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Abstract

Cyanidin-3-O-rutinoside (C3R) is a dietary anthocyanin with reported phytoestrogenic and anticancer
properties, but the structural determinants of its ER subtype selectivity and SERM-like behaviour remain
unclear. C3R exerted cytotoxic effects on ER-positive cell lines MCF-7 and T47D over triple-negative
MDA-MB468, suggestive of estrogen receptor-associated mechanisms. The lower IC4, value in T47D
cells (predominant ERq, negligible ERB) compared to MCF-7 (established ERa/B ratio) suggests a
possible preference for ERa-associated responses. C3R enhanced ERa expression and extracellular
estrogen at 3h but downregulated ERa with drastically elevated extracellular estrogen at 24h in breast
cancer cells. In osteosarcoma MG63 cells, ERa expression persisted at both time points. To understand
this time- and cell-type-dependent structural basis of these observations, pharmacophore analysis,
molecular docking, and dynamics simulations were performed. Pharmacophore modeling revealed C3R
shares key features with both ERa agonists and antagonists: its flavonoid core overlays estradiol's
aromatic scaffold with phenolic hydroxyl aligning to agonist-critical hydrogen-bond donors, while
aromatic side chain and carbohydrate moieties map to antagonist-associated pharmacophores. C3R
ranked among top-scoring ligands in both pharmacophore spaces, surpassing estradiol in agonist
modelling and achieving highest antagonist score. Docking studies suggested stable binding of C3R to
ERa agonist (L387, H524) and antagonist (D351, E353, R394) conformations, with poor ERB
compatibility. Molecular dynamics simulations supported stable association (binding free energy - 93.7
kcal/mol), with ERa predominantly maintaining antagonist conformation while showing partial transition
toward agonist state. These data provide structural explanation for C3R's dual ERa modulation observed
in vitro and exhibits characteristics consistent with SERM-like activity.

1. Introduction

Cyanidin-3-O-rutinoside (C3R) is a widely distributed dietary anthocyanin present in berries and mulberry,
known for its antioxidant, anticancer, and phytoestrogenic properties. Anthocyanins, particularly those
enriched in blackcurrant such as C3R, have been reported to exert phytoestrogenic effects through
interactions with estrogen receptors. Previous studies have reported that anthocyanins present in
blackcurrant can stimulate the expression of estrogen-responsive genes through the activation of both
ERa and ERp signaling pathways [1]. Furthermore, cyanidin-derived compounds have been shown to
elicit estrogen-like responses in vitro, including activation of estrogen response elements and
modulation of ER-mediated transcription [2]. Collectively, these findings highlight C3R as a bioactive
phytoestrogen capable of modulating estrogen signaling pathways.

Estrogen receptor alpha (ERa) is a ligand-dependent transcription factor whose agonist or antagonist
activity is determined by ligand-specific conformational changes in the ligand-binding domain,
particularly the positioning of helix-12 that controls coactivator and corepressor recruitment [3].
Classical ER agonists share conserved pharmacophore features, including a phenolic ring that acts as a
hydrogen-bond donor/acceptor analogous to estradiol’s A-ring, and a hydrophobic core with a distal
hydroxyl group mimicking the D-ring, which collectively stabilise the active conformation. By contrast,
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antagonists typically retain the phenolic ring but incorporate bulky side chains that displace helix-12 and
favour corepressor binding, thereby enforcing transcriptional repression [4].

Previous results shows that anthocyanins have been shown to exhibit phytoestrogenic activity via ERa-
mediated signaling, with subsequent studies demonstrating partial involvement of ER, indicating that
these compounds can function as modulators of both estrogen receptor subtypes; this is consistent with
the classical model of ER action, wherein ligand-dependent conformational changes, particularly the
positioning of helix 12 (H12), regulate the recruitment of co-activators or co-repressors [1, 5].

The classical model of ERa action is regulated through ligand-dependent conformational changes in
ERaq, particularly the positioning of helix 12 (H12), which regulates whether co-activators or co-
repressors has to be recruited [6].17B-estradiol (E2) and other agonists are shown to stabilize H12
conformations that favours the recruitment and binding of co-activators, while antagonists displace H12,
facilitating co-repressor recruitment, thus resulting in trans repression and premature termination of
transcription [7].

The ligands acting as an ERa agonist display distinct pharmacophore features, such as a phenolic ring
that contributes as a hydrogen bond donor or acceptor, par to estradiol’s A-ring. The presence of the
hydrophobic core and a hydroxyl group at the distal end, similar to the D-ring of 17-B-estradiol, stabilize
the active conformation of the receptor [8]. In contrast, ERa antagonists ideally retain the phenolic ring
but may incorporate a sterically hindering bulky side chain, which alters the positioning helix-12,
facilitating co-repressor binding and favouring antagonism [7]. However, several known SERMs can
adopt both agonistic and antagonistic conformation in a tissue-specific manner. Such tissue-specific
effects are reported for Tamoxifen, which acts as an agonist in bone and endometrium at the same time
antagonist in the breast [9, 10].

