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Abstract 26 

Epidemiological studies suggest that dietary consumption of phytoestrogens is associated 27 

with lower risk of breast cancer. Among phytoestrogens, coumestrol employs estrogen 28 

receptor (ER) as a target to induce apoptosis in cancer cells. Competitive binding experiments 29 

revealed higher affinity of coumestrol for ERβ than for ERα. However, recent evidence 30 

demonstrates that apoptotic potential of coumestrol in breast cancer cells requires ERα and 31 

not ERβ. It was, therefore, pertinent to enhance our understanding of coumestrol selecting 32 

ERα or ERβ subtype. In the present study, we elucidated binding mechanism of coumestrol to 33 

ERα and ERβ at molecular level using molecular docking, access channel analysis and 34 

molecular dynamics (MD) simulations. MD approach was used to determine the structural 35 

stability of coumestrol docked to ERα and ERβ by analysing H-bond, interaction energy, 36 

radius of gyration, solvent-accessible surface area, root mean square deviation (RMSD), 37 

RMS fluctuation and secondary structure elements. Our results clearly suggest that 38 

coumestrol on interaction with ERβ causes an overall destabilization of Apo-ERβ structure 39 

whereas the same on interaction with ERα leads to strong substrate binding and increase in 40 

Apo-ERα structural stability. Principal component analysis revealed higher strenuous 41 

motions of coumestrol-ERβ complex further supporting destabilization of coumestrol-ERβ 42 

during the MD run. In conclusion, this is the first report in which in silico approaches were 43 

implemented to suggest the effect of structural stability on selective binding of coumestrol to 44 

ERα and not to ERβ. We expect these findings to provide significant insights into ER-based 45 

drug development particularly for receptor mediated mechanism for breast cancer treatment.         46 

 47 

 48 

 49 
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Introduction 50 

Breast carcinoma is the most commonly diagnosed female cancer with significant metastatic 51 

potential and a leading cause of mortality in women worldwide.1,2 According to the statistics, 52 

over 10 lakh women are newly diagnosed with breast cancer every year worldwide and more 53 

than 400,000 cases will die from breast cancer.3 Therefore, it is necessary to develop novel 54 

therapeutic approaches and identify chemotherapeutic candidates for the treatment of breast 55 

cancer.  56 

Most types of breast cancer are classified according to the expression of estrogen receptor 57 

(ER), progesterone receptor (PR) or human epidermal growth factor receptor (HER2).4 58 

Genetic and histopathological heterogeneity in different subtype of breast cancer makes it 59 

difficult to treat the cancer with existing therapies.5 Thus, newer successful therapies such as 60 

anti-estrogen drugs, aromatase inhibitors or targeting the ER have been widely applied for 61 

cancer chemotherapy.6-9  62 

Recently, epidemiological studies suggest that intake of phytochemicals (soy) rich diet may 63 

result in lower risk of estrogen-dependent cancers, suggesting a potential approach for 64 

preventing breast cancer.10-13 Coumestrol is a plant derived compound that belongs to the 65 

class of phytochemical (phytoestrogen), which mimic the biological activity of estrogens by 66 

competing with endogenous estrogens for receptor binding sites (ERα and ERβ).14,15 This 67 

helps in decreasing the promotional effects of high levels of estrogens, induction of apoptosis 68 

and anti-proliferative effects against breast cancer cells.16 69 

In a previous report, competitive binding experiments revealed higher affinity of the 70 

coumestrol (phytoestrogen) for ERβ, which is thought to be responsible for its growth 71 

inhibitory properties.17 However, in a recent work, Obiorah et al.18 have shown that the loss 72 

of ERβ in MCF-7:5C cells using siRNA did not affect the coumestrol-mediated apoptosis and 73 
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growth inhibition compared with cells transfected with the control siRNA. Interestingly, it 74 

was also found that knockdown of ERα did prevent the ability of coumestrol to either induce 75 

apoptosis or inhibit the growth of the MCF7:5C cells.18 This suggests that ERα signaling is 76 

the initial site for coumestrol to cause growth inhibition and apoptosis in breast cancer cells.          77 

The actual reason that favours coumestrol to select ERα repertoire instead of ERβ in human 78 

breast cancer cells is an object of current research but remains incompletely defined. To 79 

decipher the coordination between “positive selection” of ERα and “negative selection” of 80 

ERβ by coumestrol and to elucidate the molecular mechanism explaining its biological 81 

actions, we perform in silico experiments to investigate the detailed binding mechanism of 82 

coumestrol to ERα and ERβ at the molecular level.  83 

In the present study, molecular docking studies were performed to determine the possible 84 

binding modes of coumestrol in human ERα and EBβ. In addition, active site access channel 85 

analysis was performed to identify the possible tunnels essential for substrate ingress and 86 

egress from the active site to the surface of the protein. Further, molecular dynamics (MD) 87 

simulation was used to investigate the binding interaction of coumestrol to ERα and ERβ by 88 

analysing the structural aspects of the protein in terms of H-bond, energy, secondary 89 

structure, radius of gyration (Rg), solvent-accessible surface area (SASA), root mean square 90 

deviation (RMSD) and RMS fluctuation. Our results clearly indicate that coumestrol on 91 

interaction with ERβ causes an overall destabilization of Apo-ERβ structure whereas the 92 

same on interaction with ERα leads to strong substrate binding and increases the stability of 93 

ERα molecule. To the best of our knowledge, this is the first report implementing MD 94 

simulation, docking and other in silico approaches to unravel the effect of stability on 95 

selective binding of coumestrol to ERα and not to ERβ. We expect that our study would be 96 

useful to understand the selectivity mechanism of coumestrol and will be highly helpful in 97 

ameliorating the future ER-based drug designing approaches.    98 
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Materials and methods 99 

Selection of Human ERα and ERβ 3D Structures as Templates  100 

The success of molecular docking protocol in predicting protein-ligand interactions depends 101 

on the availability of known 3D structure of the target protein. Hence, it was necessary to 102 

make a reasonable decision on the selection of ERα and ERβ 3D structures available in the 103 

