues that 

play an important role in ligand binding and stabilization 

of the ERα ligand-binding domain (Dubey et al., 2025; 

Masand et al., 2024). Thus, from a structural perspective, 

Tulsinol D exhibits a relatively consistent binding mode 

across variations in the microenvironment of the ERα 

binding pocket. 

Dynamic validation through molecular dynamics 

simulations contextualizes these docking findings. 

Backbone RMSD analysis (Figure 3) showed that the 

ERα–Tulsinol D complex maintained global structural 

stability comparable to the reference ligand in both ERα 

states analyzed. In the agonist conformation (1G50), the 

backbone RMSD range of the ERα–Tulsinol D complex 

(0.11–0.21 nm) was nearly identical to that of ERα–

estradiol (0.10–0.22 nm), while in the SERM 

conformation (2OUZ), the backbone RMSD values of 

ERα–Tulsinol D (0.15–0.30 nm) were also within a range 

comparable to ERα–lasofoxifene (0.18–0.33 nm). In 

general, a relatively stable backbone RMSD without a 

continuous upward trend was interpreted as an indicator 

of no progressive global conformational deviation during 

the simulation (Hassan et al., 2024; Zhang & Lazim, 

2017). The relatively higher RMSD values in SERM 

conformations compared to agonists are consistent with 

the structural characteristics of ERα, which are generally 

reported to involve different ligand-binding domain 

(LBD) configurations, including the orientation of helix-

12 (McDougal et al., 2025). 

RMSF backbone analysis (Figure 4) provides a more 

detailed picture of residue flexibility during simulation. 

In the agonist conformation (1G50), most residues in the 

ERα–Tulsinol D complex were in the range of 0.05–0.15 

nm, with a peak local fluctuation of approximately 0.25 

nm, which was still lower than the peak fluctuation in the 

ERα–estradiol complex (~0.42 nm). A similar pattern 

was observed in the SERM conformation (2OUZ), where 

the local RMSF peak in the ERα–Tulsinol D complex 

(~0.35–0.38 nm) was lower than that of the reference 

ligand, which reached ~0.55 nm. Conceptually, local 

RMSF peaks are generally associated with intrinsically 

flexible protein loops or segments, whereas the stability 

of the core domain is reflected in relatively low and 

uniform residue fluctuations (Hassan et al., 2024; Yusuff 

et al., 2023). This indicates that Tulsinol D binding does 

not trigger a widespread increase in residue flexibility in 

the ERα LBD. 

The global stability of the protein is also reflected in 

the radius of gyration (Rg) profile (Figure 5), where Rg 

fluctuations in both conformations are relatively small 

(<0.06–0.07 nm) and do not show any long-term 

increasing or decreasing trends. A stable Rg is generally 

interpreted as an indicator that the protein structure 

remains compact and does not undergo major 

conformational changes during molecular dynamics 

simulations (Hassan et al., 2024). Thus, the RMSD, 

RMSF, and Rg data collectively support the initial 

stability of the ERα–Tulsinol D complex in a soluble 

environment. 

Ligand position stability within the binding pocket 

was evaluated using ligand RMSD (Figure 6). In the 

agonist conformation (1G50), estradiol maintained a low 

and stable ligand RMSD (0.02–0.06 nm), while Tulsinol 

D showed an initial adaptation phase before reaching a 

plateau in the range of 0.18–0.24 nm. The plateau in 

ligand RMSD after the initial phase is generally 

interpreted as an adjustment in ligand orientation to 

achieve a local minimum energy state compatible with 

the binding pocket, rather than as an indication of ligand 

release from the receptor (Salmaso & Moro, 2018). This 

is supported by the results in the SERM conformation 
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(2OUZ), where the RMSD of the Tulsinol D ligand 

(0.10–0.15 nm) remained within a range comparable to 

that of the reference ligand lasofoxifene and did not show 

a progressive drifting pattern. 

The solvent-accessible surface area (SASA) profile of 

the protein (Figure 7) showed slight fluctuations around 

the average value without a consistent upward or 

downward trend. In both agonist and SERM 

conformations, the SASA range of the ERα–Tulsinol D 

complex was comparable to that of the reference ligand 

complex. In the context of molecular dynamics 

simulations, the absence of a sharp increase in SASA is 

often used as an indicator of the absence of opening of 

the protein structure or major changes in surface 

exposure to the solvent (Hassan et al., 2024).  

Analysis of the number of hydrogen bonds (Figure 8) 

showed that the ligand–ERα interaction was dynamic and 

fluctuated throughout the simulation. In the agonist 

conformation, Tulsinol D forms fewer hydrogen bonds 

than estradiol, whereas in the SERM conformation, the 

number of Tulsinol D hydrogen bonds was comparable 

to that of the reference ligand and showed sporadic 

appearance of additional hydrogen bonds. In the context 

of nuclear receptors, a relatively low number of hydrogen 

bonds does not automatically indicate an unstable 

complex, because hydrophobic interactions play a 

dominant role in stabilizing ligands within the ERα 

ligand-binding domain (Masand et al., 2024; Yao et al., 

2023). 

The integration of multi-conformation docking results 

(Tables 1–2; Figures 1–2) and short-term molecular 

dynamics simulations (Figures 3–8) shows that Tulsinol 

D has consistent binding ability to ERα and initial 

protein–ligand complex stability comparable to reference 

ligands in agonist and SERM states. However, given that 

the simulation duration is still limited to 30 ns, these 

findings are best interpreted as an indication of initial 

stability, rather than long-term stability or direct 

biological potential (Genheden & Ryde, 2015). 

Therefore, longer molecular dynamics simulations and 

trajectory-based binding energy estimates, such as 

MM/PBSA and MM/GBSA, are recommended to 

strengthen the energetic evaluation and deepen the 

understanding of the binding mechanism of Tulsinol D to 

ERα. 

 

 

CONCLUSIONS 
 

The affinity binding evaluation and key residue 

interaction patterns based on multi-structure docking 

studies of various ER-α conformations (apo, agonist, and 

SERM) of selected neolignan and flavonoid compounds 

from Ocimum sanctum L showed that Tulsinol D was the 

most promising computational ligand candidate, based on 

its binding affinity values and interactions with key 

residues in various conformations. Short-term molecular 

dynamics simulations showed that the ERα–Tulsinol D 

complex was relatively stable in the agonist and SERM 

conformations, with the protein structure and ligand 

position stayed stable throughout the simulation. These 

results support the potential of Tulsinol D as a candidate 

in silico natural-based ER-α modulator. 

Further research should focus on longer-time-scale 

molecular dynamics simulations to evaluate the stability 

of the ERα–Tulsinol D complex over a more biologically 

representative time frame. Further analyses such as 

MM/GBSA or MM/PBSA calculations can be performed 

to strengthen binding affinity estimates. This 

computational approach can be combined with the 

exploration of Tulsinol D derivatives or related phenolic 

compounds to identify candidates with optimal 

interaction profiles prior to experimental validation. 
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