In silico-based studies have reported anthocyanins to act as a SERM and modulate both ERs, with
independent studies reporting preference for ERB [5]. However, the structural determinants that enable
C3R to engage ERa in both agonist-like and antagonist-like modes, and its selectivity relative to ERp,
have not been defined. In this study, molecular docking and pharmacophore modelling were employed to
delineate the pharmacophore features of C3R relative to known ER agonists and antagonists and
characterise its binding modes within agonist and antagonist ERa ligand-binding domains. further we
assessed the contribution of key ERa residues to C3R binding using mutagenesis-guided docking. These
in silico analyses provide a structural framework for understanding C3R’s SERM-like dual ERa
engagement.

2. Materials and methods

2.1. In Vitro culture and treatment

The ERa-positive, human female breast adenocarcinoma cell line MCF-7 (RRID: CVCL_0031), NCCS
ECACC Cat# 86012803; passage no: 22, T-47D (RRID: CVCL_0553), ATCC Cat# HTB-133, passage no: 47,
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MDA-MB-468 (RRID: CVCL_0419) NCCS;passage no:36, osteosarcoma cell line MG-63 (RRID:
CVCL_0426), ATCC Cat# CRL-1427, passage no: 19 were used for the current study. MCF-7, MDA MB-468
and MG-63 Cells were grown in DMEM complete media containing FBS (10%), 2 mM L-Glutamic acid 5-
amide and 1% antibiotic and antimycotic. T47D cells was cultured in RPMI medium supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 2 mM L-glutamine, and maintained at 37°C
in a humidified incubator with 5% CO,. To evaluate ERa-expression, the cells were treated with different
concentrations of Cyanidin 3-O-rutinoside chloride (Cat # 18719-76-1; = 98%/Sigma) at two time points,
while 17B-Estradiol (E2) (Cat # 50-28-2; > 98%/Sigma) was used as a positive control.

2.2. Yeast estrogen reporter assay (YES Assay)

Agonist activity of Cyanidin 3-O-rutinoside chloride was evaluated using the XenoScreen XL YES Assay
Kit (Xenometrix, AG) following manufacturers protocol. The YES assay involves a recombinant
Saccharomyces cerevisiae BJ1991 (YES strain) with human ERa gene incorporated into is genomic DNA
along with a plasmid containing estrogen-responsive elements (ERE) upstream of a B-galactosidase
(lacZ) reporter gene. The interaction of an agonistic-ligand to the recombinant-ERa receptor activates the
receptor, inducing transcription of the lacZ gene. The expressed B-galactosidase enzyme cleaves
chlorophenol red-B-D-galactopyranoside (CPRG, #59767), to a pink-coloured product. Optical density of
the pink colour was measured spectrophotometrically at 570 nm, is proportional to B-galactosidase
activity, providing a quantitative measure of estrogenic agonism [11].

2.3. MTT-assay for Cytotoxicity assessment

Cytotoxicity of C3R was evaluated using MTT assay [12] in estrogen receptor positive cell lines (MCF-7
and T47D) and the estrogen receptor negative cell line (MDA-MB-468). Briefly, cells were seeded at a
density of 4,000 cells per well (200 pL/well) in a 96-well plate (P21024, Abdos) and incubated overnight
at 37°C in a humidified atmosphere containing 5% CO,. Cells were pre-treated with Cyanidin 3-O-
rutinoside (C3R), dissolved in DMSO, at concentrations ranging from 10 to 200 uM, with four technical
replicates, ensuring that the final DMSO concentration did not exceed 0.01%. Following treatment, cells
were incubated for 24 hours under standard conditions. A final concentration of 0.01% DMSO was used
as the vehicle control.

2.4. ELISA

Estrogen levels in conditioned culture media were quantified using a Human Estrogen ELISA Kit (Cat. No.
ELK8408; ELK Biotechnology) according to the manufacturer’s instructions. Cells were treated with
cyanidin-3-O-rutinoside (C3R) and 17B-estradiol (E2) for 3 or 24 h, followed by collection of the
conditioned media and centrifugation at 1,000 x g for 20 min. The clarified supernatants were collected
and stored at 20°C or "80°C until analysis. Cells were maintained in phenol free-DMEM medium
supplemented with 10% charcoal stripped fetal bovine serum to minimize interference from endogenous
steroid hormones. Estrogen concentrations were determined by competitive ELISA, with absorbance
measured at 450 nm and concentrations calculated from the kit provided standard curve. All samples
were analysed in technical triplicates and expressed relative to the corresponding untreated controls.
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2.5. Immunofluorescence and Confocal microscopy

Cells were cultured on poly-L-lysine coated coverslips and allowed to adhere overnight. Following
treatment with C3R and17B-estradiol (E2) for 3 and 24 hours, cells were fixed with 4% paraformaldehyde
and permeabilized using 0.01% Triton X-100. Non-specific binding was blocked with 5% BSA. Cells were
then incubated overnight with primary antibodies against estrogen receptor a (Abcam, Cat# ab32063,
RRID: AB_732249). Subsequently, Anti-Rabbit Alexa Fluor 488 (Abcam, Cat# ab150077, RRID:
AB_2630356) was applied as the secondary antibody. Coverslips were mounted into microscopic glass
slides using DABCO/PI mounting medium, and cells were visualized under confocal microscope [13].