Protein Data Bank (PDB). In order to choose the representative structure for docking 104 

protocol, the search was based on three criteria: (1) receptor bound to endogenous ligand that 105 

shares structural similarity with coumestrol; (2) receptor protein contained no mutations or 106 

modified residues; and (3) the best possible resolution. Therefore, in this study, X-ray crystal 107 

structure of human ERα in complex with E2 (PDB ID: 1G50)19 and X-ray crystal structure of 108 

human ERβ in complex with E2 (PDB ID: 3OLS)20 were used as target proteins in the 109 

docking protocol.     110 

Protein and ligand preparation for Molecular Docking 111 

Ligand Preparation 112 

Chemical structure of coumestrol was saved in SDF format from Pubchem.21 SDF file of 113 

coumestrol was converted into PDB format using Avogadro 1.0.1. Energy minimization and 114 

molecular optimization of compound was done using Arguslab 4.0.1.22 Geometry 115 

optimization was carried out using AM1 (Austin Model 1), semi-empirical quantum 116 

mechanics force field in Arguslab 4.0.1. The best conformer thus obtained was based on 117 

energy minimisation and geometry optimization. The final structure exhibiting the lowest 118 

energy was saved in PDB format for input into the docking protocol.  119 

 120 

 121 
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Protein Preparation 122 

The 3D crystal structures of human ERα (PDB ID: 1G50) and ERβ (PDB ID: 3OLS) were 123 

retrieved from the RCSB Protein Data Bank in PDB format.23,24 The retrieved structure files 124 

of ERα and ERβ receptors contain 3 and 2 identical chains of the protein, respectively. Before 125 

starting the docking protocol, 2 identical chains out of 3 of ERα and 1 out of the 2 chains of 126 

ERβ were removed using Swiss-PDB viewer program (SPDBV).25 All the water molecules 127 

and bounded ligand (E2) were removed using SPDBV to form Apo state of ERα and ERβ 128 

proteins. 129 

Molecular Docking studies 130 

To investigate the binding interaction between coumestrol and Apo state conformation of 131 

ERα (PDB ID: 1G50) and ERβ (PDB ID: 3OLS) systems, molecular docking studies were 132 

performed with the standard AutoDock (v4.2) suit incorporated in MGL tools (v1.5.6), using 133 

Lamarckian Genetic Algorithm.26-28 Before starting the docking protocol, the target receptor 134 

and ligand were prepared using standard docking protocol and saved into ‘PDBQT’ format.  135 

In docking calculations, the target-ligand poses so obtained are ranked using an energy based 136 

scoring function. To determine the most favourable binding sites of coumestrol in target, 137 

blind docking was performed. The input ‘grid parameter’ files were modified and the grid 138 

size was adjusted to X=Y=Z=70 points with 0.375 Å grid spacing to cover the active site 139 

region of receptors. Rest all docking parameters were set to default values. After docking, the 140 

top pose conformation of docked ligand was saved as complex in ‘PDBQT’ format, which 141 

was later visualized and written to PDB format using Chimera (v1.8.1).29 Hydrogen bond 142 

interactions and its distance between protein and ligand were visualized and measured via 143 

PyMOL software (Molecular Graphics System, version 1.5.0.1, Schrodinger.LLC).30  144 
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Analysis of Access Channels 145 

Program Caver (v3.0)31 was employed to identify the possible active site access channels 146 

necessary for coumestrol to ingress and egress from active site to the surface of ERα and ERβ 147 

proteins. The probe radius and the clustering threshold were set to 1.0 and 3.5, respectively. 148 

Rest all parameters were set to default values during the calculations. All tunnels of both the 149 

estrogen receptors were visualized using PyMOL.30    150 

Stability Evaluation by Molecular Dynamics (MD) Simulations   151 

In order to determine the stability of docked complex of coumestrol with ERα and ERβ 152 

proteins, MD simulations were performed using GROMACS software package (v4.6.5).32 In 153 

the first step, the PDB file of protein-ligand complex was separated into PDB files of protein 154 

and ligand. Protein topology was prepared using PDB of protein with ‘pdb2gmx’ using 155 

GROMOS96 43a1 force field.33  156 

It is beyond the scope of GROMACS to parameterize heteroatom groups in PDB files. 157 

Therefore, ligand topology was developed using the PRODRG server.34 Next, ‘unit cell’ was 158 

defined and the system was filled with water. The protein structure was then confined in a 159 

cubic box maintaining a minimum of 10 Å distance between any protein atom and walls of 160 

the box with periodic boundary conditions (PBC). The resulting system was then solvated by 161 

simple point charge (SPC) 216 solvent model.35 At physiological pH, ERα and ERβ systems 162 

were found to have a net charge of -6 and -1, respectively. Therefore, counter ions 6 Na+ and 163 

1 Na+ were added to neutralize ERα and ERβ systems, respectively, that replaced water 164 

molecules at positions of favourable electrostatic potential.  165 

Next, the system was energy minimized to remove steric clashes introduced during the 166 

process. The system was minimized in 50,000 steps using the steepest descent method. After 167 
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system relaxation, position restraint dynamics (equilibration run) was applied in the system. 168 

Equilibration run was performed for 100 picoseconds (ps) (50,000 steps) in two consecutive 169 

steps: NVT (Number of particles, Volume and Temperature) and NPT (Number of particles, 170 

Pressure and Temperature). NVT equilibration was performed for 100 ps at a temperature of 171 

300K and a coupling constant of 0.1 ps. After temperature stability, NPT simulation was 172 

performed in which the temperature was set to 300K and the pressure was 1 bar, with 173 

coupling constants of 0.1 and 2.0 ps, respectively.  174 

Long-range electrostatic interactions were calculated using Particle-Mesh Ewald (PME) 175 

method36 and the cut off distance for short-range van der Waals was set to 1.2 nm. LINCS 176 

(Linear Constraint Solver) algorithm37 was used to constrain all the bond lengths, while water 177 

molecules were constrained with SETTLE algorithm.38 Berendsen coupling scheme was also 178 

employed to equilibrate the ensembles during equilibration run.39 Finally, a 2 nanoseconds 179 

(ns) long production simulation (MD run) was performed with a 2 femtoseconds (fs) time 180 

step at a pressure of 1 bar and a temperature of 300 K, to confirm the stability of the given 181 

systems.    182 

 183 

Analysis of structural stability  184 

Results of MD simulations were analysed using standard modules within GROMACS 185 

package. Secondary structure database (DSSP)40 was installed into GROMACS to monitor 186 

time-dependent secondary structure fluctuation of Apo and docked form of receptor. The 187 

g_energy module in the program was used to calculate potential energy, interaction energy 188 

and total energy changes in the system. Intermolecular hydrogen bond interactions between 189 

ligand and protein were calculated using the GROMACS module g_hbond. Radius of 190 

gyration (Rg) via g_gyrate module, root mean square deviation (RMSD) via g_rms module, 191 

root mean square fluctuation (RMSF) via g_rmsf module and solvent accessible surface area 192 
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(SASA) via g_sas module were also analysed. Trajectories were stored every 500 ps. All 193 

trajectories of simulations were plotted using Gnuplot (v4.6) (http://www.gnuplot.info/). 194 

