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Abstract: Background: Estrogen receptors (ER) are members of the nuclear intracellular receptors
family. ER once activated by estrogen, it binds to DNA via translocating into the nucleus and regulates
the activity of various genes. Withaferin A (WA) — an active compound of a medicinal plant Withania
Somnifera was reported to be a very effective anti-cancer agent and some of the recent studies has
demonstrated that WA is capable of arresting the development of breast cancer via targeting estrogen
receptor.

Objective: The present study is aimed at understanding the molecular level interactions of ER and Ta-
moxifen in comparison to Withaferin A using In-silico approaches with emphasis on Withaferin A
binding capability with ER in presence of point mutations which are causing de novo drug resistance to
existing drugs like Tamoxifen.

Methods: Molecular modeling and docking studies were performed for the Tamoxifen and Withaferin
A with the Estrogen receptor. Molecular docking simulations of estrogen receptor in complex with
Tamoxifen and Withaferin A were also performed.

Results: Amino acid residues, Glu353, Arg394 and Leu387 was observed as crucial for binding and
stabilizing the protein-ligand complex in case of Tamoxifen and Withaferin-A. The potential of
Withaferin A to overcome the drug resistance caused by the mutations in estrogen receptor to the exist-
ing drugs such as Tamoxifen was demonstrated.

Conclusion: In-silico analysis has elucidated the binding mode and molecular level interactions which
are expected to be of great help in further optimizing Withaferin A or design / discovery of future

breast cancer inhibitors targeting estrogen receptor.

Keywords: Withania Somnifera, Estrogen receptor, Tamoxifen, Withaferin A, molecular docking, molecular dynamics simula-

tions.

1. INTRODUCTION

Estrogen receptors (ER) are members of the nuclear in-
tracellular receptors family [1]. The binding of estrogens
causes physiological effects on ER. a and B are two types of
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estrogen receptors encoded by ESRI and ESR2 genes respec-
tively. ERa regulates the maintenance and differentiation of
cardiovascular, neural, skeletal, and reproductive tissues [2].
ERs form dimers when estrogen hormone binds to it, and
since ERo and B forms are co-expressed usually, they may
form either homodimers or heterodimers as ERa (aa) / ERf
(BB) or ERap (ap) respectively.

Compounds that are capable of modulating the transcrip-
tional activity of ERa are currently being used to treat dis-
eases, such as cardiovascular, osteoporosis, and breast cancer
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[3]. Synthetic ligands, such as active metabolite of tamoxifen
-4-hydroxytamoxifen (OHT) which function as antagonists
are one among the growing class of Selective Estrogen Re-
ceptor Modulator (SERM) molecules [4, 5].

According to the reported crystal structure, OHT is
bound to ER via forming a hydrogen bonding between phe-
nolic hydroxyl and structurally conserved water with the side
chains of Glu353 and Arg394 in between helices 3 and 6 of
ER. Whereas, the OHT C ring was reported to be forming van
der Waals interactions with the side chains of Met343,
Leu346, Thr347, Ala350, Trp383, Leu384, Leu387, and
Leu525 residues. The flexible side chain dimethylaminoethyl
region is stabilized by a salt bridge between the B-carboxylate
of Asp351 and the dimethylamino group of the side chain
along with van der Waals interactions with Thr347, Ala350,
and Trp383. And residues between 536 and 544 in ER were
reported to be crucial role players in recruiting and binding
of the tamoxifen to the ER ligand-binding domain [6].

SERMs or Aromatase Inhibitors (Als) for estrogen depri-
vation is an important endocrine therapy modality for ER-
positive breast cancer patients. Due to intrinsic resistance
about ~40% of patients show low / no response from first-
line endocrine therapy [7]. Although several theories have
been associated with endocrine resistance, the mode of ac-
tion for resistance has not been identified yet with clinical
significance [8,9,10]. Recently, particular interest has been
drawn towards mutations in the ERa and ESR1 genes, as a
plausible mechanism for endocrine resistance in breast can-
cer. Massive parallel Next Generation Sequencing (NGS)
studies revealed that patients treated with endocrine agents
are enriched with these mutations while these variants are
absent or present at a very low prevalence in primary tumor
tissue [11, 12].

Fig. (1). 3D structure of the estrogen receptor (PDB ID: 3ERD)
showing the ribbons and the mutated residues are shown in the
spacefilling model. (4 higher resolution/colour version of this fig-
ure is available in the electronic copy of the article).

