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A newly developed comparative molecular field analysis (CoMFA) technique, the cross-validated
r2-guided region selection (CoMFA/q2-GRS) method, has been used to build a quantitative
structure-activity relationship (3D-QSAR) for nonsteroidal estrogen receptor (ER) ligands.
Ligands included in this study belong to a series of diethylstilbestrol (DES) and indenestrol
analogues whose affinities for the mouse ER (mER) have been determined in our laboratory.
The final model utilized 30 compounds and yielded a q2GRS (cross-validated r2, guided region
selection) of 0.796, as compared to a q2 of 0.720 for conventional CoMFA, with a standard
error of prediction of 0.594 at 3 principal components. This model was used to visualize steric
and electrostatic features of the ligands that correspond with ER binding affinity. Results
obtained from the CoMFA steric and electrostatic plots of this model have also been compared
to information from the ER binding affinities of substituted estradiol analogues. This is in an
effort to determine structural features of compounds in the CoMFA analysis that may
correspond to those of the estradiol analogues and to further clarify the mode of binding of
nonsteroidal ER ligands.

Introduction

The estrogen receptor (ER) belongs to the steroid/
thyroid nuclear receptor superfamily whose members
act as transcriptional activators via a direct interaction
with DNA sequences termed response elements.1 Ligand
(e.g., estradiol) binding to the ER induces a conforma-
tional change in the receptor important for the associa-
tion of the receptor-DNA complex with transcriptional
coactivators and the transcriptional components of the
cell.2 This association then culminates in the synthesis
of estrogen-responsive genes and an estrogen-induced
cell and/or tissue response.
Because the natures of these responses depend on a

specific ligand binding to the receptor,3 it is important
to examine ligand affinities for the ER and the struc-
tural characteristics of these ligands involved in receptor
binding. This information is valuable in the design of
new ER ligands from particular structural classes. The
ER binding affinities of a number of diethylstilbestrol
(DES, 1; Table 1) metabolites and analogues have been
reported.4 Metabolism of DES, a potent nonsteroidal
estrogen, results in products that retain a range of
abilities to bind to the ER. These metabolites include
indenestrols A and B, which have high ER affinities
equivalent to that of the endogenous estrogen estradiol.5
Various modes of binding can be proposed for many of
these nonsteroidal compounds, and the lack of a resolved

crystallographic structure of the ER ligand binding
domain also hinders the identification of ligand orienta-
tion within the binding pocket. Structure-activity
relationship studies can identify ligand substituents
needed for high-affinity binding for the ER. Studies
with indenestrol A (IA, 17, the S enantiomer) analogues
have indicated a requirement for both phenolic hydroxyl
groups for maximum ER affinity.6 Also, a hypothetical
mode of binding has indicated that the 2-phenolic ring
of IA mimics the A ring of estradiol in the ligand binding
site.7,8 An analysis of affinity data from these nonste-
roidal ligands may help to confirm the proposed binding
mode and model the ER binding site as it interacts with
these ligands.
A three-dimensional quantitative structure-activity

relationship (3D-QSAR) model of the ER, built with the
validated technique of comparative molecular field
analysis (CoMFA)9 and using binding affinity data from
known ligands, should be useful to interpret results
from affinity studies and relate this information to the
design of new ligands. The CoMFA method has been
used previously to develop 3D-QSAR estrogen receptor
models with estradiol derivatives,10 polychlorinated
biphenyls,11 and recently a diverse set of environmental
estrogens.12 In this paper, we report the development
of a 3D-QSAR model with 30 ER ligands, tested in our
laboratory for receptor binding affinity, using the re-
cently described CoMFA/q2-GRS routine which was
developed to reduce variability within the CoMFA
routine.13 This analysis includes DES metabolites,
indenestrol analogues, and several other ER ligands in
order to obtain information on ligand-receptor interac-
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tions that lead to either an increase or decrease in ER
affinity for this group of compounds. The final model
resulted in a q2GRS (cross-validated r2, guided region
selection) of 0.796 and a standard error of prediction of
0.594 at 3 principal components.