 195 

Essential dynamics analysis 196 

Essential dynamics (ED)41,42 or principal component analysis (PCA) is a robust tool to filter 197 

large-scale concerted motions from the trajectory of MD simulation. In this study, the 198 

trajectory of MD simulation was used to determine the strenuous motions of docked 199 

complexes of coumestrol with ERα and ERβ proteins. A covariance matrix was built using 200 

atomic fluctuations in Cartesian coordinate space. After diagonalization of the covariance 201 

matrix, a set of eigenvectors and corresponding eigenvalues are obtained. Eigenvectors of a 202 

covariance matrix are called its principal components. The eigenvectors are directions in 203 

conformational space and represent the collective motion of atoms along those directions. 204 

Eigenvalues are the mean square fluctuations (MSF) of atoms along the corresponding 205 

eigenvectors. The first few eigenvectors represent the most biological significant large-scale 206 

concerted motions of a protein molecule.43 In this study, ED analysis was performed on 207 

backbone atoms using the trajectory generated in MD simulation. The GROMACS in-built 208 

modules g_covar and g_anaeig was used to perform ED analysis.  209 

 210 

Results and discussion   211 

Docking analysis of coumestrol into human ERα and ERβ  212 

In this study, molecular docking approach was used to inspect the possible binding modes of 213 

coumestrol in ERα and ERβ. We selected the top binding pose of coumestrol bound to 214 

estrogen receptors, based on energy scoring function of AutoDock program. Here, it is 215 

important to note that no information is available about the crystal structure of coumestrol-216 

ER complexes in Protein Data Bank. Therefore, we consider it necessary to confirm the 217 
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reliability of docked coumestrol complexes for present studies. Since coumestrol shares 218 

structural similarity with 17β-estradiol (E2), we believe that coumestrol should bind at the 219 

same site as estradiol. Keeping this in mind, docked coumestrol-ERα and coumestrol-ERβ 220 

were superimposed on estradiol-ERα and estradiol-ERβ X-ray crystal structures. Superposed 221 

images revealed coumestrol present at the same position in the active site of ERα and ERβ as 222 

estradiol and also conserves many key contacts as that of estradiol (Fig. 1A and B). These 223 

results suggest that coumestrol docking complexes are reliable for the present studies. 224 

The docking summary for coumestrol docked to receptors is listed in Table 1. All the docking 225 

experiments clearly demonstrate that coumestrol on binding to ERα exhibit less negative 226 

values of binding, intermolecular and van der Waals H-bond desolvation energies as 227 

compared to the interaction of coumestrol to ERβ. Consequently, the inhibition constant (Ki) 228 

for coumestrol-ERα complex was also higher in comparison to coumestrol-ERβ complex. 229 

These results clearly support the findings of Kostelac et al.,17 where it was also demonstrated 230 

that coumestrol exhibits stronger affinity with ERβ than ERα.  231 

Using PyMOL, the inter-molecular interactions of docked coumestrol with ERα and ERβ 232 

were observed. The docked poses of coumestrol with ERα and ERβ are shown in Fig. 2. It 233 

was found that coumestrol on interaction with ERα forms three hydrogen bonds (Arg394, 234 

His524 and Leu525) (Fig. 2A) whereas the same on interaction with ERβ forms five 235 

hydrogen bonds (Glu305, Leu339, Arg346, Gly472 and His475) (Fig. 2B). This illustration 236 

of greater hydrogen bond interaction number in ERβ than in ERα further confirms the greater 237 

stability of coumestrol-ERβ complex.   238 

To better understand the interaction of coumestrol with the residues of ER, a plot was drawn 239 

using the java based software Ligplot.44 Ligplot reveals hydrophobic interactions, hydrogen 240 

bond interactions and the length of hydrogen bond (Å) between the ligand and interacting 241 

residues. As evident from Fig. 3A, the residues of ERα: Arg394, His524 and Leu525 form 242 
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hydrogen bonds of length 2.69, 2.95 and 2.83Å, respectively. In the case of ERβ (Fig. 3B), 243 

the residues Glu305, Leu339, Arg346, Gly472 and His475 form hydrogen bonds of length  244 

2.99, 3.22, 3.27, 3.20 and 2.80Å, respectively. Further, as described by 245 

Chandsawangbhuwana and Baker,45 our Ligplot results also suggest that the receptors 246 

undergo conformational changes to assist in the binding of coumestrol in the steroid binding 247 

pocket. 248 

Analysis of access tunnels in Coumestrol-ER complexes 249 

PyMOL visualization (surface view) revealed that the coumestrol does not bind to the 250 

surface, but it finds its path all the way inside to the buried active site of estrogen receptors. 251 

When the opaqueness of the coumestrol-ER complexes was reduced by 20-30%, the ligand 252 

(in pink colour) was found inside the ERα (Fig. 4A) and ERβ (Fig. 4B). This possibly 253 

suggests that coumestrol on interaction with ER tries to search a path necessary to enter the 254 

receptor molecule.   255 

To explore the possible ingress/egress pathways of coumestrol in the estrogen receptors, a 256 

program Caver (v3.0) was used. The statistics of the top ranked pathways/tunnels are 257 

summarized in Table 2. In this table, pathways were ranked on the basis of the priority value. 258 

Occupancy (%) is the occupancy of snapshots in which at least one pathway with bottleneck 259 

radius ≥1.0 Å accounted entire snapshots. The curvature of pathway = L/D, where L and D 260 

are the length of the pathway and shortest possible distance between the calculation starting 261 

point and pathway ending point, respectively. Throughput = e-cost (cost=L/rn), where r is the 262 

radius of pathway, and n is a non-negative real number. Priority is calculated as a sum of 263 

throughputs of all pathways in a given cluster, divided by the total number of snapshots that 264 

were analysed.  265 
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Caver analysis revealed top four pathway clusters: a, b, c, d in Apo-ERα (Fig. 5A); a’, b’, c’, 266 

d’ in coumestrol-ERα (Fig. 5B), and top three pathway clusters: e, f, g in Apo-ERβ (Fig. 5C); 267 

e’, f’, g’ in coumestrol-ERβ (Fig. 5D). Profile (pathway beginning and end section) of top 268 

pathway clusters were also depicted via heat maps as shown in Fig. 6. Among these seven 269 

pathways, path e of ERβ was the shortest one with mean length of 14.805 Å, while the mean 270 

length of the shortest path a in case of ERα was 16.293 Å. In addition, the “path a” is mainly 271 

constituted of H3, H4 and H7 residues of ERα, whereas the “path e” is located mainly around 272 

