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Abstract

Estrogen receptor beta (ERP) selective ligands have attracted much attention recently in the design of anti-cancer
drugs that are devoid of the common side effects of estrogen. Structural studies of estrogen receptor alpha (ERa) and
B revealed that there were considerable differences in their ligand-binding cavity and in their volume. Hence, the
present study has hypothesized that size and shape descriptors can influence the affinity/selectivity of the ligands
towards ERP. To prove the same, quantitative structure-activity relationship (QSAR) analyses were carried out using
multiple regression analysis on 2-phenylquinoline, tetrahydrofluorenone and 3-hydroxy-6H-benzo[clchromen-6-
one series. Results indicate that increased lipophilicity, decrease in ellipsoidal volume and width of substituents,
presence of halogen atoms was essential for the ligands to have high affinity/selectivity towards ER. QSAR models
obtained were both internally and externally validated. The study delineates that the size and shape descriptors are
best modulators of ER( affinity/selectivity. Docking studies were performed to support our QSAR results.

Keywords: Estrogen, ERa and B receptors, anti-cancer, phenylquinoline, tetrahydrofluorenone, 3-hydroxy-6H-

benzo[c]chromen-6-one

Introduction

The biological effects of estrogens are mediated through
its interaction with estrogen receptors (ERs) two forms
of which are known as estrogen receptor alpha (ERa)
and estrogen receptor beta (ER3). ER, as a molecularly
distinct receptor, was identified and cloned from rat
prostate and ovarian cells?, closely followed by cloning
of the human and mouse homologues®*®. ERa has 595
amino acids, whereas ERf is 485 amino acids long. The
ER isoforms share 95% and 58% amino acid sequence
identity in their DNA binding and ligand-binding
domains (LBD), respectively®. The realization that there
are two ERs with different tissue distribution raises the
possibility of developing subtype selective ligands that
can be used in a multitude of clinical states includ-
ing hormone influenced cancer’. Further ER} agonists
have minimal risk of adverse effects thus differing from

selective ER modulators that increase the risk of endo-
metrial cancer®.

Currently, no selective ERP agonist is available in the
market. Hence, to provide a rationale in the design of
new anti-cancer agents, quantitative structure-activity
relationship (QSAR) studies were employed. Several
QSAR models on estrogens were derived in which most of
them reported the estimation of different chemical class
endocrine disruption potential®'! otherwise focused on
the classification of ER agonist vs. non-agonist regard-
less of ER isoforms'. Few authors'*'* had studied the
structural features influencing the binding affinity to ERf3
using environmental estrogenic chemicals and phytoe-
strogens as data set (48 compounds as training set and
12 compounds as test set) in which they concluded that
quantum chemical and electrostatic descriptors mainly
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influenced the ERp selectivity. However, they concluded
that their results on the external test set are not satisfac-
tory in both receptor independent and dependent-based
approach'™. Therefore, we intended to identify the
features that will influence the ERf3 potency and selec-
tivity. ERa and 3 isoforms differ in their ligand-binding
pocket in two critical amino acids: Leu 384 and Met 421
in ERa, whereas the corresponding residues in ERf} are
Met 336 and Ile 373. In addition, ERf ligand-binding cav-
ity is smaller (390A%) compared to that of ERa (490A3)'5.
These differences in binding site and volume between
ERa and 3 LBD can be capitalized to design ERf selective
ligands. To prove the same rationale, QSAR studies were
employed on selective ERf3 series.

Materials and methods

Data set and software

The data used for our analyses were from the reported
series of 2-phenylquinolines (21 compounds)', tetra-
hydrofluorenones (31 compounds)'’, and 3-hydroxy
6H-benzo[c]chromen-6-ones (28 compounds)® since
the series displayed a broad range of reactivity towards
ERs (Table 1, 2 and 3). The same data set of Boriani et al.'®
and Spreafico et al."* was not taken because most of the
ligandsin their data set are non-selective or ERa selective.
The structures of the ligands taken in the present study
were constructed in DS Viewer Pro 6.0 (Accelrys Software
Inc, 2005). Energy level of the constructed structures and

charges were optimized, and QSAR studies were carried
out using a commercial package TSAR 3D, version 3.3
(Oxford Molecular Limited, 2000). Binding affinity for ER}
(IC,,) and ER@ selectivity (ERa. IC_/ERP IC, ratio) were
considered as the biological activity of ligand-receptor
interaction and were converted into the logarithmic scale.
For the three series of compounds taken in the present
study, a cluster analysis was carried out with TSAR using
the complete linkage clustering method (Euclidean dis-
tances) with no data standardization for the whole data
set comprising of descriptors and activity'**’. Based on
the clusters, the data set was divided into training and
test sets so that all clusters are properly represented in
both training and test sets in the ratio 3:1%.

Descriptors selection

TSAR includes many structural property parameters like
mass, surface area, volume, moments of inertia, molar
refractivity, lipophilicity, verloop parameters, dipole,
topological indices, connectivity indices, electrotopolog-
ical state indices (E-state indices), Kier and Hall indices,
number of atoms, rings, hydrogen bond acceptors and
donors and Vamp electrostatic parameters. From the
earlier crystallographic report®, we hypothesized that
size and shape of the ligands mainly influence the ERf}
potency and selectivity. To prove the hypothesis, in the
current study size and shape parameters like molecular
weight, verloop, volume, kappa indices and number of
atoms were included. Since atom-type E-state indices

Table 1. Structural features, observed and predicted ERf IC_ values and ERa./f fold selectivity for 2-phenylquinoline scaffold.