NGS based studies on breast tissues also revealed that
somatic ESR1 mutations (Fig. 1) were reported in metastatic
lesions far more frequently than speculated. Some preclinical
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studies have demonstrated that cell lines transfected with an
E380Q, S463P, L536Q, Y537S / N / C or D538G mutations
in ESR1 gene were observed to be active in the absence of
estrogen [11, 13-18]. Toy and colleagues [11] reported that
D538G and Y537S mutations in ESR1 are predominant in
ER-positive patients’ metastatic tissues who had received at
least three months of endocrine therapy. Furthermore, Je-
selsohn et al. [12] detected ESR Imutations (Y537N/C/S and
D538G@) in about 12% of ER-positive patients with metastat-
ic tumors. On one hand, it is yet to be revealed that what’s
the impact of different ESR1 mutations in distinctive pheno-
types, while on the other hand, very little functional clinical
study evaluation on ESRI1 mutations especially K303R,
V524E, P535H, L536H/P/R and their role in endocrine re-
sistance has been performed at all.

Withania Somnifera, also known as Ashwagandha be-
longing to family Solanaceae [19], genus Withania with 23
species is an important medicinal plant that was in use for
more than 3000 years for its Ayurvedic and indigenous med-
icine benefits. It is most commonly found in drier parts of
subtropical and tropical zones. Withanolides, which are part
of 35 chemical constituents are identified as responsible for
its extraordinary medicinal properties [20].

Saponins containing an additional acyl group (sitoindo-
side VII and VIII), alkaloids (anferine, isopellertierine),
withanoloides with glucose at carbon 27 (sitonidoside XI and
X) and steroidal lactones (withanolides, withaferins) are
some of the important biologically active chemical constitu-
ents. Withaferin A (WA) is one of the most important with-
anolides, which is attributed to much of Ashwagandha’s
pharmacological properties. The biological activities of W.
somnifera are anxiolytic, antidepressant, antifungal [21], anti-
microbial [22], antimalarial [23], apoptotic [24], chondropro-
tective [25], cardioprotective [26], immunomodulatory [27],
and neuroprotective [28], anti-inflammatory via COX-2 in-
hibition [29], and enhance memory and learning capabilities
in patients with Alzheimer’s disease (AD) [30]. It also holds
the capability of influencing the central nervous system
(CNS) via modulating neurotransmitter receptors [31].

It has been reported that WA can stimulate tumor cell
apoptosis in MCF-7 breast cancer cells [32,33]. Stan et al.
[34] showed that WA causes cell cycle arrest in human
breast cancer cell lines MDA-MB-231 and MCF-7 at their
G2 and M phases. Thaiparambil et al. [35] studies shown
that the administration of WA 4mg/kg via intraperitoneal for
30 days in 4T1 mouse breast reduces the intensity of tumor
growth and Hahm et al. [36] studies revealed that 100ug/
mouse intraperitoneal administration of WA for 196 days in
MMTV-neu (breast) causes decrease in tumor burden at both
microscopic and macroscopic level. In another study, Hahm
et al. [37] systematically determined the role of p53 and ER-
o in pro-apoptotic response to WA using T47D, MCF-7 and
ER-a overexpressing MDA-MB-231 cells as a model.

In this scenario, the present study is aimed at revealing
the molecular-level interactions of Withaferin A compared to
Tamoxifen using In-silico approaches with emphasis on
Withaferin A binding capability with ER in the presence of
point mutations which are causing de novo drug resistance to
existing drugs like Tamoxifen.
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2. METHODOLOGY
2.1. Software and Program

Schrodinger’s maestro [38], Dassault Systémes BIOVIA
Discovery Studio [39], Zinc database [40], PyRx 8.0, Auto-
dock 4.0 [41], Schrodinger’s Desmond module [42], Protein
Data Bank (PDB) [43] were the major software programs
used to retrieve protein [PDB ID: 3ERD] and ligand
[ZINCO08234189], prepare and execute the virtual screening,
molecular modeling, docking and NPT MD simulations us-
ing default protocols and parameters of the software pro-
grams have been applied similar to the protocol followed
elsewhere [44-49]. Briefly, the autodock was run with a grid
size of 126A XYZ coordinates employing a genetic algo-
rithm. Docking snapshots were prepared using BIOVIA Dis-
covery Studio and simulation graphs were generated using
Schrodinger’s desmond simulation event analysis and simu-
lation interaction diagram modules.

