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Abstract

Estrogen receptor (ER) has been a therapeutic target to treat ER positive breast cancer, most notably
by agents known as selective estrogen receptor modulators (SERMs). However, resistance and severe
adverse effects of known drugs gave impetus to the search for newer agents with better therapeutic
profile. ERa and ERp are two isoforms sharing 56% identity, and having different physiological
functions and expressions in various tissues. Only two residues differ in the active sites of the two
isoforms motivating us to design isoform selective ligands. Guided by computational docking and
molecular dynamics simulations, we have designed, synthesized and tested, substituted biphenyl-2,6-
diethanones and their derivatives as potential agents targeting ERa. Four of the molecules synthesized
exhibited preferential cytotoxicity in ERa+ cell line (MCF-7) compared to ERB+ cell line (MDA-MB-
231). Molecular dynamics (MD) in combination with molecular mechanics-generalized born surface
area (MM-GBSA) methods could account for binding selectivity. Further co-treatment and E-screen
studies with known ER ligands- estradiol (E,) and tamoxifen (Tam) indicated isoform selective anti-
estrogenicity in ERa+ cell line which might be ER mediated. ERa siRNA silencing experiments
further confirmed the ER selective nature of ligands.

Introduction

Estrogen Receptor (ER) is the mainstay in breast cancer endocrine therapies®. Estrogen plays a critical
role in hormone responsive breast cancer progression by binding to ER leading to DNA synthesis and
cellular proliferation®. The ER isoforms, ERa and ERp, encoded by separate genes are responsible for
mediating estrogen responsive action®. ERa is expressed in about 75% of the diagnosed breast tumors
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and can be treated with agents targeting estrogen mediated signaling*®. One of the most prescribed,
first-line adjuvant treatments available for ERa+ breast cancer is tamoxifen, a selective ER
modulator®’. Tamoxifen acts as an antagonist in breast tissue but as an agonist in bone and uterus.
Contrastingly, its estrogenicity is beneficial in bone to prevent osteoporosis while in uterus, it can lead
to endometrial cancer®. Moreover, it is observed that tamoxifen responsive breast cancer patients
become resistant and long term therapy predisposes them to severe adverse effects such as
development of endometrial cancer®’. Besides, signaling through protein kinases also leads to
tamoxifen resistance in an estradiol-independent manner'?. The limited effectiveness of current
chemotherapeutic drugs urges identification of some novel ER targeting agents with high efficacy and
minimal side effects.

Despite tremendous consistent efforts in this area, ER molecular biology has proven to be
exceedingly complex. Though ERs behave as ligand activated transcription factors, ER ligands cannot
be considered as ‘molecular switches’ that activate or deactivate the receptor post ligand binding. It is
well established that different ER ligands lead to different ER conformations resulting in agonist,
partial agonist, inverse agonist and antagonist behaviors®.

Nonetheless, identification of potent ER ligands remains a hot area of research providing
excellent opportunities for the design of isoform selective agents and is therefore of immediate
interest to the drug design community. The ligand binding domain (LBD) of ER isoforms share 56%
homology™*. The dynamic and plastic nature of LBD makes it an attractive target for a wide spectrum
of ligands. However in most cases, potent and efficacious ligands are not ER subtype selective; which
often translates into off-target toxicity”'®. On the contrary, ER subtype selective ligands have
suboptimal in vivo pharmacokinetics. Extensive studies have been undertaken in the last 50 years to
determine critical interacting residues in ER LBD that translate into enhanced potency of ligands. It
has been elucidated from previous reports that subtype selective agents must firstly, position
substituents close to amino acid differences between ERa and ERP to develop subtype selectivity;
secondly, the ligand must be conformationally rigid; and thirdly, the presence of various substituents
including the phenol (or phenolic bioisosteres) can aid in achieving selectivity for ER subtypes
through molecular recognition*” .

In continuation of our efforts to identify ER subtype selective ligands, we focus here on
nonsteroidal scaffolds since nonsteroidal ligands are considered as remarkable high affinity binders
against ER?'. Biphenyl scaffold (Fig. 1) is chosen for designing potential ERa hits, as they could be
regarded as surrogates of the steroidal backbone?. The current study on biphenyl-2,6-diethanones was
undertaken to design and determine key structural determinants in biphenyl scaffold that may confer
ERa subtype selectivity.