ERB IC,, (nM) ERa/fB
S. No R! R? R? R Observed Predicted Observed Predicted
1 H H H H 2.232 2.220 1.000 1.017*
2 H H Cl H 1.477 1.765% 1.322 #
3 H H Br H 1.944 2.051 1.113 1.370
4 H H H Cl 0.662 1.129% 1.662 1.712
5 F H H Cl 0.724 0.743 1.662 1.387*
6 H H H Br 0.633 0.888* 1.698 1.630
7 F H H Br 0.531 0.503 1.919 1.634
8 F F H Br 1.556 1.364 1.342 1.325
9 H H H CH=CH, 1.778 1.650* 0.903 0.697*
10 F H H CH:CH2 1.643 1.915 0.954 1.105
11 H H H C2H5 1.716 # 1.079 1.192
12 F H H CH, 1.897 1.632 1.342 0.836*
13 H H H C=CH 1.875 2.060%* 1.301 1.011
14 F H H C=CH 1.431 1.938 1.681 0.957*
15 F F H C=CH 2.875 2.266 0.778 0.795
16 H H H CN 1.447 1.526 1.204 #
17 F H H CN 1.361 1.579* 1.662 1.491
18 H H H COCH3 2.344 2.365 1.146 0.994%
19 F H H COCH3 1.968 2.067 1.556 1.338
20 F H H CGH5 2.324 # 1.278 1.421
21 H H H OCH3 3.075 2.260%* 0.778 0.403*

*Compounds used in the test set.
#Outlier.
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Table 2. Structural features, observed and predicted ERf IC_ values and ERa/f fold selectivity for tetrahydrofluorenone scaffold.

ERB IC,, (nM) ERa/fB
S. No R! R? Observed Predicted Observed Predicted
1 H H 3.186 3.164 0.845 0.884
2 CH, H 2971 2.998 0.698 0.652%*
3 C,H; H 2.572 2.846 1.431 #
4 CH,CH,CH, H 2.338 2.694 1.079 1.195
5 CH,CH,CH,CH, H 2.274 2.544% 1.531 #
6 CH,CH,CH,CH, CH, H 2.975 2.390 0.602 0.557
7 CH,CH, H 3.625 2.381%* 0.301 0.625*
8 CH, CH, 1.799 1.520%* 1.278 1.477
9 C,H, CH, 1.447 1.366 1.633 1.416
10 CH,CH,CH, CH, 1.041 1.237 1.414 1.417%
11 Iso-propyl CH, 2.089 # 1.079 0.641%
12 CH,CH,CH,CH, CH, 1.204 1.063 1.591 1.417
13 Iso-butyl CH, 1.301 1.099 1.000 #
14 CH, CH, 1.176 1.076* 1.505 1.485
15 CH, Br 1.127 0.877 1.819 1.785
16 CH, Br 0.653 0.725 1.851 1.723
17 CH,CH,CH, Br 0.643 0.576%* 1.255 1.724%
18 CH,CH,CH,CH, Br 0.255 0.421 1.880 1.738
19 CH,CH,CH,CH, Et 1.113 0.521* 1.301 1.419%
20 CH,CH,CH,CH, Pr 0.176 0.369 1.301 1.418
21 CH,CH,CH,CH, Bu 1.176 0.294* 1.255 1.383
22 CH,CH,CH,CH, 2-furyl 0.491 1.024 1.799 1.352%
23 CH,CH,CH,CH, 2-thienyl 0.204 0.179 1.653 1.494
24 CH,CH,CH,CH, Phenyl 0.079 0.548* 1.531 1.364
25 CH,CH,CH,CH, CN 1.579 1.397 1.633 1.419%
26 CH,CH,CH,CH, CF, 0.176 ~1.822% 1.929 1.965
27 CH,CH,CH,CH, cl 0.724 0.722 1.342 1.544
28 CH,CH,CH,CH, I 0.113 -0.007* 1.977 1.884%
29 CH, Br 0.397 0.410 1.653 1.788
30 C,H, 2-furyl 1.204 0.977 1.380 1.487
31 CH, CN 1.505 1.386 1.477 1.468%
*Compounds used in the test set.
#Outlier.
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code mainly about size, cyclicity, branching and the
number of quaternary atoms, which are found out by the
rotation of high dimension space in different directions,
it has also been included in the study*. Crystallographic
and docking studies revealed that ER( selective ligands
form hydrogen-bonding interactions with Glu 305, Arg
346 and His 475 of ERf3**. Hence, the number of hydro-
gen bond donors and acceptors were taken into account.
The descriptors used in the present study are tabulated
in Table 4.