2.6. Receptor and ligand preparation for in silico Analysis

Agonist-bound ligand-binding domain structures of ERa and ERB were obtained from the Protein Data
Bank (PDB IDs: 1ERE for ERa and 1QKM for ERB) [14], and an antagonist-bound ERa structure was taken
from PDB 6CHZ [15]. Missing residues in experimental structures were modelled using Swiss-Model [16],
and the wild-type antagonist conformation of ERa was similarly rebuilt from the mutant 6CHZ structure.
The molecular structure of C3R was retrieved from PubChem (ID 441674).

2.7. Docking protocol

Molecular docking was performed using the GPU-accelerated version of AutoDock4 [17]. Guided docking
was conducted by centring the docking grid on the ligand-binding cavity of each receptor structure, and
500 ligand conformations were generated per calculation. The complex with the lowest predicted
binding free energy (AG) was selected as the representative C3R—ER complex. Cavity volumes and
ligand-binding pockets were analysed using ChimeraX with the pyKVFinder algorithm [18]. ER ligand-
binding residues were identified based on information from the InterPro database.

To evaluate the contribution of individual residues to binding, selected ERa ligand-binding domain
residues with high interaction contributions were mutated in silico using Swiss-Model '8, prioritising
mutations with high predicted pathogenicity scores from Alpha-missense [19]. C3R was redocked into
each mutant structure with the same protocol, and changes in binding free energy and predicted
inhibition constant (Ki) were calculated using Eq. (1):

K. — ¢4 G/RT
=
]

Where Ki is the theoretical binding affinity, AG is the binding free energy obtained from molecular
docking calculations, R is the gas constant and T is temperature, set to 298K in this work.

2.8. Pharmacophore modelling and virtual screening

Pharmacophore modelling and virtual screening were performed using PharmacoNet [20].
Pharmacophore models were generated from agonist-bound ERa and ER structures and antagonist-
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bound ERa structures. A library of ER ligands with experimentally characterised agonist or antagonist
activity was screened against these models. The PharmacoNet score quantified the extent of fit between
ligand conformations and each pharmacophore model, and was used to infer agonist or antagonist-like
properties. C3R conformations were mapped onto the pharmacophore models and visualised in
ChimeraX [18].

2.9. Molecular Dynamics

The ERa-C3R complex was further subject to Molecular Dynamics simulations. The protein as well as the
ligand was described using Gromos54a7 force field [21]. Force field parameters for the ligand were
generated using Automated topology builder tool [22]. The system was solvated in a cubic box with
1.0nm edge distance, with TIP3P solvent model. The simulation system was neutralized using 0.15M
NaCl. The constructed system was subject to energy minimization using steepest descent method,
minimized system subject to equilibration in NVT and NPT ensembles with positional restraints. In NVT
ensemble, equilibration was performed for 2ns with 1fs time step. Constant temperature was maintained
at 310K using V-rescale thermostat. In NPT ensemble, equilibration was performed for 3ns with 2fs time
step. Constant temperature was maintained at 310K using V-rescale thermostat, constant pressure was
maintained at 1bar using Parrinello-Rahman barostat. Following the equilibration, all the positional
restraints were removed and production MD simulation was performed for 100ns using the above-
mentioned parameters. The bonds involving hydrogens were constrained using LINCS method [23],
electro statistic interactions were calculated using Particle Mesh Ewald algorithm [24], another
simulation involving same preparation protocols and parameters was performed on the ERa-LBD in
absence of any ligand. All the simulation preparation and production steps were performed using
GROMACS 2020 [25].

2.10. Analysis of MD simulations:

The trajectory pre-processing steps were done to remove PBC-associated artefacts using gmx trjconv
tool of GROMACS. To ascertain the stability of ligand binding, minimum distance was calculated
between the ligand and the protein atoms using gmx mindist tool of GROMACS [25]. Ligand RMSD was
calculated after least-square fit with ligand using gmx rms tool of GROMACS [25]. Binding free energy
between the ligand and the protein in the simulation trajectory was calculated using g_mmpbsa tool [26].
For the MMPBSA calculations, dielectric constant was set to 1.0.

The solvent accessibility of functionally important residues was calculated and evaluated using gmx
sasa tool of GROMACS [25, 27]. The average of absolute solvent accessible surface area was calculated
from both the C3R bound and apo state simulations. Relative solvent accessibility was calculated as the
ratio of absolute areas from the simulation and the absolute solvent accessible surface area of the given
residue ‘X’ in the tripeptide GxG. The tripeptide surface areas were obtained from the previous work [28].
The residues having relative accessibility > 15 are considered to be accessible; those having
accessibility < 15 are considered to be buried. The data on the functionally important residues was
obtained from the InterPro database [29].
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The conformational transition of the ERa in both the C3R-bound simulations were evaluated by RMSD
calculations. C-alpha RMSD calculations were performed using two structures as references: ERa in
agonist conformation (PDB:1ERE) and antagonist conformation (PDB:6CHZ). The agonist and
antagonist conformations were also compared with the last frame of the ERa trajectory complexed with
C3R (t=100ns) through structural superposition. From the superposition, C-alpha RMSD was calculated
between the respective structures.