3. RESULTS AND DISCUSSION

3.1. Virtual Screening of Tamoxifen and Withaferin-A
with Mutated Versions of ER

In order to understand how the point mutations are affect-
ing the binding capability of Tamoxifen and Withaferin A,
we have performed virtual screening of these two ligands
over modeled mutated versions D538G, E380Q, L536H,
L536P, L536Q, L536R, P535H, S463P, V392I, V524E,
Y537C, Y537N and Y537S of ER. Results of this virtual
screening in Kcal/mol are tabulated in Table 1.

From the virtual screening results, it is evident that ex-
cept L536R, Y537C and Y537S mutations other point muta-
tion versions were showing a decline in binding capabilities,
where above-mentioned L536R, Y537C and Y537S mutated
ER were observed to be with a similar binding energy of
wild type (WT) ER. Whereas in the case of Withaferin-A;
E380Q, L536H, L536Q, P535H and V3921 mutated versions
of ER have shown a slight increase in binding capability and
rest of mutated versions were observed to be similar to that
of wild type ER.

3.2. Docking of Tamoxifen and Withaferin-A with ER

Molecular modeling and docking studies were performed
for the Tamoxifen and Withaferin A with the Estrogen recep-
tor to better understand and reveal the binding energies in-
volved in their complex formation and to know the molecu-
lar level interactions responsible for their inhibition. Another
purpose of the docking study is also to know the preferred
binding site for the compounds in the estrogen receptor.
Docking results of Tamoxifen and Withaferin A with ER are
tabulated in Table 2.

Both compounds Tamoxifen and Withaferin A have
shown to be successfully docking at the active site of Estro-
gen receptor with binding energies of -6.64 and-8.27
Kcal/mol respectively. As per the docking results, it was
revealed that Withaferin A has a better estimated -8.27
Kcal/mol of binding energy for the Estrogen receptor inhib-
ited complex formation by forming hydrogen bonds with
PRO324, ILE326, ILE386, TRP393, ARG394, and LY S449.
Withaferin A was also found to be forming Van der Waals
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interactions with GLU323, PRO325, LEU327, GLU353,
HIS356, MET357, LEU387, GLY390 and MET396. Where-
as, Tamoxifen has an estimated -6.64 Kcal/mol for the Es-
trogen receptor by forming hydrogen bonds with GLU323,
ILE326, ARG394, LYS449 and PRO325. Tamoxifen was
also found to be forming Van der waals interactions with
GLU397, PHE445, TRP393, GLY390, MET357, LEU387,
GLU353, PRO325 (Fig. 2). Although residues 536 to 544
were reported to key role players in recognition and binding
of tamoxifen according to the reported structure, none of
them were observed to interacting with Tamoxifen in our
study. However, Glu353 and Leu387 residues which were
reported to be forming hydrogen bonding via its phenolic
hydroxyl and van der walls interaction respectively with
OTH were observed in our study as well. Whereas, Withaf-
erin-A was observed to be interacting with Arg394 and
Glu353 and Leu387 via hydrogen bonding and Van der
Waals interactions respectively.

3.3. IC50 Prediction

Half maximal (IC50) inhibitory concentration can be
used as a parameter towards comparing and evaluating the
plausible experimental activity of the compounds. The inhi-
bition constant Ki = IC50/(1+L*/Kd), where L* is the con-
centration, and Kd the equilibration dissociation constant of
ligand equation is used as part of the Autodock program to
predict IC50 values. The predicted IC50 value for the Ta-
moxifen and Withaferin A showed in table 1having an esti-
mated13.50 and 4.36 micromolar respectively. Promisingly
good IC50 values have been obtained for the Withaferin A
compared to Tamoxifen as a demonstration of its inhibitory
potential with estrogen receptor.

3.4. MD Simulations of Estrogen Receptor in Complex
with Tamoxifen and Withaferin A

To reveal the stability and conformational changes along
with the aim of understanding their underlying molecular
interactions at the atomic level of the Estrogen receptor in
complex with Tamoxifen and Withaferin A, we have con-
ducted the molecular dynamic simulations for 100 nanosec-
onds each separately.

We have analyzed the simulation quality parameters be-
fore starting analyzing the trajectory of simulation to ensure
that the simulation was carried out under our given simula-
tion conditions throughout the simulated time scale. 300 k
temperature; pressure at 0 atmospheric and volume of the
simulations box is kept at an average of 287500 A* through-
out the simulated time. As evident in Fig. (3), simulation
conditions were maintained thoroughly during the entire
simulated time of 100 nanoseconds, thus confirming the
quality of the simulations carried out.