Model construction and validation

Multi-parametric regression analyses between physico-
chemical descriptorsandbiological activities were carried
out to identify the favourable and adverse parameters for
ERp potency and selectivity. Combinations of predictor
variables were selected for further analyses based on low

© 2011 Informa UK, Ltd.

interrelationship between them (|R| < 0.6)*. Correlation
matrices between the descriptors were given in the sup-
plementary information. The robustness of the models
and their internal predictive ability were evaluated by g*
based on leave-more-out cross-validation (LMO_ ). The
LMO_, procedure consists of removing three examples
from the training set and constructing the model only on
the basis of the remaining training data and then testing
on the removed examples. In this fashion, all of the train-
ing data examples were tested, and g* was calculated.
Compounds were considered as outliers on the basis of
their deviation between observed and predicted activi-
ties from the model (observed activity—predicted activity
>2 S.D., where S.D. is the standard deviation)?. In order
to find out any chance correlations associated with the
QSAR models recognized in multiple linear regression
analysis, each cross-validated model has been put to a
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randomization test. Randomization was performed in
Strike, Schrodinger® which is a chemically aware statisti-
cal tool. In this test, the dependent-variable (ERf affinity
and selectivity) was randomly shuffled and a new QSAR
model was developed for each respective series using the
unchanged independent variable matrix. This process
was repeated for several cycles. It was expected that the
resulting QSAR models should have low randomized R?
and high S.D. values®. This is a widely used technique
to ensure the robustness of a particular QSAR model.
Over fitting, due to the excessive number of parameters
(which increases the R and S.D values also), can be
detected by the examination of Q value. Q is the quality
factor (Q=r/S.D.)®. In addition the developed model
should be robust enough to be capable of making accu-
rate and reliable predictions of biological activities of
new compounds?®. Hence, in the present study, external
validation was also carried out which consists of making
predictions for an independent set of compounds not
used in the model training. The correlation equations,

which returned the highest correlation coefficient (R?),
Fischer’s value (F) and g> LMO_ and lowest standard
error of the regression model(s) were finally retained for
further discussion. Predictability of the generated QSAR
equations was externally validated using the test set and
is denoted as R2pre "
Docking studies with the target ERB

Ligand preparation

The most active compound and least active compound
of each series were identified and prepared for docking
using LigPrep*. LigPrep is a utility of Schrédinger soft-
ware that generates 3D structures from 2D representa-
tion. LigPrep also assigns an appropriate bond order with
correct chiralities for each successfully processed input
structure and produce a number of structures from each
input structure with various ionization states, tautomers,
stereoisomers and ring conformations. Subsequently,
the structures were optimized by means of OPLS-2005
using a default setting in the LigPrep.

Table 3. Structural features, observed and predicted values for ERP IC, values and ERa./{3 fold selectivity for 3-hydroxy- 6H-benzo|[c]

chromen-6-one scaffold.

ERB IC,, (nM) ERa/B
S. No. R R? R R R° Observed Predicted Observed Predicted
1 CH, CH, H H H 1.968 2.326* 2.029 1.560
2 CH, H OCH, H H 2.488 2.634 1.505 0.966*
3 CH, H Br H H 2.107 2.826 1.892 1.594
4 CH, H H H H 3.161 2.363* 0.845 0.965
5 CH, H CH=CH, H H 2.491 2.047 1.176 1.556%*
6 H H CH H CH 1.954 2.106 0.812 #
7 C,H; H Br H H 3.369 # 0.361 0.553
8 CH, H H H CH 2.513 2.137 1.477 1.601%*
9 CH, H H H CH=CH, 2.318 2.044% 1.681 1.608
10 CH, H H H Propenyl 2.064 1.424 1.414 #
11 CH, CH, OCH, H H 2.068 2.164%* 1.929 1.004*
12 CH, CH, NH, H H 2.445 2.591 1.707 1.573
13 CH, CH, NHSO,CH, H H 2.636 2.696* 0.991 1.621
14 CH, Br H Br H 1.380 1.494 1.397 1.553
15 CH, CH, H H CH 1.903 1.761 1.579 1.837
16 CH, CH, NHCHO H H 2.980 2.533 1.000 1.025*
17 CH, H Br CH, H 2.332 2.204 1.505 1.549
18 CH, H OCH, Br H 1.886 1.874 2.110 #
19 CH, H Br Butenyl H 1.414 1.234 1.623 1.744%
20 CH, H CH, H CH, 1.301 1.550% 2.264 2.367
21 CH, H CH, Br 1.643 1.653 1.851 1.427
22 CH, H CH, H H,C=CH-CH, 1.544 1.159* 2.454 2.395
23 CH, H CH, H CH=CH, 1.000 1.405 3.000 2.716%
24 CH, H OCH, H CH,CH, 1.838 1.691% 2.152 1.916
25 CH, H OCH, H CH=CH, 1.724 1.923 2.274 2.458
26 CH, H CH, Br CH, 1.755 1.444% 2.243 2.133%
27 CH, H CH, OCH, CH, 1.204 1.053 2.411 2.411
28 CH Br CH OCH CH 0.060 0.680 2.176 2.185*

3

3

*Compounds used in the test set.

#Outlier.
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Table 4. Molecular descriptors selected for the study.