H3, H5, H6 and B1 of ERβ receptor system. Hence, it signifies that among all the ranked 273 

pathways, the “path a” and “path e” facilitate the ingress/egress of coumestrol to the binding 274 

region of ERα and ERβ, respectively.  275 

Stability evaluation by MD simulations: Is the ER complex stable on time frame? 276 

Thermodynamic stability of protein molecule is an important feature that determines the 277 

structural and functional stabilization of protein entities.46 Molecular docking approach helps 278 

to determine the potential binding modes of ligand but lacks in providing information about 279 

the structural stability of binding modes of ligand in protein complexes.47 As mentioned 280 

earlier, recent investigations on receptors revealed that ERα, but not ERβ, is necessary for 281 

coumestrol to cause apoptosis in breast cancer cells.18 To analyse the specific reason for 282 

coumestrol action via ERα signaling, comparative MD simulations were performed to 283 

examine and understand the difference in stability of coumestrol with ERα and ERβ on the 284 

time scale. The data of simulations were collected for further analysis via different built in 285 

modules of GROMACS to understand the stability of coumestrol-ER systems.  286 

Backbone RMSD of ERα and ERβ structures bounded with coumestrol 287 

RMSD is an important technique to calculate main chain “root mean square deviations”. This 288 

analysis provides the measure of deviations (in nm) of bound ER complexes from the 289 

Page 12 of 51RSC Advances



13 

 

corresponding starting structure over a period of time, during MD simulation. Using the 290 

module “g_rms”, backbone RMSD was calculated after least square fit to C-alpha. It was 291 

found that the RMSD stabilizes for both coumestrol-ER systems at ~0.15 nm after 250 ps 292 

(Fig. 7). Later, between 1000 ps and 2000 ps, the structure of coumestrol-ERβ complex has 293 

higher deviation and the RMSD reaches to its maximum ~0.25 nm. However, in the case of 294 

coumestrol-ERα complex, there is much lower RMSD and it remains ~0.16 nm for longer 295 

time period (Fig. 7). The RMSD plot suggested that coumestrol was bound tightly in the 296 

active site region of ERα via hydrogen and hydrophobic interactions with the surrounding 297 

residues. On the other hand, coumestrol in ERβ system was not bound tightly and moved 298 

within the cavity, resulting in continuous rise in the RMSD. This result indicated that ERα 299 

bounded with coumestrol remains more stable system than ERβ during the simulated period.  300 

RMSF of residues in ERα and ERβ bounded with coumestrol 301 

To examine the flexibility and local changes in the structure, root-mean-square fluctuation 302 

(RMSF) versus the residue number for coumestrol-ERα/β system was investigated. 303 

Fluctuation analysis revealed that overall flexibility of ERβ structure increased to a greater 304 

extent (0.3 nm) as compared to ERα structure (0.23 nm) on binding of coumestrol, 305 

confirming the stability of ERα system (Fig. 8). The ligand binding cavity of ERα and ERβ is 306 

nearly identical and formed by residues between H3 and H11 helixes.48-51 Since loops of a 307 

protein play an important role in substrate or drug binding, hence it was necessary to detect 308 

the extent of fluctuations in the loops of coumestrol-ER systems. As evident from Fig. 8, 309 

slight fluctuations were observed for H3 (341-363), H6 (421-438), H7 (442-455) and H8 310 

(466-492) helixes for ERα system whereas in the case of ERβ system greater extent of 311 

fluctuations were seen for the respective (H3:324-348; H6: 394-406; H7: 422-444 and H8: 312 

448-482) helixes. In ER systems, residues of H3, H4 and H5 play a critical role in forming 313 

co-activator recruitment site necessary for transcriptional activation of receptor.52 In case of 314 
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ERβ, greater extent of fluctuations were seen for residues in H3, H4 and H5 as compared to 315 

ERα system, suggesting diminution of activation of ERβ system after binding of coumestrol. 316 

These results support the findings of dynamic communication between androgen and co-317 

activator that establishes androgen receptor (AR) functional potency.53 Thus, it may be 318 

inferred that loop regions of coumestrol-ERα complex had the lowest fluctuation values 319 

indicating higher stability of docked ERα system. 320 

Energy analysis of docked complexes: Stability of ERα/β system  321 

To examine the stability of docked ER systems, trajectories obtained via MD simulations 322 

were analysed for interaction, potential and total energies with respect to the starting 323 

conformation, as a function of time.  324 

The potential energy of a system is a simple measure of system stability. Analysis of 325 

trajectories revealed that both the ERα and ERβ molecular systems in the simulation were 326 

well equilibrated and remained stable throughout the simulation of 2000 ps (Fig. 9). This also 327 

implies that the energy minimization was successful. However, potential energy plots show 328 

that the potential energy for bound ERα remains more negative (approximately -500000 329 

kJ/mol) as compared to ERβ (approximately -440000 kJ/mol) (Fig. 9). This result indicates 330 

that the bound form of ERα, on an average, was more stable than the bound ERβ system. 331 

Similarly, the total energy plots also indicate that the total energy for ERα remains more 332 

negative (approximately -410000 kJ/mol) as compared to ERβ (approximately -360000 333 

kJ/mol), confirming the structural stability of bound ERα as compared to ERβ system (Fig. 334 

10).  335 

Interaction energy, which results from the binding of ligand to the active site region of 336 

protein, was calculated to measure the stability of ER complexes. The interaction energy 337 

plots were drawn as function of time for ERα (Fig. 11A) and ERβ (Fig. 11B). The plot clearly 338 
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indicates the unstable nature of ERβ complex with the passage of time. It is evident from Fig. 339 

11 that ERβ has less negative interaction energy (-5 kJ/mol) as compared to ERα (-20 kJ/mol) 340 

system till ~1000 ps. Here, it is also important to note that the interaction energy of ERβ is 341 

not stable; major fluctuations were perceived from 1000-2000 ps, which correspond to 342 

association and dissociation of coumestrol in ligand binding cavity of ERβ system (Fig. 11B). 343 

However, in the case of coumestrol-ERα system, the variation in interaction energy was 344 

found to be insignificant and was more stable from 500 to 2000 ps (Fig. 11A). This 345 

illustration of significant variation in the interaction energy of coumestrol-ERβ system, 346 

during simulated period, confirms it to be a non-stable system.    347 

Radius of gyration (Rg) and Solvent accessible surface area analyses (SASA) 348 

To determine the level of structure compactness of ERα and ERβ systems (in complex with 349 

coumestrol), radius of gyration analysis was performed for 2000 ps long MD run at 300K. 350 