Methods and Materials

Crystal structures of human ERa and ERPB complexed with 4-hydroxytamoxifen (OHT) and
R,R-5,11-cis-diethyl-5,6,11,12-tetrahydrochrysene-2,8-diol (THC) are extracted from RCSB protein
data bank with codes 3ERT and 1L2J, respectively?®>?°. Both the complexes have antagonist bound
protein conformations. The missing loop regions in 1L2J are modeled using Modeller®. Biphenyl
compounds 3(a-d) were designed against ERa using structure-based drug design approach?’. Docking
is performed on both the ER isoforms using ParDOCK module of Sanjeevini software suite developed
in-house, which contains built-in features to take care of geometry optimization, partial charge
derivation and parameter assignment of the molecules in an automated way?*’ 2.

To further develop a molecular view of the structure and dynamics of ERa-ligand complexes,
molecular dynamics (MD) simulations are carried out. 3ERT is used as ERa control. MD simulations
are performed using AMBER14 software suite on all the docked complexes obtained from
ParDOCK®. Amber ‘ff99SB’ and ‘GAFF’ force fields are used for the protein and ligand file
preparation. All the simulations are conducted with periodic boundary conditions. The protein-ligand
complexes are solvated in a box of TIP3P water molecules and electroneutrality of the system is
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maintained®. An initial minimization is conducted with 5000 steps (2500SD+2500CG). Simulations
are started by slow heating of the solvent to 300 K at constant volume using harmonic restraints of 25
kcal/mol A on the solute atoms for a period of 200ps. These restraints are slowly relaxed to 1
kcal/mol A2 during equilibration of 1ns. The system is further simulated for production run of 100ns
under NPT conditions using Berendsen algorithm with a coupling constant of 5ps®. Long-range
coulombic interactions are treated using particle mesh ewald method (PME) and a cutoff of 12 A
distance is used for van der Waals (VDW) interactions®. Shake is enabled to constrain the covalent
bonds involving hydrogens®.

A detailed analysis of the interaction energies has been carried out using molecular mechanics
generalized Born surface area (MM-GBSA) methodology to further provide insights into protein-
ligand binding and thus on the inhibitory mechanism of compounds 3(a-d) against ERa and further to
elucidate the basis of specificity of compound 3b for ERo over ERp®*. MM-GBSA method
employed to predict the binding free energies (A Gping) comprises gas phase electrostatics (ELE) and
VDW energies, polar and non-polar solvation energies and entropic contributions. 200 snapshots are
extracted at equal intervals from the last 10ns stable MD trajectories for binding free energy
estimations. For each snapshot, the binding free energy of protein-ligand complex is estimated as:

AGbind = Gcomplex - (Gprotein + Gligand) (1)

The A Gyjng is the sum of the changes in molecular mechanics gas-phase binding free energy
(AGpmwm), the solvation free energy (AGsory) and the entropic contributions (-7A.S).

AGbind = AGMM + AGsolv - TAS (2)
AGMM = AGele + AGvdW (3)
AGsolv = AGpoI,soIv + AGnonpol,solv (4)

The ELE and VDW (AGgje and AG,qw) energies are derived from sander as used for MD
simulation. The polar contribution to solvation (AGpoI,solv) is obtained using GBSA module of
AMBER14. The non-polar contribution to solvation (AGnonpoisolv) is determined using

AGponpotsolv = Y*SASA, where SASA is the solvent-accessible surface area and y is the empirical
surface tension and is set to 0.0072 kcal/mol-A. The conformational entropy contributions to free
energies upon ligand binding are calculated using normal-mode analysis by the nmode AMBER
module®. A total of 200 snapshots are chosen from the last 10ns of MD simulations for the molecular
mechanical free energies and solvation energies. However, due to high computational demand for
entropy calculations, only 20 snapshots are extracted from the last 10ns of MD trajectories. In
addition to MM-GBSA binding free energies, per residue binding free energies are also calculated.