3.5. Comparative Analysis of the Impact of Protein Stabi-
lizing Capability by Tamoxifen and Withaferin A

As part of the simulation events analysis, we have tried to
estimate the protein stabilizing capability by Tamoxifen and
Withaferin A via calculating the averaged Root mean square
fluctuations (RMSF) of each residue during the simulated
timescale of 100 nanoseconds each.
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Table 1.  Virtual screening results of the Tamoxifen and Withaferin A with mutated versions of Estrogen receptor.

S. No. Ligand Target Binding Energy (Kcal/mol)
1. Tamoxifen ER_3ERD WT -6.0
2. Tamoxifen ER_3ERD_D538G -5.9
3. Tamoxifen ER_3ERD_E380Q -5.8
4. Tamoxifen ER_3ERD_L536H -5.9
5. Tamoxifen ER_3ERD_L536P -5.9
6. Tamoxifen ER_3ERD_L536Q -5.9
7. Tamoxifen ER_3ERD_L536R -6.0
8. Tamoxifen ER_3ERD_P535H -5.9
9. Tamoxifen ER_3ERD_S463P -5.8
10. Tamoxifen ER_3ERD_V3921 -5.9
1. Tamoxifen ER_3ERD_V524E -5.8
12. Tamoxifen ER_3ERD_Y537C -6.0
13. Tamoxifen ER_3ERD_YS537N -5.9
14. Tamoxifen ER_3ERD_Y537S -6.0
15. Withaferin-A ER _3ERD WT -8.0
16. Withaferin-A ER_3ERD_D538G -8.0
17. Withaferin-A ER_3ERD_E380Q -8.1
18. Withaferin-A ER_3ERD_L536H -8.1
19. Withaferin-A ER_3ERD_L536P -8.0
20. Withaferin-A ER_3ERD_L536Q -8.1
21. Withaferin-A ER_3ERD_L536R -8.0
22. Withaferin-A ER_3ERD_P535H -8.1
23. Withaferin-A ER_3ERD_S463P -8.0
24. Withaferin-A ER_3ERD_V3921 -8.1
25. Withaferin-A ER_3ERD_V524E -8.0
26. Withaferin-A ER_3ERD_Y537C -8.0
27. Withaferin-A ER_3ERD_YS537N -8.0
28. Withaferin-A ER_3ERD_Y537S -8.0

Table 2. Docking results of the Tamoxifen and Withaferin A with Estrogen receptor.

Predicted IC50 values in

S. No. Compound Binding Energy (Kcal/mol) Micro Molar Units
1. Tamoxifen -6.64 13.50 uM
2. Withaferin A -8.27 436 uM
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Fig. (2). Docking snapshots of compound 5 with Estrogen receptor showing molecular interaction responsible for the binding. (4 higher reso-
lution/colour version of this figure is available in the electronic copy of the article).

From the RMSF graph (Fig. 4), it can be observed that
Withaferin A in majority shown much better energy mini-
mizing the effect on estrogen receptor’s residues, especially
those which are involved in de novo drug resistance com-
pared to tamoxifen. While majority of the residues were
quite stable throughout the simulated timescale with an aver-
age of not more than 1.50 A, there are few portions of the
protein where fluctuations have been observed up to 3.7 A.
Notably, a small loop of about ten residues between 360 and
370 has shown higher fluctuations in estrogen receptor in the
presence of Tamoxifen compared to Withaferin A. Fluctua-
tions among reported mutations were observed for Tamoxi-
fen and Withaferin-A respectively as 1.0 A, 12 A for
E380Q; 2.0 A, 0.9 A for V392I; 1.3 A, 1.1 A for S463P; 1.2
A, 0.9 A for V524E; 1.3 A, 1.7 A for P535H; 1.0 A, 0.9 A
for L536 H/P/Q/R; 1.5 A, 0.6 A for Y537 C/N/S; 1.2 A, 0.6

A for D538. From the RMSF graph and above observed val-
ues, it can be inferred that Withaferin A has potential to min-
imize the activity of the protein by restricting the residues
movement especially those involved in causing drug re-
sistance (E380Q, S463P, L536Q, YS537S/N/C, D538G,
V524E, P535H, L536H/P/R) to overcome the de novo drug
resistance even at the portions of the proteins where the re-
sponsible mutations are present in the targeted estrogen re-
ceptor compared to Tamoxifen.