Radius of gyration (Rg) can be defined as the mass weighted root mean square distance of a 351 

collection of atoms from their common center of mass. As evident from Fig. 12, the radius of 352 

gyration for ERα remained low (~1.74 nm), while the same for ERβ was higher (~1.82 nm). 353 

This suggests that coumestrol on binding to ERβ decreases the stability of the receptor.  354 

The result of Rg analysis was found to be supported by solvent accessible surface area 355 

analysis (SASA) plot, which measures the solvent accessibility of ERα and ERβ. Accessible 356 

surface area (nm2) of ERα and ERβ (each bound with coumestrol) was analysed using the 357 

plot drawn as a function of time for 2000 ps long simulation (Fig. 13). From this plot, it is 358 

evident that coumestrol-ERα has lower SASA value (107-125 nm2) as compared to the 359 

coumestrol-ERβ system (125-135 nm2). Higher SASA indicates that on binding of 360 

coumestrol to ERβ, the receptor unfolds and exposes the underlying hydrophobic amino acid 361 

residues to the solvent. Lower SASA indicates that coumestrol on binding to ERα leads to 362 
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tight packing of the hydrophobic core residues in the binding pocket, making the pocket 363 

inaccessible to the solvent molecules and thereby optimizing van der Waals interactions. 364 

These interactions, thus, lead to more compact structure of coumestrol-ERα system, thereby 365 

supporting the higher stability of ERα protein.  366 

Hydrogen bond analysis 367 

Hydrogen bonds play vital role in molecular recognition and stability of protein structure.54 368 

Higher number of intermolecular hydrogen bond interactions leads to greater stability of the 369 

protein-ligand complex. In the present investigation, hydrogen bond analysis was performed 370 

to depict the stability of docked ERα and ERβ systems (Fig. 14).  371 

In the case of ERα, the hydrogen bond interactions reach a maximum of four and remain one 372 

or two for most of the time (Fig. 14A); whereas in the case of ERβ the hydrogen bond 373 

interaction number reaches (sometimes) two from 1100-1600 ps and remains one in number 374 

for much lesser time (Fig. 14B). Therefore, we suggest that lesser H-bonding of coumestrol 375 

with ERβ may facilitate its detachment, and hence the ligand can egress the receptor via 376 

shortest “path e” (Fig. 15).  377 

To get more insight into the hydrogen bonding at major time intervals during the simulated 378 

period, trajectories of docked ERα and ERβ were analysed. The PDB(s) were recorded at the 379 

interval of 500 ps, 1000 ps, 1500 ps and 2000 ps from simulations of both ERα and ERβ. 380 

Ligplot(s) were drawn for ERα (Fig. 16) and ERβ (Fig. 17). This analysis provided valuable 381 

evidence in support of constant interaction of binding residues of ERα with coumestrol via 382 

hydrogen bonding and hydrophobic contacts throughout the 2000 ps MD simulation. 383 

Ligplot for ERα at 500 ps reveals that there were two hydrogen bonds formed with Arg394 384 

and His524 (Fig. 16A). At 1000 ps, three hydrogen bonds with Ala350, Arg394 and His524 385 
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made the complex more stable at this very instant of time (Fig. 16B). At 1500 ps and 2000 ps 386 

two hydrogen bonds were formed (at each time interval) with Arg394 and His524 (Fig. 16C), 387 

and Ala350 and His524 (Fig. 16D), respectively.  388 

Study of the Ligplot for ERβ at 500 ps reveals that hydrogen bonds were missing at this very 389 

instant of time (Fig. 17A). Similarly, at 1000 ps, no hydrogen bond was formed (Fig. 17B). 390 

Later, only one hydrogen bonding with the residue Thr299 was evident at both time intervals 391 

1500 ps (Fig. 17C) and 2000 ps (Fig. 17D). 392 

The details of Ligplot(s) for ERα and ERβ are summarised in Tables 3 and 4, respectively. 393 

Highlighted residues in Tables 3 and 4 correspond to important residues which appear 394 

constantly throughout the simulations for ERα and ERβ, respectively. In ERα, His524 395 

(involved in hydrogen bonding), and Leu384 and Leu387 (involved in hydrophobic contacts) 396 

were perceived throughout the simulation. But, in the case of ERβ, only Leu476 (involved in 397 

hydrophobic contacts) is seen throughout 2000 ps simulation. These illustrations of greater 398 

hydrogen bond interaction number and higher participation in H-bonding with important 399 

residues of ERα confirm greater stability of coumestrol-ERα system.  400 

Eigenvectors (ED analysis) 401 

Eigenvectors obtained from ED analysis were used to determine the overall strenuous 402 

motions within the two systems: coumestrol-ERα and coumestrol-ERβ. Eigenvector (or 403 

principal component) plot (Fig. 18) illustrates the 2D projections of coumestrol-ERα and 404 

coumestrol-ERβ systems for 2ns, where snapshots were taken at every 2ps. The level of 405 

conformational changes within the docked ERα and ERβ structures can be understood via 406 

distribution of dots within the graph. From these projections, it was observed that the clusters 407 

of coumestrol-ERβ system covered a greater region of conformational space than that of the 408 

coumestrol-ERα system. This suggests that internal strenuous motions of the coumestrol-ERβ 409 
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are much greater than the same of coumestrol-ERα, supporting more stability of coumestrol-410 

ERα system during the MD simulation. Fig. 19 shows the superposition of extreme 411 

projections on PC1 for coumestrol-ER complexes obtained from MD simulation trajectories. 412 

Results clearly suggest that coumestrol bound ERβ complex shows greater conformational 413 

variations in H3, H4 and H5 helixes (involved in forming ligand binding cavity and co-414 

activator recruitment site) whereas in case of coumestrol bound ERα complex no evident 415 

variations were observed in respective helixes. This further suggests that coumestrol 416 

facilitates stable interaction at active site region causing less ERα protein motion. For 417 

eigenvector 2, the results are quite similar to eigenvector 1 for the respective coumestrol-ER 418 

complexes (data not shown).    419 

Secondary Structure Analysis 420 

Secondary structure elements (helix, sheet, and coil) were analysed to explore the stability of 421 

ERα and ERβ systems during MD simulation. Secondary structure elements for ERα (Apo) 422 

and ERα (bounded with coumestrol) during 2000 ps simulations are depicted in Fig. 20A and 423 