Further, to corroborate the computational findings, the initial set of compounds 1(a-i) are
synthesized by adopting known procedures®’. The biphenyl derivatives 3(a-d) are synthesized in two
steps from compounds 1(a-b) as depicted in Fig. 2. In the first step, biphenyl-2,6-diethanone
derivatives 1(a-b) are reacted with NBS in methanol which yielded 1,1°-(3,4’-dihydroxy-5-
methylbiphenyl)-2,6-bis-bromodiethanone 2a and 1,1°-(3,2’-dihydroxy-5-methylbiphenyl)-2,6-bis-
bromodiethanone 2b. In the second step, compounds 2a and 2b are further reacted with primary
amines, butylamine and 1,4-diaminobutane in presence of acetonitrile/pyridine, yielding the desired
products 3(a-d) (Fig. 2). The structures of compounds are characterized based on their spectroscopic
data (*H, *C NMR, IR and Mass spectra) as provided in supporting information.

The MTT assay is performed to evaluate the anti-breast activity of all the synthesized

compounds against ERo+ (MCF-7) and ERB+ (MDA-MB-231) cell lines. MRC-5 cell line is used as
a control. Followed by, the co-treatment studies are performed with known ER ligands, Tam and E..
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Protocol adopted is reported by earlier workers®. The anti-estrogenicity and antagonist nature of the
most active compound is evaluated by E-screen assay, where tumor cells are exposed to putative anti-
estrogens and cellular proliferation is compared with the tumor cells treated with E,*. The E-screen
assay is performed in two steps according to the protocol slightly modified from Soto et al®.
Furthermore, the siRNA silencing experiments are performed to confirm ERa selectivity where we
silenced ER in ER+ MCF-7 cells using specific siRNA against human ERa. The whole cell extract
from silenced and non-silenced cells are prepared to confirm the silencing. The whole cell extract is
separated by electrophoresis and western blotting is carried out as described in the supporting
information. Further details of all experiments are provided in supporting information.

Results and Discussion

The calculated docking energies of all the four compounds against the active sites of both ER
isoforms are shown in Table 1. Reasonably good, preferential docking energies are obtained for most
of the biphenyl compounds against ERa but since both isoforms are highly homologous, differing by
only two amino acid substitutions in the active sites - Leu384 of ERa is substituted by Met336 in ERf3
and Met421 of ERa is substituted by 11e373 in ERp - the energy differences are small*. Docking is
also carried out using glide software of Schrodinger and similar results are obtained.

The binding cavity of ERa is mainly comprised of following residues- Arg394, Met421,
Glu353, Met343, His524, Ala350, Phe404, Thr347, Leu525, Trp383, Leu384, 1le424 and Gly521. The
binding modes of various compounds 3(a-d) captured from the last stable MD trajectories are shown
in Fig. 3. Compound 3a forms a few nonpolar contacts with His524, Met343, Ala350, Met421 and
Met388 with no hydrogen bond formation. Compound 3b is anchored to the cavity via a hydrogen
bond formation between amine group of one of the butylamine derivatives and main chain atoms of
Leu525 and capturing almost all the VDW and hydrophobic contacts required for the activity of ERa
as depicted in Fig 3. The side chains of compound 3b make extensive hydrophobic contacts with
residues- Met343, Thr347, Ala350, Met388, Phe404, Arg394, Leu391, Met421, Leu346, Leu525 and
Trp383. It fits snugly in the cavity of ERa. Compound 3c forms various hydrogen bonds with Glu353,
Leu387, Glu419 and Thr347 with the active site residues of ERo. Its orientation in the cavity is
different and therefore forms only a few VDW contacts. Compound 3d also forms fewer non-polar
contacts. Based on these MD derived interaction patterns, we identified compound 3b to be the most
active compound of the biphenyl series 3(a-d) as it retains some important contacts throughout the
simulation as formed by tamoxifen®.