3. Results

3.1 Cyanidin 3- O rutinoside (C3R) Interacts with Estrogen Receptor Alpha (ERa) and can modulate the
Endogenous Estrogen Secretion in vitro

Cyanidin-3-O-rutinoside (C3R), a known phytoestrogen, can act as an ERa agonist and exhibits
differential expression of estrogen receptor alpha (ERa), in a time- and cell-type dependent manner

3.1.1. C3R exhibits differential ER-dependent cytotoxicity demonstrating ERa selectivity

Cytotoxicity analysis using the MTT assay demonstrated a receptor-dependent response, with significant
effects observed in ER-positive breast cancer cell lines (MCF-7 and T47D), while no comparable activity
was detected in the ER-negative cell line (MDA-MB-468) (shown in Fig. 1a). Notably, the significantly
lower ICs, value of C3R in T47D cells (with the higher ERa and barely detectable ERB expression profile)
compare to MCF-7 cells (with significant ERa/pB) indicates a stronger preference for ERa.

3.1.2. C3R demonstrates concentration-dependent ERa agonism in YES assay

The ERa-specific interaction of C3R was further validated using the yeast estrogen screen (YES) assay).
The yeast estrogen screen (YES) assay confirmed the ERa-binding capacity of C3R, demonstrating
concentration-dependent agonistic activity (Fig. 1b) C3R induced B-galactosidase expression in a dose-
dependent manner, validating direct interaction with recombinant human ERa. While the agonistic
response was lower in magnitude compared to 17B-estradiol (E2), the positive dose-response
relationship establishes C3R as a functional ERa ligand capable of receptor activation.

3.1.3. Differential ERa expression and localization reveal Time- and Cell Dependent agonist-antagonist
transition

In ER-positive breast cancer cell lines (MCF-7 and T47D), C3R predominantly acted as an agonist at4 h
and antagonist, at 24 h, as evidenced by time-dependent differential ERa protein expression, and
cytoplasm to nuclear translocation (Fig. 2a-2h). In contrast, in the osteosarcoma cell line, C3R displayed
prolonged agonistic activity, as evidenced by enhanced ERa expression relative to control at all the time
points (Fig. 2i-2l)

In, MCF7, ERB expression was absent at 4 h, but enhanced at 24 h corresponding to ERa declined
expression. However, the antagonistic effect of C3R on ERa appears to be independent of ER3
modulation. This is particularly evident in T47D cells, which are characterized by high ERa expression
and minimal ERP levels. In this cellular context, C3R treatment resulted in a marked reduction in ERa
expression, at 24 h in T47D without any corresponding increase in ERB levels (Supplementary Fig. 1).
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The absence of ERB upregulation alongside the observed decrease in ERa in T47D indicates that the
antagonistic activity of C3R is not mediated through a compensatory ERB-dependent mechanism, but
rather reflects a direct inhibitory effect on ERa.

Importantly, when considered alongside the agonistic effects observed in osteosarcoma cells, this ERa-
specific modulation in breast cancer cells underscores the cell-dependent and the time-dependent
nature of C3R activity. Such differential modulation of ERa across distinct cellular environments
highlights its ability to function as both an agonist and antagonist depending on tissue type, thereby
supporting its classification as a selective estrogen receptor modulator (SERM).

3.1.4. Extracellular estrogen accumulation validates time-dependent SERM-like activity

ELISA-based quantification of estrogen in spent culture medium from MCF-7 cells revealed time-
dependent modulation of extracellular estrogen dynamics by C3R treatment (Fig. 3). At 3 hours, C3R-
treated cells exhibited significantly elevated extracellular estrogen levels compared to untreated
controls, exceedingly even E2-treated samples, which showed the lowest extracellular estrogen
reflecting efficient receptor mediated estrogen clearance from the medium, characteristic of classical
agonist activity. The level of estrogen observed at 3h for C3R is drastically lower than that observed at
24 h, suggesting partial agonism that shift to full antagonism at 24 h. By 24 hours, C3R treatment
resulted in significantly elevated extracellular estrogen accumulation, representing the highest levels
observed across all conditions and time points. This pronounced accumulation coincides with C3R-
induced ERa downregulation observed by immunofluorescence, demonstrating that loss of functional
receptor severely impairs cellular estrogen uptake capacity, leading to maximal extracellular estrogen
retention. In contrast, both control and E2-treated cells maintained lower extracellular estrogen levels at
24 hours, indicating sustained receptor-mediated estrogen clearance. This biphasic patter, characterized
by impaired estrogen uptake despite agonist-like receptor binding at 3 hours, progressing to complete
loss of uptake capacity due to receptor degradation at 24 hours, distinguishes C3R's unique SERM-like
mechanism distinct from classical agonist/antagonist behaviour and validates its time-dependent dual
modulation of ERa function.