Fig. 20B, respectively. For ERβ (Apo) and ERβ (bounded with coumestrol), the secondary 424 

structure elements are illustrated in Fig. 21A and Fig. 21B, respectively. 425 

Important residues in ERα such as His524 have significant contribution in hydrogen binding 426 

and thus responsible for overall stability of the protein. Similarly, residues responsible for 427 

hydrophobic interactions (Leu384 and Leu387) are also important for structural stability. As 428 

evident from secondary structure plot for ERα (bounded with coumestrol) (Fig. 20), the 429 

secondary structure elements for the above mentioned residues remain preserved, with a 430 

slight or no distortion noticed throughout 2000 ps MD simulation. Important helixes (H3 and 431 

H4) are found stable during the course of MD simulation for 2000 ps (Fig. 20B). This shows 432 
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that binding of coumestrol to ERα does not have major impact on the elements of secondary 433 

structure, and hence the coumestrol-ERα complex remains more stable. 434 

In contrast to ERα, the secondary structural elements of important residues in ERβ were 435 

found to be distorted. Higher distortion was observed in important residue Leu476 which is 436 

responsible for hydrophobic interactions with coumestrol (Fig. 21B). In the coumestrol-ERβ 437 

complex, the residues of important helix (H3) are found distorted from 900-1700 ps (Fig. 438 

21B). Similarly, important helix (H5) is also unstable from 700-1500 ps (Fig. 21B). In the 439 

course of simulation the residues of other helixes (H4, H6-H9) show minor distortions. Thus, 440 

the secondary structure analysis suggests that coumestrol on interaction with ERβ causes 441 

major changes in the secondary structure elements, thereby destabilizing the receptor.  442 

Role of active site water molecule in coumestrol-ERβ system  443 

The crystal structure of ERα (1G50) lacks the active site water molecule, whereas the crystal 444 

structure of ERβ (3OLS) at the same site contains a well ordered water molecule which forms 445 

H-bond framework with estradiol and important active site residues (Glu305 and Arg346) of 446 

ERβ. Therefore, it was important to investigate whether ERβ active site water molecule plays 447 

any role in coumestrol-ERβ complex. For this, coumestrol was also docked into the crystal 448 

structure of ERβ (3OLS) without removing the active site water molecule. The docking 449 

summary for coumestrol docked to ERβ without removing active site water molecule is listed 450 

in ESI Table S1. Docking experiments clearly demonstrate that coumestrol on binding to 451 

ERβ (without removing water) exhibits insignificant change in the values of binding, 452 

intermolecular and van der Waals H-bond desolvation energies (ESI Table S1) as compared 453 

to those when active site water molecule was removed from ERβ system (Table 1). Similarly, 454 

the inhibition constant (Ki) of coumestrol-ERβ complex with water molecule was comparable 455 

to Ki of coumestrol-ERβ complex without active site water molecule (Table 1 and ESI Table 456 
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S1). Further, we have investigated inter-molecular interactions of coumestrol in ERβ without 457 

removing active site water molecule. Interestingly, we found that, like ERβ system (without 458 

water) (Fig. 2B), coumestrol forms identical five H-bond interactions with active site residues 459 

of ERβ (Glu305, Leu339, Arg346, Gly472 and His475) even in the presence of active site 460 

water molecule (ESI, Fig. S1). Ligplot also reveals identical hydrophobic interactions of 461 

coumestrol with ERβ with and without active site water molecule (Fig. 3B and ESI, Fig. S2).  462 

For thorough analysis of the role of active site water molecule, MD simulation was 463 

performed for coumestrol-ERβ complex without removing active site water molecule on the 464 

time scale of 2 ns. As described earlier, RMSD is used to calculate main chain “root mean 465 

square deviations”. It was found that RMSD of coumestrol-ERβ complex with and without 466 

active site water molecule crosses ~ 0.2 nm after 1000 ps and follow similar trend throughout 467 

the course of MD run (ESI, Fig. S3). This shows that the presence of active site water 468 

molecule in coumestrol-ERβ system provides insignificant change in RMSD values obtained 469 

without water during the simulated period. Further, RMSF analysis revealed that overall 470 

flexibility of coumestrol-ERβ complex was found to be 0.3 nm with and without active site 471 

water molecule (Fig. 8B and ESI, Fig. S4). As evident from Fig. 8B and ESI Fig. S4, the 472 

extent of fluctuation in important helixes (H3, H4, H5, H6, H7 and H8) were similar in 473 

coumestrol-ERβ complex with and without water molecule. These results suggest that active 474 

site water molecule plays insignificant role in coumestrol-ERβ complex. 475 

To further examine the effect of active site water molecule in coumestrol-ERβ complex, 476 

potential and total energies were estimated. Analysis of trajectories revealed that potential 477 

energy of coumestrol-ERβ complex with and without active site water remains same 478 

(approximately -440000 kJ/mol) (ESI, Fig. S5). Similarly, the total energy plot indicates that 479 

the total energy of coumestrol-ERβ complex with and without water remains same 480 

(approximately -360000 kJ/mol) (ESI, Fig. S6). Interaction energy plots suggest that 481 
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coumestrol-ERβ complex with and without active site water molecule is unstable; major 482 

fluctuations were observed from 1000-2000 ps (without water) and 1200-2000 ps (with 483 

water), which correspond to association and dissociation of coumestrol in ligand binding 484 

cavity of both the systems (Fig. 11B and ESI, Fig. S7). This illustration of similar nature of 485 

fluctuation (association and dissociation) in the interaction energy of coumestrol-ERβ 486 

complex (with and without water) confirms insignificant role of active site water molecule in 487 

coumestrol-ERβ system. 488 

Results of Rg analysis revealed that coumestrol-ERβ complex with and without active site 489 

water molecule exhibits similar (~ 1.82 nm) Rg values, whereas the plot of SASA also 490 

indicates that coumestrol-ERβ complex with and without water exhibits similar (125-135 491 

nm2) values during the simulated period (ESI, Fig. S8 and S9). These results further confirm 492 

insignificant role of active site water in coumestrol-ERβ complex. 493 

In the present investigation, hydrogen bond analysis was also performed for docked ERβ 494 

complex in the presence of active site water molecule. Similar pattern of lesser H-bonding of 495 

coumestrol with ERβ (a maximum of two interactions and minimum of one) was observed 496 

during 2 ns (ESI, Fig. S10). Further, no change was observed in the hydrogen bonding and 497 

hydrophobic interactions at major time intervals of 500 ps, 1000 ps, 1500 ps and 2000 ps for 498 

coumestrol-ERβ complex (without removing water) (data not shown).  499 

ED analysis was used to determine the strenuous motions for coumestrol-ERβ complex 500 

without removing the active site water molecule. 2D projections plot suggests similar internal 501 

strenuous motions with and without active site water molecule in coumestrol-ERβ complex 502 