To assess the dynamic stability of all the complexes during the entire 100ns production MD
run, their structural and energetic properties are closely monitored. Root mean square deviations
(RMSDs) of compounds 3(a-d) with ERa backbone in relation to their initial structures are plotted in
Fig. S1(a) of supporting information. RMSD tends to converge after 40-50ns indicating the systems
stability. RMSD of compound 3b with ERa and ERp backbone in comparison to ERa-Tam (3ERT) is
plotted in Fig. S1(b) indicating similar RMSD pattern of ERa-3b with ERa-Tam and their high
stabilities throughout the MD.

The calculated binding free energies (AGping) using MM-GBSA suggest ERa-3b complex to
be the most stable among the series 3(a-d) (Table 2). By comparing the energetic contributions of
ERo and 3(a-d), it is observed that the favorable electrostatics (AGee) are compensated by
unfavorable polar solvation energies (AGpoisolv) in all the four complexes. The net electrostatic
(AGeletAGpolsolv) contributions are unfavorable to binding. The favorable sum of gas phase VDW
(AGygw) and nonpolar solvation energies (AGnonpolsolv) arising from the ligands hydrophobic core
forms the basis of favorable binding energies. The net VDW (AGyaw+AGnonpol,solv) values for ERa-
3a, ERo-3b, ERa-3c and ERa-3d are -64.22, -64.65, -56.75 and -49.92 kcal/mol, respectively.
Enthalpic contributions provide the strength of interactions between the receptor and the ligand and
entropic contributions provide the change in entropy of the solvent due to ligand binding and loss of
conformational degrees of freedom (rotational, vibrational and translational). The unfavorable entropy
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contributions in all the systems are opposed by ~23-27 kcal/mol. The net binding free energy
comprising enthalpic and entropic terms is higher for ERa-3b (-23.63 kcal/mol); dominated by shape
complementarity, and thereby resulting in its higher affinity.

To elucidate the selective inhibitory activity of 3b towards ERa over ERP, we calculated the
MM-GBSA binding free energies for ERB-3b as well. To unravel the selectivity mechanism of 3b, the
binding free energy components of both the complexes ERa-3b and ERB-3b are compared. The gas-
phase VDW and nonpolar solvation energies are favorable for binding (-64.65 for ERa-3b and -66.25
and ERB-3b), but their difference is negligible to account for selectivity. However, the gas-phase
electrostatics is playing a subtle role in selectivity of 3b towards ERa as indicated by the large
difference in electrostatic energy of -8.04 kcal/mol (Table 2). Altogether, the enthalpic interactions
and the net binding free energies are better for ERa-3b explaining its selectivity over ERB-3b.

The important active site residues governing selectivity of 3b to ERa over (ERB) are Thr347
(Thr299), Ala350 (Ala302), Trp383 (Trp335), Arg394 (Arg346), Metd21 (11e373), His524 (His475)
and Leu525 (Leud76) as shown in Fig. 4. Larger contribution to selectivity is mainly achieved by
Thr347 (Thr299), Ala350 (Ala302), Met421 (11e373) and Leu525 (Leu476). Per-residue energy
calculation is also performed on the same 200 snapshots chosen from the last 10ns MD trajectories for
MM-GBSA calculations. The relative positions of ligand 3b in ERa and ERp are compared with the
crystallographic complexes (3ERT and 1L.2J) especially with two key residues: Leu384 (Met336) and
Met421 (l1le373) shown in Fig. 5. The superposition highlights the orientation of two amino acids
which actually differ in ERa (Leu384 and Met421) and ERf (Met336 and Ile373) resulting in 3b
specificity towards ERa.

Overall, the simulations and the energy analyses strongly point to a preferential binding of 3b
with ERa over ERP providing a molecular level explanation.