The left panel shows the ELISA standard curve generated using known concentrations of the analyte,
plotted as absorbance at 450 nm versus concentration (pg/ml). The fitted nonlinear regression curve
(black line) was used to estimate concentrations of unknown samples. Middle and right panels show
interpolated sample absorbance values for the different treatment groups—Control (red), 17- Estradiol
(E2) (green), and C3R (blue)—at 3 h and 24 h, respectively. Sample positions along the standard curve
indicate their estimated analyte concentrations.

3.2. C3R-ER Interactions are Driven by Ligand-Binding
Cavity Architecture and Receptor -Subtype Conformation

Due to considerable homology between ERa & ERB protein sequences (47.5% sequence identity, 71.1%
similarity), and co-expression of both the receptors in the ER +ve cancer cells [30], C3R may bind to both
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the ER variants. Molecular docking of C3R showed stable C3R binding to both agonist and antagonist
conformations of ERa (Fig. 4a-d; Supplementary Table 2).

In the agonist conformation, C3R interacted with key estrogen-binding residues (L387, H524), whereas in
the antagonist conformation, C3R engaged critical AF-2 domain residue D351 and helix-12 proximal
residues (E353, R394). In contrast, though C3R bound stably with the antagonist conformation of ERB
with binding energy of -10.4kcal/mol (Supplementary Table 2), the binding was highly unstable with the
agonist conformation of ERB (Supplementary Table 2). To understand the root of this difference in
binding energies, we mapped the cavities around the ligand binding site of respective ERa and ERf3
structures. Analysis of ligand binding cavities revealed that both ERa and ERB antagonist conformation
have larger cavities (1228A2 and 931A¢2 respectively) compared to agonist conformations (ERa: 476A3;
ERB: 365A2) (Supplementary Table 2). The C3R at the short helical region could adopt around both the
agonist as well as antagonist conformations. This difference in the cavity volumes between agonist and
antagonist conformations may explain the differences in C3R binding energies between both the
conformations.

3.2.1. Mutagenesis-Guided Docking Underscores the Role
of Key ERa Residues

To characterize the contribution of each of the C3R-binding residue towards the C3R-ER interactions,
selected ERa mutants were modelled using in silico approaches, and C3R was docked to the mutant
structures using the same protocols. Mutagenesis docking revealed that substitution of top-interacting
ERa residues increased the binding free energy between C3R and ERq, shifting predicted Ki values from
the nanomolar to micromolar range. Except M241D mutation, all the mutations resulted in increased
binding free energy between the C3R and ERa (Supplementary table 3). These findings support the
notion that C3R requires a specific ERa residue constellation to sustain dual agonist/antagonist binding.

3.2.2 C3R Shares Pharmacophore Features of both ERa Agonists and Antagonists and Exhibits Stable,
MD-validated Binding to the ERa Ligand-Binding Domain

Pharmacophore modelling demonstrated that C3R shares pharmacophore features common for both
ERa agonist and antagonist conformations. The flavonoid backbone of C3R precisely overlays with the
aromatic ring positioning of estrogen in experimental agonist structures (Fig. 4e, f). The phenolic
hydroxyl group aligns with the hydrogen-bond donor pharmacophore feature critical for agonist activity.
On the other hand, C3R's aromatic side chain possess features common for the antagonists in the
trainee set (Fig. 4g, h). The hydroxyl group positioning aligns with the hydrogen-bond donor
pharmacophore features specific for agonists, while carbohydrate side chains align with hydrophobic
pharmacophore features common for both agonistic and antagonistic conformations.

Similar trend was also observed by performing virtual screening against known ERa agonists and
antagonists. Virtual Screening scores by PharmacoNet revealed that C3R has high virtual screening
scores against both the agonist as well as antagonist ligands. In the agonist conformation, C3R was
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ranked fourth, higher than the Estrogen, the endogenous ligand (Supplementary table 1). Similarly in the
antagonist conformation, C3R was ranked in the top, demonstrating the potential of C3R to elicit both
agonist as well as antagonist effects

Molecular Dynamics simulations show stable binding of C3R with ERa. We performed MD simulations to
check if C3R binding with ER Ligand Binding Domain (LBD) is stable. Minimum distance calculations
between the ER and C3R ligand showed that the distance remained at 0.15nm (< 0.5nm) throughout the
course of the simulation (Supplementary Fig. 2), demonstrating that the C3R remained stably bound to
the LBD of ERa. Similarly, C3R was found to have low RMSD ranging between 0.2-0.3nm, indicating
minimal change from the initial conformation. Calculations of binding free energy through MMPBSA
method further showed that C3R binding to the ERa-LBD is highly stable, with binding free energy of
-93.7kcal/mol. Both the VAW and electrostatic contacts were found to have equally significant
contribution to the stable binding m with energetic contribution of -68.1kcal/mol and - 92.3kcal/mol
respectively (Table 1). Coactivator binding site of ERa has greater solvent accessibility upon C3R
binding. We next calculated absolute solvent accessible surface area of the ligand binding residues and
the residues of coactivator binding site of ER-LBD, to check if C3R binding has an impact on the solvent
accessibility of these sites. We clearly observed that C3R binding resulted in globally reduced
accessibility of ligand binding residues of ERa-LBD, compared to the apo state (Table 2). Particularly, the
residue R394 which was accessible in the apo state (RSA of 20.1) became buried in the simulation in the
holo state (C3R bound state, RSA of 13.2).