Descriptors Class of descriptor
Molecular weight Structural
Number of atoms Structural
Number of halogen atoms Structural
Number of heteroatoms Structural
Number of hydrogen bond donors Structural
Number of hydrogen bond acceptors Structural
Ellipsoidal volume Spatial

Verloop L, B1-B5 Steric

Kappa indices (a1-3) Shape
Lipophilicity Thermodynamic
Electrotopological state indices Electronic

Protein preparation

The X-ray crystal protein structure of ERf} in complex with
compound genistein (PDB ID: 1QKM, resolution 1.8A)
obtained from the RCSB Protein Data Bank (PDB) was
used in this study*®. Many recent computational studies
on ERf used the crystal structure 1QKM to predict the
binding modes of ER} compounds'®*#*. Protein structure
was prepared using the Maestro software package* and
aligned using the protein structure alignment module in
Prime®. Bond orders and formal charges were added for
heterogroups, and hydrogens were added to all atoms in
the system. Protein was inspected visually for accuracy
in the y* dihedral angle of Asn and His residues and the
%® angle of Gln, and rotated by 180° when needed to
maximize hydrogen bonding. The proper His tautomer
was also manually selected to maximize hydrogen bond-
ing. All Asp, Glu, Arg and Lys residues were left in their
charged state. Water molecules of crystallization were
removed from the complex exceptin the active site. A brief
relaxation was performed on structure using the Protein
Preparation module in Maestro with the “Refinement
Only” option. This is a two-part procedure that consists
of optimizing hydroxyl and thiol torsions in the first stage
followed by an all-atom constrained minimization car-
ried out with the Impact Refinement module (Impref)
using the OPLS-2005 force field to alleviate steric clashes
that may exist in the original PDB structures. The mini-
mization was terminated when the the root mean square
deviation (RMSD) reached a maximum cutoff of 0.30 A.

Grid generation and ligand docking
Grids were defined by centring them around the ligand in
the crystal structure using the default box size setting in
Glide: scaling of van der Waals radii of protein atoms par-
tial atomic charge ofless then 0.25 by 1.0. Hydrogen bond
constraints were not applied. Flips of 5- and 6-member
rings were allowed, and non-planar conformation of
amide bonds was penalized. van der Waals radii of ligand
atoms with partial atomic charge less than 0.15 was scaled
by 0.8. The prepared ligands were docked against the ERf3
receptor. All docking calculations were performed using
the “Extra precision” (XP) mode of Glide program?..
Glide uses a hierarchical series of filters to search
for possible locations of the ligand in the active-site

© 2011 Informa UK, Ltd.

Descriptor analysis of ERB-selective ligands 835

region of the receptor. The initial filters test the spatial
fit of the ligand to the defined active site, and examine
the complementarity of ligand-receptor interactions
using a grid-based method. Poses that pass these initial
screens enter the final stage of the algorithm, which
involves evaluation and minimization of a grid approxi-
mation to the OPLS-AA nonbonded ligand-receptor
interaction energy. Final scoring is then carried out on
the energy-minimized poses. The minimized poses are
rescored using Schrédinger’s proprietary GlideScore
(GScore) scoring function. GScore is a modified version
of ChemScore, but includes a steric-clash term and adds
buried polar terms devised by Schrodinger to penalize
electrostatic mismatches.

GScore =a X vdW + b X Coul + Lipo + Hbond + Metal
+ BuryP + RotB + Site

where vdW—Van der Waal energy, Coul—Coulomb
energy, Lipo—Lipophilic contact term, Hbond—
Hydrogen-bonding term, Metal—Metal-binding term,
BuryP—Penalty for buried polar groups, RotB—Penalty
for freezing rotatable bonds, Site—Polar interactions at
the active site; and the coefficients of vdW and Coul are:
a=0.065, b=0.130. All docking computations were car-
ried out with the Linux OS (Red Hat Enterprise WS 5.0).

Results and discussion

Many structurally diverse compounds have been noted
to engage ERs and influence cellular response through
them. ER LBD recognizes a wide variety of structurally
distinct compounds that act as either receptor agonists,
antagonists or have mixed character. In the present study,
three structurally different compounds and their deriva-
tives were analyzed for their molecular attributes such
as size or shape parameters, lipophilicity and hydrogen-
bonding potential. Molecular recognition of estrogenic
compounds is achieved through a combination of specific
hydrogen bonds with the receptor and hydrophobic inter-
action between residues that line the receptor cavity and
the non-polarregion of the ER ligands. Structural plasticity
also allows ERs to shrink the cavities by as much as 15% to
accommodate the smaller ligands better®. Thus, the abil-
ity of ER to bind a wide range of compounds stems from
the flexibility in both the size and shape of the LBD. In the
present study, we have considered size and shape indices
of the ligands, in addition to their chemical characteristics
important in determining ERp potency and selectivity.
Further, earlier report indicates that the differing amino
acid at position Met 421 (ERa) and the corresponding Ile
373 (ERB) would be an important differentiator in deter-
mining the specificity of ligand interaction than the other
differing amino acid pair, viz Leu 384 (ERa) and Met 336
(ERP)*. In ERa, Met 421 makes a repulsive interaction
with the electronegative and the non-polarisable groups®,
and hence the electrotopological state (E-state index) was
considered to be one of the differentiating descriptors
to determine ligand selectivity. Before docking study, the
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original crystal structure of ER{3-genistein complex (PDB
ID: 1QKM) was used to validate the Glide-XP docking pro-
tocol. This was carried out by removing the co-crystallized
genistein ligand outside the active site and then docked
backin to the active site. The RMSD was calculated for the
best configuration in comparison to the co-crystallized
genistein, and it was found to be 1.30 A. The hydrogen
bonding interactions between the genistein and ERf
was found to be in accordance with the crystallographic
data®. Docking results of best active and least active com-
pounds of the phenylquinoline, tetrahydrofluorenone
and 3-hydroxy-6H-benzo[c]chromene-6-one series was
taken to support our QSAR results.