The anti-breast cancer potential of all the synthesized compounds are evaluated against ERa+
(MCF-7) and ERB+ (MDA-MB-231) cell lines with relevant controls (MRC-5) using MTT assay. The
ICs, values of compounds 3a, 3b, 3c, 3d against ERo:+ cell line are 62.5, 0.97, 31.25 and 1.95 pg/ml
whereas against ERB+ cell line are >125, 62.5, >125 and 62.5 pg/ml (Fig. 6). The MTT assay
measures the cell proliferation rate and conversely, when metabolic events lead to apoptosis or
necrosis, the reduction in the cell viability. The MRC-5 cell line is derived from human lung tissue
and is used here as control for serving the role of an ER negative cell line. Results for 1(a-i) are
provided in Fig. S2 (supporting information). All the 3(a-d) compounds exhibit selective inhibitory
activity against ERa+ (MCF-7) cell line over ERB+ (MDA-MB-231). Among them, compound 3b is
found to be the most potent with an 1Cs, value of 0.97 pg/ml (2.27 uM) compared to 3a, 3c and 3d
through MTT assay (Fig. 6). MD simulations combined with MM-GBSA and cell line studies suggest
compound 3b as the best representative compound of the series 3(a-d), building a strong synergism
between computations and experiments. Competitive binding assay could be performed to measure
directly the relative binding affinity of compound(s) to ERa, but because of the regulatory issues
associated with the use and handling of radioactive compound at our current facility, we could not
carry out this work.

In order to determine that the observed anti-proliferative effect of compound 3b is ER
mediated, co-treatment studies are performed to evaluate its synergism with known ER ligands, Tam
and E,. In MCF-7 cell line, our co-treatment results indicate enhanced cytotoxicity when compound
3b is taken along with Tam and similarly, a reversal effect is observed when compound 3b is taken
with E, (Fig. 7). Co-treatment of compound 3b in MDA-MB-231 and MRC-5, however did not
exhibit enhanced cytotoxicity (Fig. S3). Therefore, the co-treatment results exhibited significant
synergism of compound 3b with Tam in ERa+ (MCF-7) cell lines, whereas no synergism was
observed in ERB+ (MDA-MB-231) and ER negative (MRC-5) cell lines, which further indicate that
the synergism is directly associated with ERa target and hence affected only ERo+ cell line. Details of
co-treatment studies of all the compounds are provided in supporting information.
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Time dependent studies with compound 3b and Tam at 1Cs, concentration in MCF-7 cells also
exhibited significant decline in the cell viability (Fig. 8). Altogether, these co-treatment results
indicate enhanced cytotoxicity of 3b in dose and time dependent manner against ERa+ (MCF-7) cell
line which plausibly could be ER mediated. These interesting results prompted us to evaluate the anti-
estrogenicity of compound 3b.

Our results from first step (time course studies) of E-Screen assay indicate that when MCF-7
cells are exposed to the lowest concentration of E, (0.002 pg/ml) along with the range of
concentrations of compound 3b from 24-96 hours, the cytotoxic effects of compound 3b are significant
with a decline in cell viability in a dose and time dependent manner. It is also observed that at
concentration 0.48ug/ml, the cytotoxic effect of compound 3b is abated and a mitogenic response
similar to E, alone is apparent (Fig. 9(a)). However, as the concentration of compound 3b is increased,
there is a decrease in the cell viability.

Results from second step of E-screen assay, when MCF-7 cells are exposed to a range of
increasing concentration of E;, along with 1Cs, concentration of 3b (0.97ug/ml), show a noticeable
effect with increase in MCF-7 cellular proliferation, maximal at 0.013ug/ml (50nM) concentration of
E, throughout the time period (Fig. 9(b)). The E-screen assay results clearly demonstrate that the
inhibition of MCF-7 cells induced by compound 3b can be reversed by the addition of E,. Since 17p-
estradiol has more than 100-fold-greater affinity for ER than Tam, it can compete with Tam or any
putative antagonists and restore the receptor processing and other estrogen associated events®“2.

The above studies indicate that the compound 3b is selective to ER and its effect on cell
proliferation and cell death are subsequent to its ability to target ER. Further we performed siRNA
silencing experiments to confirm ERa selectivity of compound 3b. The specific antibody against ERa
is used to detect ERa levels and compared with the house keeping protein § actin (Fig. 10(a)). As
shown in the figure, ER has been significantly down regulated in silenced cells compared to parental
MCEF-7 cells. The parental MCF-7 and silenced cells were exposed to tamoxifen and compound 3b for
48 hours followed by apoptosis analysis by chromatin condensation as presented in Fig. 10(b) and
Fig. 10(c). Silencing of ERa results in a reduction of cell death induced by tamoxifen and 3b.
Conclusions