3.6. Ligand Properties Profile in Complex with Estrogen
Receptor During MD Simulations

As part of the simulations event analysis, we have ana-
lyzed Ligand properties such as RMSD, intra molecular H-
bonds; the radius of gyration; polar surface area, molecular
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surface area and solvent accessible surface area of the ligand enough to state that the ligand Tamoxifen is quite stable in-
during the simulated length of time scale. As evident with side the active site of the ER throughout the simulated time.
Fig. (5), Tamoxifen RMSD was observed to be fluctuating Whereas, Withaferin A was found to be fluctuating between
between 0.3 to 2.0 with a mean of 1.5 A which is good 0.5 to 2.4 with an average of 1.6 A, which is very well within
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the stabilizing range. Although Withaferin A has shown a bit
higher RMSD compared to Tamoxifen it’s quite stable after
the initial 30 ns comparatively.

As the simulation progresses, the Withaferin A was
found to be quite stable in its overall size as evident with its
radius of gyration with an average of5.3 A after the first
30ns. Whereas, Tamoxifen has shown fluctuations through-
out simulation with an average of 4.3 A. No intramolecular
hydrogen bonds were found to be forming within Tamoxifen

but a couple of intramolecular hydrogen bonds were ob-
served within Withaferin A which are thought to be respon-
sible for stability the ligand size as observed in the radius of
gyration graph. Solvent accessible surface area (SASA), Mo-
lecular surface (MolSA) area along with polar surface area
(PSA) which are some of the important indicators of hydro-
phobicity of the compounds for oral bioavailability was
found to be maintaining an average of 150, 392 and 15 A” for
Tamoxifen and 410, 300, 180 A2 for Withaferin A respec-
tively.
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3.7. Molecular Interactions of Estrogen Receptor in
Complex with Tamoxifen and Withaferin A During MD
Simulations

During molecular interactions analysis between Estrogen
receptor and Tamoxifen and Withaferin A, it was revealed
that about 18 contacts found in between Estrogen receptor
and Tamoxifen in total among with up to 6 interactions dur-
ing the simulation with two hydrogen bond were observed
with ARG394 and LYS449 residues. Hydrophobic contacts
were found to forming with residues PRO324, ILE326,
MET357, TRP360, ILE386, LEU387, TRP393, ARG394,
LEU403, PRO406, PHE445 and LYS449. Several H-bonds
were observed to be stabilized via forming water brides with
the residues LEU320, GLU323, PRO325, LEU327, GLU353,
PRO406, PHE445 and VAL446. About twenty contacts ob-
served between Estrogen receptor and Withaferin A in total
among which eight H-bonds were observed with MET357,
ILE386, LEU387, TRP393, ARG394, MET396, GLU397 and
LYS449. Hydrophobic contacts were found to forming with
residues PRO324, 1LE326, TRP393 and PHE445. Several
hydrogen bonds were observed facilitated by water brides with
the residues GLU323, PRO325, LEU327, GLU353, HIS356,
MET357, ILE386, TRP393, ARG394, GLU397, HIS398 and
LYS449. In both cases, and the majority of other contacts
were found to be hydrophobic contacts followed by water
bridging and ionic bonds. Apart from the above molecular
interactions, some positive and negative charges are thought
to have a crucial role in binding Tamoxifen and Withaferin-
A towards stabilizing the protein-ligand complexes.

CONCLUSION

In the present work, we have demonstrated the ability
along with the plausible mode of action of Withaferin A — an
active constituent of Withania Somnifera medicinal herb as a
potential breast cancer inhibitor targeting the estrogen recep-
tor. Our In-silico analysis has elucidated the binding mode
and molecular level interactions which are expected to be of
great help in further optimizing this compound or design/
discovery of future breast cancer inhibitors targeting the estro-
gen receptor. Among many of the previously reported im-
portant residues, Glu353, Arg394 and Leu387 was observed to
crucial for binding and stabilizing the protein-ligand complex
in case of Tamoxifen and Withaferin-A via hydrogen bond-
ings/ Van der Waals interactions. Our report is of crucial im-
portance in elucidating the potential of Withaferin A to over-
come the drug resistance caused by the reported mutations in
the estrogen receptor to the existing drugs such as Tamoxi-
fen. This study also demonstrated that estrogen receptor
could be of a potential drug target for Withaferin A. Further
studies to validate these results using in-vitro/in-vivo studies
would be invaluable in designing novel scaffolds of inhibi-
tors against breast cancer targeting estrogen receptor.
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