(Fig. 18 and ESI, Fig. S11). From these projections, it was observed that clusters of 503 

coumestrol-ERβ complex with active site water molecule covered a greater region of 504 

conformational space similar to that observed without active site water. Secondary structure 505 
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elements for coumestrol-ERβ complex without removing active site water molecule were also 506 

explored during MD simulation (ESI, Fig. S12). Results clearly show that the presence (ESI, 507 

Fig. S12) and absence (Fig 21) of water molecule in the active site region of coumestrol-ERβ 508 

system resulted in similar major distortions in secondary structure elements of ERβ protein. 509 

In view of the above results, we conclude that active site water molecule in ERβ protein plays 510 

insignificant role in coumestrol-ERβ system. Coumestrol on interaction with ERβ continues 511 

to destabilize the receptor even in the presence of active site water molecule. Therefore, we 512 

suggest that water molecule in ERβ system can be there because of crystallized estradiol 513 

ligand and not because of active site.                  514 

Conclusion 515 

In the present study, the interactions between coumestrol and the two receptors, ERα and 516 

ERβ were analysed using different computational approaches such as molecular docking, MD 517 

simulations and active site access channel analysis. Our molecular docking results reflected 518 

higher affinity of coumestrol with ERβ than ERα which is in agreement with the competitive 519 

binding experiments. However, the induction of apoptosis in breast cancer cells via 520 

coumestrol-ERα based mechanism cannot be ruled out. Therefore, our aim was to unravel the 521 

differences in substrate specificity and determine the stability of coumestrol-ER complexes 522 

on time scale via MD simulations. Our results of structural characteristic features such as 523 

RMSD, RMSF, Rg, secondary structure, SASA and H-bonding plots revealed higher stability 524 

of coumestrol-ERα complex due to increased hydrogen bond interactions. The results of 525 

potential energy, interaction energy and total energy plots were also in consistent with the 526 

higher stability of coumestrol-ERα system. ED analysis revealed less internal strenuous 527 

motions in coumestrol-ERα complex as compared to coumestrol-ERβ system, supporting 528 

high structural stability of ERα complex. Further, the active site access channel analysis 529 
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indicates the paths “a” and “e” as the shortest channels for ingress/egress of coumestrol to the 530 

binding region of ERα and ERβ, respectively. Finally, simulation results indicated that 531 

coumestrol exhibits fewer interactions in the binding pocket of ERβ, and hence may undergo 532 

detachment to the extracellular site of receptor via the shortest path “e”. Thus, detailed 533 

investigations about structural stability of coumestrol-ER systems will provide crucial 534 

insights into the mechanism of action of phytoestrogens and aid in designing of ER-based 535 

drugs for breast cancer therapy.        536 
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Legends 656 

Fig. 1 Superposition of docked coumestrol-ERα with estradiol-ERα crystal structure 657 

(1G50) (A) and docked coumestrol-ERβ with estradiol-ERβ crystal structure (3OLS) 658 

(B). Docked coumestrol-ER complexes and estradiol-ER X-ray structures (1G50 and 659 

3OLS) are represented by blue and red colours, respectively.  660 

Fig. 2 Binding modes of coumestrol docked into human ERα (A) and ERβ (B) binding 661 

sites. Coumestrol forms 3 and 5 hydrogen bonds with ERα and ERβ residues, 662 

respectively.  663 

Fig. 3 Protein-ligand interactions analysed by the program Ligplot. (A) Coumestrol with 664 

human ERα and (B) Coumestrol with human ERβ. 665 

Fig. 4 Surface view of bound coumestrol into human ERα (A) and ERβ (B) proteins. 666 

Pink colour represents the docked coumestrol in ligand binding domain of ER and 667 

found inside the receptor molecule. 668 

Fig. 5 Top ranked collective pathways of Apo-ER and coumestrol-ER systems generated 669 

by CAVER (v3.0). (A) Apo-ERα system, (B) ERα-coumestrol system, (C) Apo-ERβ system, 670 

and (D) ERβ-coumestrol system. Pathways “a” and “e” represent the shortest channels for 671 

ERα and ERβ, respectively. 672 
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Fig. 6 CAVER heat maps of Apo-ER and coumestrol-ER systems depicting pathway 673 

end section, bottleneck and pathway beginning. (A) a, b, c and d for Apo-ERα and a’, b’, 674 

c’ and d’ for ERα-coumestrol systems, and (B) e, f and g for Apo-ERβ and e’, f’ and g’ for 675 

ERβ-coumestrol systems. 676 

Fig. 7 Backbone RMSD plots of coumestrol-ER systems during MD simulation at 300 K. 677 

Black colour RMSD plot indicates coumestrol-ERα complex and red colour RMSD plot 678 

indicates coumestrol-ERβ complex.   679 

Fig. 8 RMSF of backbone atoms of Apo-ER and coumestrol-ER systems at 300 K. (A) 680 

Apo-ERα plot is shown in red and coumestrol-ERα plot is shown in black, and (B) Apo-ERβ 681 

plot is shown in red and coumestrol-ERβ plot is shown in black. 682 

Fig. 9 Potential energy plots of coumestrol-ERα (shown in black) and coumestrol-ERβ 683 

(shown in red) complexes during the MD simulations.   684 

Fig. 10 Total energy plots of coumestrol-ERα (shown in black) and coumestrol-ERβ 685 

(shown in red) complexes during the MD simulations.   686 

Fig. 11 Interaction energy plots for 2 ns MD simulation of coumestrol with ERα (A) and 687 

ERβ (B).  688 

Fig. 12 Variation of gyration radius (Rg) of ER backbone atoms calculated as a function 689 

of time for coumestrol-ERα (shown in black) and coumestrol-ERβ (shown in red) 690 

systems. 691 

Fig. 13 Solvent accessible surface area (SASA) during 2 ns simulations calculated from 692 

trajectory files for coumestrol-ERα (shown in black) and coumestrol-ERβ (shown in 693 

red) systems. 694 

Fig. 14 Stability evaluation of coumestrol-ERα (A) and coumestrol-ERβ (B) complexes 695 

using intermolecular hydrogen bonding pattern as a function of time.  696 

Fig. 15 Surface view of coumestrol into human ERβ at 2000 ps. Docked coumestrol 697 