In a bid to identify non-steroidal estrogen receptor isoform selective biphenyls, our studies
encompassed the use of computational tools for ligand design followed by synthesis and bioactivity
evaluation. Our studies indicate that the presence of hydroxyl substituents at ortho position of ring B
of the biphenyl scaffold (Fig. 1) resulted in compounds 3b and 3d exhibiting ERa selectivity.
Docking studies indicated that biphenyl compounds containing butylamine groups 3a and 3b act as
good binders compared to diaminobutane derivatives 3¢ and 3d which act as weak binders.
Introduction of long chain substituents on the biphenyl core of ring A in compounds 3(a-d) resulted in
enhanced docking scores indicating better binding affinities with ERa. Further docking and MD
studies indicated presence of bulky groups on ring A resulted in non-coplanarity of biphenyl ring
which possibly resulted in enhanced docking scores. Analysis of MD results including MM-GBSA
suggested 3b as the best binder with high enthalpic contributions, dominated by van der Waals
interactions. The selectivity of 3b towards ERa over ERp is dominated by electrostatics and is
contributed mainly by back bone atoms of four amino acids residues namely Thr347 (Thr299),
Ala350 (Ala302), Met421 (11e373) and Leu525 (Leu476) as indicated by free energy per-residue
decomposition. Cytotoxicity studies of all the compounds belonging to this series indicated higher
cytotoxicity in ERa+ cell line (MCF-7) as compared ERB+ cell line (MDA-MB-231). This is a new
finding in the light of reports on 4-hydroxybiphenyl compounds which have 20-70 fold ERf
selectivity*®. Compound 3b containing ortho hydroxy group was found to be more potent with 1Cs, of
0.97 pg/ml as compared to other compounds. Co-treatment of compound 3b with known ER
antagonist Tam also led to enhanced cytotoxicity which is dose dependent (Fig. 7) and time dependent
(Fig. 8). The antagonistic nature of the ligands is confirmed by E-screen assay wherein the test
compound 3b is evaluated at ICsq concentration in the presence of increasing concentrations of known
ER agonist, E,. The relative proliferative potency (RPP) of compound 3b as compared to E, is
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determined to be 0.004. In addition, gene silencing of ER using human siRNA against ER+ MCF-7
cells led to a reduction in cell death induced by compound 3b. Thus, the results on gene silencing
experiments confirmed ERa selectivity of the identified lead 3b (Fig. 10). The results of our studies
could be valuable for future rational design of selective ER inhibitors, providing a better
understanding of the energetics of affinity versus selectivity. Results also suggest compound 3b as a
good candidate lead molecule which could be further optimized to explore biphenyl scaffolds in
search of better, selective and high affinity ligands.
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Figure and Table captions
Figure 1: Compounds of interest
Figure 2: Synthesis of biphenyl-2,6-diethanone derivatives.

Figure 3: A comparative depiction of interactions of biphenyl compounds 3(a-d) with the active site
residues of ERa. The violet color represents various biphenyl compounds. Dashed bonds represent the
hydrogen bonds along with the distances whereas arcs represent VDW and hydrophobic contacts.
Circled residues represent hydrophobic side chain interactions with the corresponding ligands which
are also observed in ERa complexed with tamoxifen. All the snapshots for the above analyses are
taken from the last 10ns of the MD trajectories.

Figure 4: A comparison of per-residue binding free energy for key residues between ERa-3b and
ERpB-3b.

Figure 5: (a) A superposition of complex ERa-3b (cyan) with ERa-Tam (pdb id: 3ERT) (magenta).
(b) A superposition of complex ERB-3b (cyan) with ERB-THC (pdb id: 1L2J) (magenta). For clarity
all hydrogens are removed and only a few important amino acids interactions are displayed to
highlight selectivity. Yellow dotted bonds represent hydrogen bonds.

Figure 6: Dose dependent studies of biphenyl-2,6-diethanone derivatives 3(a-d) plotted against optical
density (OD) at 570nm in MCF-7, MDA-MB-231 and MRC-5 cell lines using MTT assay. The data
are means and standard error of the mean (SEM) from three samples of each group. Two-way
ANOVA followed by Bonferroni post test where p-value < 0.05 is significant for compounds.