Table 1

Average of binding free energies and contribution from various interactions between ER-ligand binding
domain and C3R ligand from the last 10ns of the MD simulation.

AG VdW kcal/mol)  AG Electrostatic (kcal/mol)  AG Solvation (kcal/mol)  AG total (kcal/mol)

-68.1 -92.3 +74.2 -93.7

But interestingly, though the ligand binding site residues have reduced accessibility upon C3R binding,
certain residues of coactivator binding site are more accessible in the C3R bound state compared to the
apo state. These include the residues L362, Q375 and E380. Though the overall state of accessibility
remained largely unchanged (the solvent accessible residues remained accessible and vice versa),
localized changes in the accessible surface area suggest possible transition towards agonist
conformation, supporting the hypothesis of SERM role of C3R.

ER largely remains in antagonist conformation when bound to C3R. Docking calculations showed that
C3R has a preference for binding to ER in agonist conformation. To further evaluate whether the ERa-
C3R complex remained in antagonist conformation or if there is a switch towards agonist conformation,
we extracted the structure of ERa-C3R complex at the end of the simulation (time=100ns) and compared
the conformation with experimental agonist and antagonist structures (PDB IDs 4ERE and 6CHZ
respectively). Superimposition of these structures and RMSD calculations revealed that ERa bound to
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C3R remains in the antagonist conformation, as seen from the fact that agonist conformation has higher
RMSD (13.5A) compared to the antagonist conformation (7.5A) (Fig. 5a).

Table 2

Absolute solvent accessible surface areas and Relative Solvent
Accessibilities of functionally important sites of ER ligand binding
domain. Calculations were performed from 100ns MD simulations of
ER-C3R complex and apo state ER, represented as holo and apo
respectively. Residues transitioning from accessible to buried states
between both the simulations are represented in bold.

Residue ASA-holo (A?2) ASA-apo(A?) RSA-holo RSA-apo

Ligand binding site

L346 3.0 121 1.7 6.7
A351 54.2 72.2 48.0 63.9
R353 7.0 18.5 2.9 7.7
L387 2.2 11.3 1.2 6.3
R394 31.9 48.5 13.2 20.1
M522 58.4 50.4 28.6 247
H524 57.8 46.7 20.8 241

Activation function

1358 9.7 11.9 5.3 6.5
L362 98.5 58.0 46.7 27.5
Q375 22.2 6.6 11.7 3.5
V376 1.9 4.8 1.2 3.0
E380 72.2 62.2 39.5 34.0
D538 80.0 104.4 53.0 69.1
E542 98.0 154.3 53.6 84.3

Similarly, we also calculated C-alpha RMSD on the MD trajectory frames, using agonist and antagonist
structures as reference. We found that ERa-LBD remained in antagonist conformation, as seen from low
RMSD (~ 3A) compared to the RMSD with agonist structure as reference (4-5A). However, some
reduction in RMSD can also be seen for the calculation with agonist structure as reference, where the
initial RMSD of approximately 5A reduced to 4A by the end of the simulation, suggesting the possibility
of transition of ERa-LBD from antagonist to agonist conformation (Fig. 5b). These observations, coupled
with the insights from solvent accessibility calculations further cements the idea of SERM role of C3R.
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4. Discussion

4.1. C3R Exhibits ERa-Associated and Cell Type-Dependent Biological Activity

This study provides evidence that C3R may act as a context-dependent modulator of ERa-associated
responses. While previous computational based studies have suggested preferential interactions of
anthocyanins with ERB [5,31]. Our findings are consistent with a potential preference for ERa-associated
activity under the experimental conditions examined. Previous studies have shown that anthocyanins,
including cyanidin-3-glucoside and cyanidin-3-rutinoside, exhibit higher selectivity for ERB over ERa with
phytoestrogenic activity mediated primarily through ERB in endothelial cells [32,33]. However, receptor
selectivity can vary substantially depending on cellular context, tissue-specific coregulator expression,
and ligand-induced conformational changes [34]. Estrogen receptor (ER) dependent cytotoxicity
observed in ER positive breast cancer cell lines, but not in ER negative cells (Figure 1a), suggests a
potential contribution of estrogen receptor-associated pathways to the biological effects of C3R. The
enhanced sensitivity of T47D cells to C3R mediated cell killing, may indicate a greater contribution of
ERa-associated responses. These observations suggest that the apparent receptor preference of C3R
may be influenced by cellular context and receptor-ligand interactions rather than an inherent
preference for a particular ER subtype. An important observation in this study is the time- and context-
dependent response associated with C3R treatment. In ER-positive breast cancer cells, early increases in
ERa expression were followed by reduced ERa expression at later time points (Figure 2). Together with
changes in extracellular estrogen levels, these findings may be indicative of temporally distinct effects
on ERa-associated cellular responses. However, additional studies examining downstream ER
transcriptional activity and co-regulator recruitment would be required to define the precise nature of
these responses.