Phenylquinoline

The chemical structure of 2-phenylquinoline is shown
in Figure 1A. Parameters like molecular weight, num-
ber of hydrogen bond donors and acceptors, verloop
parameters and E-state indices did not show any statisti-
cally significant effect on receptor activation and hence
not reported here. The parameters showing significant

RZ
OH
N
S
R1
P
HO
R® R
b R2 0
HO R
C R4
R5 R3
\\ R2
HO (0] 0

R1

Figure 1. Skeletal structure of estrogenic compounds. The
moieties derivatised in each compound is indicated and referred
in the Tables 1, 2, and 3.

relationship with receptor interaction are shown in
Table 5. A multi-parameter regression model for the ERf3
receptor binding and ERa to ERf selectivity is shown in
Equation 1 and Equation 2 below.

log [IC50], =—0.877Xa—0.636X b+5.421 (1)

where a=lipophilicity (whole molecule) and b=number
of heteroatoms at R*.

log ([IC50],/[IC50],) =—0.001Xa—0.530Xb+1.981 (2)

where a=ellipsoidal volume (whole molecule) and
b=kappa 2 index of substituents at R*.

These equations predict the binding affinity
(Figure 2A) and ERp selectivity (Figure 2B) using the
indicated descriptors. The plot against the observed vs.
predicted values depict a good fit, and the statistical
parameters are significant which suggests the utility of
the model (Table 6). The propensity for a ligand to bind
with higher affinity to ERf is correlated with higher LogP
(ERa binding affinity decreases with increase in lipo-
philicity). This is consistent with the ERf binding pocket
where large lipophilic cavities are present. Hence it is
not surprising that log P is a modulator for ERf affin-
ity. Earlier reports also indicate that hydrophobic com-
pounds exhibited better ER(} potency®* that is consistent
with the present findings. Equation 1 suggests that incor-
poration of heteroatoms at R* of phenylquinolines will
increase the ERf affinity. From Table 1, it can be inferred
that a wide variety of functional groups including elec-
tronegative, electron-rich, aliphatic, aromatic, and polar

Table 5. Physicochemical descriptors that significantly
influenced the 2-phenylquinoline derivatives binding at ER
receptors.

Number of Ellipsoidal ~ Kappa 2 index
heteroatoms volume (whole of substituents
S.No. LogP at R* molecule) at R?
1 3.650 0 963.503 0.0
2 4.168 0 883.183 0.0
3 3.842 0 1307.560 0.0
4 4.168 1 576.104 0.0
5 4.608 1 593.980 0.0
6 4.442 1 750.821 0.0
7 4.882 1 742.811 0.0
8 3.901 1 836.976 0.5
9 4.299 0 1284.100 0.0
10 3.998 0 1874.880 0.0
11 4.216 0 1689.270 0.0
12 4.321 0 1324.970 0.0
13 3.832 0 2075.810 0.0
14 3.971 0 1386.10 0.0
15 3.598 0 1971.28 0.5
16 3.715 1 986.599 0.0
17 3.655 1 1049.600 0.0
18 2.759 1 1287.69 0.0
19 3.098 1 1376.590 0.0
20 5.174 0 1199.310 0.0
21 2.879 1 1577.20 0.0
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Figure 2. Plot of predicted vs. observed values of ER} binding affinity and fold selectivity of the ligands against ER receptors. (A), (C)
and (E) represent the ERf binding affinity of phenylquinoline, tetrahydrofluorenone and 3-hydroxy 6H-benzo[c]chromen-6-one ligands
respectively. (B), (D) and (F) represent the ERf fold selectivity of phenylquinoline, tetrahydrofluorenone and 3-hydroxy 6H-benzo|[c]

chromen-6-one ligands, respectively.

Table 6. QSAR statistics of the best multiple linear regression equations.

RMSE Randomized
Training

Data set n R? R S.D. Q q° Fvalue set  Testset R? SD. R

pred
2-phenylquinoline ERB IC, | 12 0.822  0.906 0305 2.970 0.720 20.849 0.264 0.395 0.131 0.785 0.853
2-phenylquinoline ERa/f3 12 0.724  0.850 0.217 3.917 0.579 19.048 0.173  0.226  0.192  0.621 0.548
Tetrahydrofluorenone ERBIC,, 20 0934 0966 0.270 3.577 0.758 75.970  0.245 0.707 0.174  0.537 0.652
Tetrahydrofluorenone ERa/f3 18 0.850 0921 0.147 6.265 0.717 42700 0.134 0.278 0.101  0.724 0.667
3-hydroxy 6H-benzolc] 18 0.723 0.850 0.385 2.207 0.556 19.671 0.351 0.338  0.142  0.697 0.612
chromen-6-one ERB IC,
3-hydroxy 6H-benzolc] 16 0.760 0.883 0.310 2.848 0.602 14.194 0.268  0.373  0.157 0.954 0.625