Figure 7: Results of co-treatment studies at varied concentrations of compound 3b alone and in
combination with Tam against MCF-7 cell line. All the concentrations are in pg/ml.

Figure 8: Time course of the effect of combination of 0.056 pg/ml Tam and 0.97 pg/ml 3b on MCF-7
cells. Mitochondrial dehydrogenase activity is measured via MTT assay for the selected time period.
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Cells with media are considered as negative control and with 0.002 pg/ml (10nM) E, as positive
control.

Figure 9: (a) Time course of the effect of treatment with 0.002ug/ml (10nM) E, and a range of
concentration of 3b on mitochondrial dehydrogenase activity of the MCF-7 cells; (b): Time course of
the effect of co-treatment with 0.97pg/ml (2.27uM) 3b and a range of concentrations of E, on
mitochondrial dehydrogenase activity of the MCF-7 cells to establish estrogen rescue phenomena. All
the concentration units are pg/ml.

Figure 10: (a) Gene silencing experiment. Expression of ERa protein by western blot analysis
following transfection with ERa siRNA. The difference in the expression of ERa in silenced as
compared to parent MCF-7 cells is shown. (b) Effect of tamoxifen and 3b on induction of apoptosis in
parental and silenced cells. Parental and ERoa silenced MCF-7 cells are assessed for nuclear
condensation following 48 hours treatment with tamoxifen (5.63 pg/ml) and 3b (15, 31.25, 62.5, 125,
250 pg/ml) by Hoechst staining. (c) Data is expressed as MeantSTD of nuclear condensation
expressed as a percentage (n=3) (*P<0.001).

Table 1: Calculated binding free energies (in kcal/mol) for ERo and ERB with compounds 3(a-d)
using ParDOCK

Table 2: Binding free energies (kcal/mol) calculated using MM-GBSA method for ERa and ER3

Biphenyl compounds ERo (3ERT) ERp (1L2J)

3a -8.00 -71.67
3b -7.50 -7.43
3c -6.81 -6.48
3d -6.01 -5.46
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Table 2: Binding free energies (kcal/mol) calculated using MM-GBSA method for ERa and ER.

Terms ERa-3a ERa-3b ERa-3c ERa-3d ERB-3b
AGere 720 (3.68) -16.44 (4.37) -54.11(12.59) -14.97 (5.93) -8.40 (4.20)
AGygw -56.15 (3.24) -57.13(3.47) -50.61(3.89)  -43.77 (3.09)  -58.39 (2.68)
AGpol,solv 30.91(3.36) 33.39(3.31) 62.49(8.71) 36.45 (4.54) 28.20 (2.33)
AGnonpol solv -8.07 (0.33) -7.52(0.44) -7.64(0.29) -6.15 (0.39) -7.86 (0.27)
AGele+AGpol solv 23.71 16.95 8.38 21.48 19.8
AGyaw+AGronpol soly  ~64.22 -64.65 -56.75 -49.92 -66.25

AH 4051 (3.21) -47.71(3.82) -49.87 (5.07) -28.45(3.64)  -46.46 (3.41)
TAS -23.64 (3.24) -24.08 (4.84) -27.35(4.53) -23.36(4.01) -26.05(5.32)
AGbing -16.87 (4.98) -23.63 (4.72) -22.52(6.21) -5.09(6.06)  -20.41 (5.81)

* Standard deviations (STD) are displayed in parentheses.
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NH,R, CH3CN, Pyridine

-

Reflux

2(a-b)
3(a-d)
Where Biphenyl-2.,6-bis-bromodiethanone

3a) R;=R,=R,=H, Ry3=0H, Rs=(CH2)3-CH3;
3b) Ry=OH, Ry=R3=R,=H, Rs=(CH2)3-CH3;
3¢) Ry=R,=R,=H, R3=OH, Rs=(CH2)4-NH2;
3d) Ry=OH, Ry=R3=R,=H, Rs=(CH2)4-NH2
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