Computational Details

SYBYLMolecular Modeling Software14 (version 6.0) running
on an IBM RISC6000 model 340 workstation was used for
structure generation and CoMFA procedures. Optimization
of structures and field-fit minimizations were performed using

Table 1. Structures of Compounds Included in CoMFA Study

a Alignments are explained in the text. b RBA as defined in Biological Activity Data section. c Unpublished data.
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the standard Tripos force field15 with the maximum iteration
cutoff of 1000 steps. Charges were calculated using the
Gasteiger-Huckel method as implemented in SYBYL. The
SYBYL systematic search method (10° increment and energy
option on with electrostatic and maximum energy difference
of 0.1 kcal/mol) was used to search for lowest-energy confor-
mations. Default settings were used for other options except
where noted.
Biological Activity Data. The selected compounds (Table

1) were tested for their affinity for the mouse estrogen receptor
using an assay that has been previously described.16 The
activity data was expressed as relative binding affinities (RBA)
relative to estradiol which is set to 100. These numbers were
then transformed to the natural log values of the RBA (log
RBA) which were used in the CoMFA/q2-GRS studies.
Structure Generation and Alignment Rules. Com-

pounds in the set were generated from the X-ray crystal
structures or by modification of the crystal structure of a
similar compound using the SYBYL BUILD option. X-ray
crystal data were available for compounds 1,17 2,18 8,19 and 9,
11, and 17.7 Compounds 4-6, 29, and 30were generated from
the crystal structure of compound 2. Compound 12 was
generated from the crystal structure of compound 11 which is
the enantiomer of compound 12. Compounds 10, 13-16, and
18-24 were generated from the crystal structure of compound
17. Remaining compounds were generated from the BUILD
option in SYBYL. All compounds were geometrically opti-
mized, and the lowest-energy conformation of all compounds
was searched for by SYBYL systematic search applied to all
rotatable bonds. After the conformational search, all com-
pounds were then reoptimized.
Estradiol analogues where the 3-OH is deleted have a lower

affinity for the receptor than analogues where the 17-OH has
been deleted.20 However, both analogues have a lower affinity
for the receptor than estradiol. It has been proposed that the
3-OH of estradiol is important for initiating high-affinity ER
binding while the 17-OH is important for estrogenic activity.21
Because of the importance of the hydroxyls for ER affinity,
they were used for alignment of the compounds in this exercise
with estradiol. Two major alignments were generated for
comparison via CoMFA analysis. In both alignments com-
pound 1, estradiol, the endogenous ligand for the ER, was
chosen as the template molecule because of its high affinity
for the receptor and its structural rigidity. Centroids were
defined in the A and D rings of 1 and in the two aryl rings (A
and D) of compounds 2, 4-12, 15-24, 29, and 30. For
alignment 1 (Table 1), these compounds were root mean square
(rms)-fitted to compound 1 with the O-3 (a), the centroid of
the A ring, the centroid of the D ring, and the O-17 (d) of 1
corresponding to the phenolic oxygen a, the centroid of aryl
ring A, the centroid of aryl ring D, and the hydroxy or methoxy
oxygen d of the compounds if present, respectively. The
indicated (in box A) hydroxyaryl rings of compounds 3, 13, 14,
and 25-28 were rms-fitted to the A ring of compound 1 to
allow for the importance of a phenol ring for receptor binding.
To obtain maximum steric and electronic overlap between

these compounds and compound 1, the field-fit option was
applied to compounds generated in alignment 1. The struc-
tures of all compounds were then reminimized with the field-
fit option turned off. This is referred to as alignment 2.
In alignment 3, compounds 2, 4-12, 15-24, 29, and 30were

rms-fitted to compound 1 as indicated in Table 1 where the
C-2, C-3, C-4, O-3 (a), and O-17 (d) atoms of compound 1 were
aligned with the respective starred atoms in other compounds.
This fit has been previously reported7 in a comparison of the
crystal structures of compounds 1, 2 and 17, and this mode of
binding orientation has also been proposed elsewhere. With
this fit of compound 1 aligned with the respective highlighted
atoms in compounds 2 and 17, a good overall fit was obtained.
As in alignment 1, the indicated hydroxyaryl rings of com-
pounds 3, 13, 14, and 25-28 were rms-fitted to the A ring of
compound 1. In alignment 4, the compounds in alignment 3
were field-fitted and reoptimized with the field-fit option
turned off.