chromen-6-one ERo/f3
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substituents were introduced at R* of phenylquinolines.
Among which, compounds that had electronegative
substitutions showed increased affinity towards ERf
(Table 1). According to Vu et al.'%, Met 421 of ERa. and Ile
373 of ER interacts with the residue at R* of phenylqui-
nolines. Although the relative contribution of disper-
sion, electrostatics and exchange repulsion is unclear,
it is possible that the electronegativity of the halogens
and the methionine sulphur makes an unfavourable
electrostatic contribution to the total interaction with
ERo thereby increasing the affinity towards ERP. The
repulsion with Met421 of ERa by halides created at this
site could permit better moulding with ERf receptor. In
the present study, docking of most active compound 7
in the 2-phenylquinoline series to the binding pocket of
the ERp places the bromo group at R* in close proximity
to the ERp I1e373 residue (Figure 3A) and showed more
GScore than the inactive compound 21 in the series. This
is in concordance with the earlier report that chemically
hard functional group containing electronegative atoms
are more attractive synthetic target than others with
regard to improved ER( binding®. Interestingly, com-
pound 21 containing methoxy group at R* substitution
exhibited a great loss of affinity, presumably due to the
unfavourable basicity of the quinoline core induced by
the electron-rich methoxy group'®.

In the present study, Equation 2 indicates that
decrease in ellipsoidal volume increases the fold selec-
tivity towards ERP. From Table 5, it can be seen that
compounds having aliphatic groups such as ethyl, vinyl,
alkynyl, and electron-withdrawing cyano group dis-
played higher ellipsoidal volume and showed only mini-
mal selectivity. Compounds substituted with halides at R*
position displayed low ellipsoidal volume and displayed
higher selectivity which is in accordance with the pres-
ent study results (Equation 2). This may be because the
internal volume of the LBD of ER} is significantly smaller
(~20%) than in ERa and hence it may have implications
for the selectivity of ligands. Equation 2 also indicates
that kappa 2 indices of the substituents at R* should be
less to have increased selectivity in phenylquinolines.
The kappa index is the molecular shape index based on
the assumption that the shape of a molecule is a function
of the number of atoms and their bonding relationship.
Kappa 2 index indicates the degree of linearity of bond-
ing patterns®. From Table 1, it can be inferred that sub-
stitution at R*> decreases the selectivity of the compounds
towards ERf3 (compare compound 7 vs. 8, 14 vs. 15) which
is in accordance with Equation 2.

Tetrahydrofluorenone

The structure of tetrahydrofluorenone is shown in
Figure 1B. Among the various descriptors analyzed, the
molecular weight, molecular surface area, number of
hydrogen bond donors/acceptors, ellipsoidal volume,
kappa indices and E-state indices were not significantly
correlated with ERp affinity/selectivity and hence not
discussed further. The descriptors showing significant

influence on ERP affinity/selectivity are shown in Table 7.
The multi-parameter regression analysis is for ERf3 recep-
tor binding and ERf to ERa selectivity is described as in
Equation 3 and Equation 4 below.

log [ICSO]ﬁ =—1.953Xa—0.383Xb—0.295X
c+5.752

3)

. GLU 303

Figure 3. (A) Docked pose of most active compound 7 (green)
and least active compound 21 (grey) in the phenylquinoline
series with ERJ. Only key residues (pink), of the ERf binding
site are shown for simplicity. (B) Docked pose of most active
compound 28 (green) and least active compound 7 (grey) in the
tetrahydrofluorenone series with ERf. Only key residues (pink),
of the ERp binding site are shown for simplicity. (C) Docked pose
of most active compound 23 (green) and least active compound
7 (grey) in the tetrahydrofluorenone series with ERf3. Only key
residues (pink), of the ERP binding site are shown for simplicity.
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where a=verloop B2 of substituents at R* b=lipophilic-
ity (whole molecule) and c=number of halogen atoms at
substituent R%.

log ([1C50],/[IC50],) =1.223Xa—0.291Xb—0.047  (4)

where a=verloop B1 of substituents at R* and b=verloop
B2 of substituents at R'.

The observed experimental and the values predicted
from Equations 3 and 4 are plotted in Figure 2C and 2D.
Statistical parameters of Equations 3 and 4 were signifi-
cant which indicate the robustness of the model (Table 6).
Equation 3 indicates that increase in the width (verloop
B2) of R? substituents will increase the ERf affinity of the
ligands. From Table 2, it can be observed that introduc-
tion of methyl group at R? resulted in increase in ERf}
binding (compare compound 2 vs. 8). Further increase in
width using substituents like heteroaryl or phenyl groups
at R? increased the binding affinity (Table 2) which is in
accord with the present study results (Equation 3). Like
phenylquinolines, in tetrahydrofluorenone series also an
increase in affinity for ER3 was observed when the lipo-
philicity of the ligands increased. Equation 3 also reveals
that presence of halogen atoms at R* increases the affinity
of the compounds. From the docking studies of the most
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active compound 28 in the tetrahydrofluorenone series, it
was observed that the functional groups at R?* interacted
with Met 336 of ERf3 through van der Waal’s force. This
observation suggests that presence ofhalides near Met 336
will enhance ERf ligand interaction leading to increased
affinity. This affinity enhancement for ER3 can be attrib-
uted to a favourable overall hydrophobic effect due to
the substituent (halogen) itself and additional van der
Waals interactions between the halogen and surrounding
residues. From Table 2, it can be inferred that halogenated
analogues at R?> showed more affinity towards ERf in
contrast to heteroaryl and phenyl analogues.