Dual agonist- and antagonist-like activity is a characteristic feature of SERMs and has been associated
with ligand-induced conformational changes in helix 12 (H12) of the ERa ligand-binding domain, which
determines whether coactivators or corepressors are recruited [35,36]. In contrast, in osteosarcoma
cells, C3R maintains or enhances ERa expression, indicative of agonist-like effects (Figure 2). The tissue-
specific agonist or antagonist activity of SERMs are thought to depend, at least in part, on differential
expression of coregulatory proteins such as SRC-1 (steroid receptor coactivator-1) and NCoR (nuclear
receptor corepressor) across different cell types [37,38]. The observed changes in ERa expression and
extracellular estrogen levels (Figure 3, suggest that C3R may influence ERa-associated biological
processes in a time-dependent manner. Collectively, these findings suggest that C3R may exhibit
context-dependent biological effects that are associated with ERa status and cellular background.
Further, the differential expression observed in breast cancer and osteosarcoma models are also
consistent with characteristics commonly attributed to SERM-like compounds and warrant further
investigation in additional experimental systems. Similar tissue-selective behaviour has been
demonstrated for clinical SERMs such as tamoxifen, which acts as an ERa antagonist in breast tissue
but as an agonist in bone and uterus, with these differential effects determined by tissue-specific
coregulator profiles [37]. These results provide a mechanistic framework for further structural and
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translational studies aimed at exploiting C3R as a targeted modulator of ERa in hormone-dependent
cancers.

4.2. Ligand- and Structure-Based Analyses Suggest ERa-Preferential and SERM-Like Properties of
Cyanidin-3-0-Rutinoside

The pharmacophore and docking analyses suggest that C3R possesses structural features compatible
with both agonist and antagonist ERa ligand-binding environments. These observations may provide a
structural basis for the experimentally observed time- and context-dependent responses. Contrast the
possibility of preferential interactions with ERa and provides structural evidence consistent with SERM-
like properties. to previous studies reporting that the four major anthocyanins, including cyanidin-3-
rutinoside, exhibit higher binding affinity toward ERB [5], our findings demonstrate a preferential and
strong binding affinity of C3R toward ERa. This is supported by data on the overall expression of ERa in
T47D cells (Figure 2), a cell line characterized by high ERa expression, where C3R treatment resulted in a
pronounced interaction with ERa at two different time points. The combination of an estradiol-like
flavonoid core, a phenolic hydroxyl group aligned to agonist hydrogen-bond donor features, and flexible
carbohydrate moieties mapping to hydrophobic pharmacophore elements allows C3R to satisfy both
agonist and antagonist pharmacophore constraints. Its high PharmacoNet scores in both models and
superior ranking relative to estradiol in the agonist space underscore this dual compatibility. While
previous studies on anthocyanins from Hibiscus sabdariffa demonstrate, through molecular docking and
dynamics analyses, that these compounds effectively bind to Estrogen Receptor Alpha (ERa) and form
stable ligand-receptor complexes [39], our findings reveal a distinct biphasic modulation of ERa by C3R,
characterized by an early agonistic effect followed by a delayed antagonistic response under
physiological conditions.

The similarity in the common pharmacophore features of endogenous ligand architecture with C3R
explains its ability to stabilize the active ERa conformation. These findings suggest that C3R possesses
structural features compatible with both agonist and antagonist ERa binding environments. This dual-
interaction capacity enables adaptation to both ERa conformations. These in silico analysis supports our
experimental observations of C3R's SERM-like action, where it stably interacts with both ERa
conformations, while fail s to interact with ERB's agonist conformation with a stable binding energy.

Docking results provide a structural explanation for this duality: in the agonist conformation, C3R
recapitulates canonical estrogen interactions with L387 and H524, while in the antagonist conformation
it engages D351, E353 and R394 near helix-12, a region that governs coactivator versus corepressor
recruitment and SERM behaviour. The larger cavity of the ERa antagonist conformation permits helix-12
to adopt multiple positions around C3R, consistent with the ability of SERMs to stabilise intermediate
conformations that can be either agonistic or antagonistic in a tissue-specific manner.

While anthocyanins from Ribes nigrum have been reported to exert predominantly ERa-mediated

phytoestrogenic (agonistic) effects, our findings reveal that Cyanidin-3-O-rutinoside exhibits a

structurally driven dual agonist to antagonist binding to ERq, indicating a more complex, SERM-like mode
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of receptor modulation [1]. The incompatibility of C3R with ERB agonist conformations, combined with
mutagenesis-driven loss of binding affinity upon perturbing key ERa residues, supports the possibility of
preferential interactions with ERa and highlights distinct structural requirements for C3R binding.
Together, these findings provide structural evidence consistent with SERM-like properties of C3R with
intrinsic capacity to stabilise both agonist-like and antagonist-like ERa conformations. This dual ERa
engagement is consistent with experimental observations of context-dependent ERa activation versus
repression and offers a mechanistic framework for understanding how dietary anthocyanins may exhibit
complex, temporally and tissue-specific estrogenic effects.