(blue colour) appears to come out at the surface of ERβ system.  698 

Fig. 16 Binding modes of coumestrol with residues in active site of ERα at different time 699 

intervals. (A) binding of coumestrol at 500 ps, (B) binding of coumestrol at 1000 ps, (C) 700 

binding of coumestrol at 1500 ps, and (D) binding of coumestrol at 2000 ps.  701 

Fig. 17 Binding modes of coumestrol with residues in active site of ERβ at different time 702 

intervals. (A) binding of coumestrol at 500 ps, (B) binding of coumestrol at 1000 ps, (C) 703 

binding of coumestrol at 1500 ps and (D) binding of coumestrol at 2000 ps. 704 

Fig. 18 2D projection of the backbone atoms of coumestrol-ERα (shown in red) and 705 

coumestrol-ERβ (shown in green) systems over the first two principal components.    706 
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Fig. 19 Motion of atoms described by the eigenvector 1 in coumestrol-ERα (A) and 707 

coumestrol-ERβ (B) complexes, by superimposing the two extreme projections (green 708 

and grey) and average structure (pink). Significant movements in H3, H4 and H5 709 

helixes of coumestrol-ERβ system are represented by black arrows.  710 

 711 

Fig. 20 Secondary structure elements changes during the 2 ns MD simulation at 300 K. 712 

(A) Apo-ERα and (B) coumestrol-ERα complex. The colour scale at the bottom represents 713 

the DSSP classification of each secondary structure element. 714 

Fig. 21 Secondary structure elements changes during the 2 ns MD simulation at 300 K. 715 

(A) Apo-ERβ and (B) coumestrol-ERβ complex. The colour scale at the bottom represents 716 

the DSSP classification of each secondary structure element.  717 

 718 

 719 

 720 

Tables 721 

Table 1   AutoDock analysis of docked coumestrol with ERα and ERβ proteins 
 

AutoDock Parameter Coumestrol-ERα Coumestrol-ERβ 

Binding energy (kcal/mol) -8.58 -8.95 

Inhibition constant (nM)    510.37 261.23 

Intermolecular energy -9.18 -9.54 

Van der Waals H-bond desolvation  energy -8.83 -8.94 

AutoDock refRMS 104.02 35.31 

No. of Hydrogen bonds 3 5 

Residues involved in hydrogen bonding Arg394, His524, Leu525 Glu305, Leu339, Arg346, Gly472, His475 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 
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Table 2 Characteristics of the pathways of four systems  735 

 736 

A. Characteristics of the top 4 ranked pathways of Apo-ERα  737 

Pathway a b c d 

Occurrence (%) 100 100 100 100 
Mean bottleneck radius [Å] 1.005 1.005 1.005 1.005 
Max bottleneck radius [Å] 1.01 1.01 1.01 1.01 

Mean pathway length[Å] 16.293 35.997 39.336 42.934 
Mean pathway curvature 1.596 1.563 1.682 1.541 
Mean throughput 0.54603 0.24641 0.21872 0.16904 
Priority 0.54603 0.24641 0.21872 0.16904 

 738 

 739 

 740 

B. Characteristics of the top 4 ranked pathways of Coumestrol-ERα  741 

Pathway a’ b’ c’ d’ 

Occurrence (%) 100 100 100 100 
Mean bottleneck radius [Å] 1.005 1.005 1.005 1.005 
Max bottleneck radius [Å] 1.01 1.01 1.01 1.01 
Mean pathway length[Å] 18.936 36.846 41.867 45.958 
Mean pathway curvature 1.754 1.630 1.712 1.990 
Mean throughput 0.53348 0.23332 0.19554 0.16959 
Priority 0.53348 0.23332 0.19554 0.16959 

 742 

 743 

C.  Characteristics of the top 3 ranked pathways of Apo-ERβ  744 

Pathway e f g 

Occurrence (%) 100 100 100 
Mean bottleneck radius [Å] 1.225 1.022 1.084 
Max bottleneck radius [Å] 1.23 1.02 1.08 
Mean pathway length [Å] 14.805 16.645 18.811 
Mean pathway curvature 1.280 1.371 1.303 

Mean throughput 0.63541 0.45990 0.37827 
Priority 0.63541 0.45990 0.37827 

 745 

 746 

 747 
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D.  Characteristics of the top 3 ranked pathways of Coumestrol-ERβ 748 

Pathway e’ f’ g’ 

Occurrence (%) 100 100 100 
Mean bottleneck radius [Å] 1.245 1.035 1.074 
Max bottleneck radius [Å] 1.24 1.04 1.07 
Mean pathway length [Å] 15.177 16.230 16.549 
Mean pathway curvature 1.199 1.417 1.201 

Mean throughput 0.63402 0.48663 0.40951 
Priority 0.63402 0.48663 0.40951 

  749 

 750 

 751 

 752 

 753 

Table 3 Residues of ERα forming H-bonds and hydrophobic contacts with coumestrol 754 

at different time intervals  755 

Time 

period 

Residues involved in 

hydrogen bonding 

Residues involved in hydrophobic interactions 

0 Arg394, His524, Leu525 Ala350, Glu353, Leu384, Leu387, Gly521 
500 Arg394, His524 Leu346, Ala350, Leu384, Leu387, Leu391, Phe404, Met421, Ile424, 

Leu525 
1000 Ala350, Arg394, His524 Met343, Leu349, Leu384, Leu387, Leu391, Phe404, Met421, Leu525 
1500 Arg394, His524 Met343, Leu346, Ala350,  Leu384, Leu387, Leu391, Leu525  
2000 Ala350, His524 Leu346, Leu384, Leu387, Met388, Met421, Leu525 
Highlighted residues have constant interaction with coumestrol throughout the MD simulations. 756 

 757 

 758 

Table 4 Residues of ERβ forming H-bonds and hydrophobic contacts with coumestrol at 759 

different time intervals  760 

Time 

period 

Residues involved in 

hydrogen bonding 

Residues involved in hydrophobic interactions 

0 Glu305, Leu339, 
Arg346, Gly472, His475  

Met295, Ala302, Met340, Leu343, Ile376, Leu380, Leu476 

500 - Met295, Leu298, Leu301, Ala302, Met336, Leu339, Leu343, Ile376, Gly472, 
His475, Leu476 

1000 - Leu298, Leu301, Met340, Leu343, Phe356, Gly472, Leu476 
1500 Thr299 Leu298, Met336, Met340, Leu343, Gly372, Ile373, Gly472, His475, Leu476, 

Met479 
2000 Thr299 Met295, Leu298, Met336, Met340, Phe356, Ile376, His475, Leu476 
Highlighted residues have constant interaction with coumestrol throughout the MD simulations. 761 
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