Equation 4 indicates that increase in the width (ver-
loop B1) of substituents at R? in tetrahydrofluorenones
is favourable for increasing selectivity towards ERp.
Verloop B1 is the width parameter and is defined as the
smallest width of the substituent in any direction per-
pendicular to verloop length®. As R* substituents are
near to more flexible Met 336 of ERp, bulkier substituents
can be well accommodated when compared to Leu 384
of ERa and display high selectivity. Equation 4 indicates
that increase in width (verloop B2) of the substituents at
R' will be detrimental to ERP selectivity. Verloop B2 is
determined by measuring the width of the substituent

Table 7. Physicochemical descriptors that significantly influenced the tetrahydrofluorenone derivatives binding at ER receptors.

S. No. Verloop B2 of R? Lipophilicity Number of halogen atoms at R* Verloop B1 of R? Verloop B2 of R!
1 1.000 1.653 0 1.000 1.000
2 1.000 2.086 0 1.000 1.800
3 1.000 2.483 0 1.000 1.889
4 1.000 2.879 0 1.000 1.835
5 1.000 3.275 0 1.000 1.898
6 1.000 3.672 0 1.000 2.120
7 1.000 3.700 0 1.000 1.892
8 1.702 2.364 0 1.650 1.696
9 1.703 2.761 0 1.650 1.902
10 1.691 3.157 0 1.650 1.903
11 1.701 3.091 0 1.650 2.659
12 1.702 3.553 0 1.650 1.899
13 1.697 3.487 0 1.650 1.899
14 1.691 3.581 0 1.650 1.666
15 1.900 2.262 1 1.900 1.689
16 1.900 2.658 1 1.900 1.900
17 1.900 3.055 1 1.900 1.897
18 1.900 3.451 1 1.900 1.849
19 1.903 3.949 0 1.650 1.895
20 1.902 4.346 0 1.650 1.896
21 1.864 4.742 0 1.650 2.018
22 1.690 3.719 0 1.650 2.124
23 2.055 4.062 0 1.713 1.903
24 1.728 4.770 0 1.650 2.080
25 1.650 2.951 0 1.650 1.896
26 2.646 3.969 3 2.168 2.195
27 1.800 3.177 1 1.800 2.093
28 2.030 3.917 1 2.030 1.892
29 1.900 3.479 1 1.900 1.677
30 1.708 3.747 0 1.650 1.661
31 1.650 2.979 0 1.650 1.725
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in the direction opposite to the axis defined by B1. From
Table 2, it can be inferred that selectivity of tetrahydro-
fluorenone increases when R' increases from methyl
up to butyl, whereas when the substituents like pentyl,
benzyl were introduced the selectivity of the compounds
become detrimental towards ER( which is in accordance
with Equation 4. Docking of most active compound 28 in
the tetrahydrofluorenone series reveals that selectivity
enhancing interaction is the putative favourable hydro-
phobicinteraction between the n-butyl group at R' which
protrudes orthogonally from the plane of the tricyclic
core towards Ile373 in ERf as depicted in Figure 3B. We
speculate that Ile373 in ERf3 can nicely accommodate the
presence of the n-butyl moiety into space which is not
available in ERa because the sidechain of the analogous
Met 421 fills this space'”. Docking of most inactive com-
pound 7 in the tetrahydrofluorenone series reveals that
substituent like benzyl in R' is not well accommodated
near Ile373 of ERP and exhibited less GScore when com-
pared with the active compound 7 of the same series.

3-hydroxy-6H- benzo[c]lchromene-6-one

The structure of 3-hydroxy-6H-benzo[c|chromene-6-one
is shown in Figure 1C. Analogues were obtained by deri-
vatisation at five different positions. The physicochemical

properties of the analogues were determined as described
in methods of which molecular weight, number of hydro-
gen bond donors/acceptors, lipophilicity, E-state indices
were notfound to be significantly influencing ERp receptor
interaction or receptor preference, and hence not further
discussed. The values for the other significant parameters
are shown in Table 8. Multi-parameter regression analysis
resulted in the numerical relationship of the descriptors
to their reactivity with ER as given below.

log [IC50], =—0.025Xa+0.569Xb+7.894 (5)

where a=molecular surface area (whole molecule) and

b=number of heteroatoms of substituents at R®.

log ([IC50],/[IC50],) =—5.027Xa+0.671X b+0.466 X(e)
c+9.423

n=16; R°=0.780;5=0.310; F= 14.194; RMSE
=0.602; R, =0.625; RMSE,__ =0.373

test set

=0.268;

training set

where a=verloop B2 of substituents at R', b=verloop
B3 of substituents at R° and c=xAlpha 3 index of sub-
stituents at R*.