MD simulations supported stable association of C3R with ERa throughout the simulation period. While
numerous ligand binding residues were buried in the MD simulations, we found that some residues of
coactivator binding site are more accessible. This led us to hypothesize that C3R binding may permit
limited transitions between agonist-like and antagonist-like ERa conformational states. RMSD
calculations also showed putative transition towards agonistic conformation, since the RMSD using
agonist structure as the reference reduced from 5A at the start of the simulation to 4A towards the end
of the simulation, though the RMSD with antagonist structure as the reference remained at 3A for all the
simulation. We also compared the structure of the last frame of the simulation trajectory, with the
experimental ERa LBD structures in antagonist and agonist conformations (PDB IDs 1ERE and 6CHZ).
This comparison also showed closer orientation of ERa trajectory snapshot with respect to the
antagonist conformation as opposed to agonist conformation, based on the orientation of the C-terminal
helix that forms the activation function. However, the C-terminal helix has a slight tilt towards the agonist
conformation, suggesting that possibility of partial transition of ERa towards an agonist-like
conformation. These observations are consistent with previous studies on the SERM potential of
Cyanidin-3-Rutenoside [1,5]. Although the receptor predominantly retained an antagonist-like
conformation, modest changes in RMSD relative to the agonist structure suggest the possibility of
limited conformational flexibility. The primary limitation of this work is the limited sampling by the MD
simulations, which is restricted to 100ns. However, we are able to predict a stable association of C3R
binding with the ERa-LBD and suggest limited conformational flexibility toward an agonist-like state.
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Figure 1

Cytotoxic and Estrogen Receptor a Agonistic effect of C3R in Breast Cancer cells

a) Effect of Cyanidin-3-O-rutinoside (C3R) on the viability of breast cancer cells. Cell viability of MCF-7,
T47D, and MDA-MB-468 cells following 24 h treatment with increasing concentrations of C3R (10-200
puM) was assessed using the MTT assay. The IC,, values of all three cell lines were plotted in a single
graph for comparative analysis. b) Agonistic activity of Cyanidin-3-O-rutinoside (C3R) toward human
Estrogen Receptor a (ERa) evaluated using Yeast Estrogen Screen (YES) reporter assay. ERa-mediated
transcriptional activation following C3R treatment was determined by measuring B-galactosidase (B-Gal)
expression in recombinant yeast cells expressing human ERa.
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Figure 2

Estrogen Receptor a protein expression in Breast cancer cells and Osteosarcoma cells after C3R
treatment

Confocal images showing the expression of ERa at a) 3 h and b) 24 h treatment with C3R in in MCF-7, T-
47D and MG-63 cells by 20X objective. Bar graph shows the total ERa expression in MCF-7, T-47D and
MG-63 cells after 3 h and 24 h treatment with C3R (mean + SEM, n = 3; ***P < 0.001, **P < 0.01, *P < 0.05,
ns-non-significant).
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Figure 3

ELISA standard curve and sample interpolation for different treatment groups at 3 h and 24 h.

The left panel shows the ELISA standard curve generated using known concentrations of the analyte,
plotted as absorbance at 450 nm versus concentration (pg/ml). The fitted nonlinear regression curve
(black line) was used to estimate concentrations of unknown samples. Middle and right panels show
interpolated sample absorbance values for the different treatment groups—Control (red), 17- Estradiol
(E2) (green), and C3R (blue)—at 3 h and 24 h, respectively. Sample positions along the standard curve
indicate their estimated analyte concentrations.
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Figure 4

Molecular Docking and Pharmacophore Analysis of Cyanidin-3-0-rutinoside Interaction with Agonist
and Antagonist Conformations of Estrogen Receptor a

a) C3R bound ERa (PDB : 1ERE) in agonistic conformation showing the orientation of H12 (blue) in
closed conformation b)C3R showing H-bond interactions with the residues of LBD of 1ERE ¢) C3R bound
ERa (PDB:1ERR) in antagonistic conformation showing the orientation of H12 (blue) in open
conformation. d)C3R showing H-bond interactions with the residues of LBD of 1ERR e)Representation of
pharmacophore model of ER ligand binding domains estradiol bound to ERa in Agonist conformation f)
Pharmacophore features of ER antagonist H3B-9224 bound to the Antagonist conformation of ERq,
g)Top-ranked C3R conformation superimposed over the agonist structure and the corresponding
pharmacophore model, h) Top-ranked C3R conformation superimposed over the antagonist structure
and the corresponding pharmacophore model. The pharmacophore features are coloured as follows:
Orange: Hydrophobic; Magenta: Aromatic; Cyan: H-bond donor; Yellow; Halogen bond acceptors; Navy
Blue: H-bond acceptor. The experimental structures are represented as green sticks, and C3R structure is
represented as blue sticks.
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Figure 5

Molecular Dynamics Analysis of ERa and C3R interaction in Agonist and Antagonist Conformations

(a) Superimposition of final snapshots from the MD trajectory of ER-C3R complex with the experimental
structure of ER-ligand binding domain in antagonist conformation (PDB: 6CHZ) and agonist
conformation (PDB: 1ERE). The RMSD between the MD snapshot and respective structures are
represented in the accompanying table. (b) C-alpha RMSD of ER-ligand binding domain from the ER-C3R
complex MD trajectory, calculated with agonist structure and antagonist structures as reference.
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