The values predicted by Equations 5 and 6 are plot-
ted against experimentally observed values in Figure 2E

Table 8. Physicochemical descriptors that significantly influenced the 3-hydroxy 6H-benzo[c]chromen-6-one derivatives binding at ER

receptors.
Molecular surface
area

S. No. (whole molecule) Number of heteroatoms at R® Verloop B2 of R Verloop B3 of R® KkAlpha 3 index at R*
1 218.480 0 1.697 1.000 0.000
2 227.157 1 1.815 1.000 0.000
3 219.649 1 1.690 1.000 0.000
4 218.036 0 1.815 1.000 0.000
5 227.817 0 1.698 1.000 0.000
6 225.502 0 1.000 1.902 0.000
7 245.908 1 1.897 1.000 0.000
8 224.297 0 1.808 1.895 0.000
9 235.489 0 1.805 1.880 0.000
10 252.072 0 1.716 1.925 0.000
11 248.048 1 1.808 1.000 0.000
12 228.816 1 1.694 1.000 0.000
13 279.919 4 1.685 1.000 0.000
14 249.354 0 1.698 1.000 0.000
15 238.977 0 1.810 2.056 0.000
16 253.295 2 1.804 1.000 0.000
17 243.910 1 1.699 1.000 0.000
18 256.760 1 1.703 1.000 0.000
19 281.690 1 1.816 1.000 3.351
20 239.776 0 1.688 2.034 0.000
21 243.152 0 1.804 1.600 0.000
22 267.061 0 1.695 2.228 0.000
23 252.842 0 1.683 1.868 0.000
24 266.523 1 1.789 2.220 0.000
25 254.838 1 1.689 2.279 0.000
26 259.945 0 1.703 1.897 0.000
27 266.543 0 1.810 1.966 1.649
28 281.078 0 1.791 1.903 1.649
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and 2F, indicating a good fit between both sets of data
and the statistical parameters indicate the utility of the
QSAR model (Table 6). Equation 5 indicates that increase
in molecular surface of chromenones will increase
the affinity of the ligands towards ERf. This affinity
enhancement may be attributed to the favourable van
der Waals interactions of the chromenone ring and sur-
rounding hydrophobic residues. In Table 3, it is notice-
able that increasing the number of substituents (thereby
molecular surface area) on the phenyl rings gives better
ERP binding affinities. Compound 28 with five substitu-
ents on the aromatic rings has excellent binding affin-
ity which is in accord with the results of Equation 5.
Equation 5 indicates that increase in heteroatoms at R
decreases the ERp affinity remarkably. In the chrome-
none series, it can be observed that introduction of polar
amino groups at R® decreases the ERf affinity (Table 3).
Increasing the acidity of the amino group by substitution
with electron-withdrawing groups (compounds 13 and
16) gave poorly active compounds because R® position
is unable to sustain a group much larger than methyl
(compounds 3,5,11) which is in accord with the QSAR
results (Equation 5).

Equation 6 indicates that decrease in the width of
substituents (verloop B2) at R' is required for increased
ERP selectivity. Increase in verloop B2 (-CH, to -C,H,) in
R! significantly reduced the selectivity of the molecule
(compound 3 vs. 7, Table 3) towards ERf. This suggests
that space availability was constrained to limit the size
of the substituents at R'. Increase in width (verloop B3)
of the substituents at R® increases the selectivity of the
compounds towards ERf}. Kappa index, another descrip-
tor included in Equation 6, is a molecular shape index
based on the assumption that the shape of a molecule
is a function of the number of atoms and their bonding
relationships. A group of modified indices, kappa alpha
indices (xAlpha) are calculated for each atom-type
using the ratio of covalent radii of carbon (sp®) and the
atom®. Increase in KAlpha 3 index of the substituent at R*
increases the selectivity of the molecules towards ERf3. In
3-hydroxy-6H-benzo[c]chromene-6-ones, compounds
19, 27, 28 displayed higher kAlpha 3 indices and selectiv-
ity which is in accord with the QSAR Equation 6. Docking
of the most active compound 23 in the 3-hydroxy-6H-
benzo[c]chromene-6-one series revealed that the vinyl
group in R® extends into the ERf Ile373 pocket and sits in
agroove formed by I1e373, le376 and Phe377 (Figure 3C).
The vinyl CH acts as a “hinge” that directs the ethylene
moiety into this relatively narrow groove and forces it to
be in close proximity to ERf Ile373 and hence leading to
enhanced ERf selectivity. Similar interactions have been
reported earlier with vinyl functional group in aryl diphe-
nolic azoles® and 7-substituted benzofuran and benzox-
azoles™ with ERf.

In the present study, QSAR analyses indicated that
for the three different series of scaffolds, size and shape
descriptors were able to explain the ERP potency and
selectivity well. Further, the constructed QSAR models

© 2011 Informa UK, Ltd.
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in the present study were more reliable than the previ-
ously reported'*'* as they exhibited values of g* LMO_, >
0.5; R?, . > 0.6 (except Equation 2) which represents the
utility of the QSAR models®. Low randomized R* and
high S.D values were exhibited by the QSAR models in
randomization test indicates that there is no chance cor-
relation. High Q values (Table 6) of the obtained QSAR
models indicate that there is no over fitting due to more
number of descriptors*. Root mean square error (RMSE)
of all active compounds in the training test set for ERf}
in the previously reported QSAR model was 0.65, 1.22,
respectively and the R’ =0.42". In the present study,
all the QSAR models showed less RMSE value which also
represents the utility of the QSAR models.

In conclusion, among the descriptors studied,
increased lipophilicity, decrease in ellipsoidal volume
and width of substituents, presence ofhalogen atomswere
essential for the ligands to have high affinity and selectiv-
ity towards ERf3. The present study clearly delineates that
the size and shape descriptors are the best modulators
of ERP affinity and selectivity than the quantum chemi-
cal and electrostatic descriptors. Information presented
here will not only enlarge the areas of their application,
but it may also increase our understanding towards the
mechanisms of chemical-biological interactions.
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