Conventional CoMFA. Conventional CoMFA was per-
formed using the QSAR option in SYBYL. Default settings
were used except where otherwise noted. Minimum σ was set
to 2.0 for each cross-validated CoMFA analysis and set to 0.0
for each non-cross-validated analysis. The steric and electro-
static energies were calculated using sp3 carbon probes with
a +1 charge. The CoMFA grid spacing in all dimensions was
2.0 Å within the defined region which extended beyond the
van der Waals envelopes of all molecules by at least 4.0 Å.
The CoMFA QSAR equations were calculated within the
partial least-squares (PLS) algorithm,9 and the optimal num-
ber of components (ONC) in the final PLS model was deter-
mined from the standard error of prediction value, obtained
from the leave-one-out cross-validation procedure; the number
of components with the lowest standard error of prediction
value was selected as the ONC.
CoMFA/q2-GRS Routines. The q2-GRS routine has been

described in detail elsewhere13 and applied to other data
sets.22,23 Acting on observations that values of q2 in a CoMFA
model are variable depending on the orientation on the
computer screen of the aggregated molecules, Cho and Trop-
sha13 developed a supplemental approach to CoMFA which
attempts to reduce this variability. The CoMFA/q2-GRS
approach eliminates from the routine areas of space where
steric and electronic fields do not correlate with changes in
biological activity, i.e., individual regions that have low q2
values. This allows for an optimal region selection for PLS
analyses and gives as a result an orientation-independent q2
which usually exceeds the value obtained with conventional
CoMFA.
The steps in the CoMFA/q2-GRS routine are as follows: (1)

perform conventional CoMFA with automatically generated
region file; (2) divide this region file encompassing the aligned
molecules into 125 small region files using the Cartesian
coordinates of the original region file to compute the coordi-
nates of the 125 small boxes; (3) perform CoMFA with step
size of 1.0 Å on each of these 125 small region files; (4) select
the regions with a q2 greater than or equal to a defined cutoff;
(5) create a master region file with these cutoff regions
included; (6) perform final CoMFA using master region file.

Results

CoMFA of ER Ligands. The CoMFA/q2-GRS results
on the estrogen receptor ligand set are presented in
Table 2. Conventional CoMFA was initially run for all
alignments; then the CoMFA/q2-GRS was run to opti-
mize the CoMFA model. For alignment 1, initial
CoMFA produced a q2 of 0.640 with 3 PCs (principal
components). The highest q2GRS value (0.768; 2 PCs)
was obtained using the q2 cutoff value of 0.5.
Alignment 2, generated using the field-fit algorithm

to alignment 1, gave a similar q2 (0.647) for the
conventional CoMFA to that of alignment 1 (0.640). The
highest q2GRS value (0.744; 2 PCs) was obtained for the
q2 cutoff value of 0.3. This value is lower than the
highest q2GRS obtained in alignment 1, the rms fit.
In alignment 3 the compounds were rms-fitted ac-

cording to a published alignment7,24 which fit selected
compounds contained in this set. The q2 obtained from
the conventional CoMFA (0.720; 2 PCs) was signifi-
cantly higher than that obtained from alignment 1
(0.640). The highest q2GRS value (0.796; 3 PCs), obtained
with a cutoff value of 0.6, was an increase over the
conventional CoMFA q2 and also was higher than the
comparable q2GRS calculated for alignment 1.
Alignment 4 was generated using the field-fit algo-

rithm to alignment 3. The conventional q2 obtained for
alignment 4 (0.707; 1 PC) was lower than the conven-
tional q2 obtained for alignment 3. However, the
maximum q2GRS obtained for alignment 4 (0.794; 6 PCs)

QSAR of Nonsteroidal Estrogen Receptor Ligands Journal of Medicinal Chemistry, 1998, Vol. 41, No. 13 2263



was very similar to the maximum of alignment 3 (0.796)
but with a higher number of components (6 vs 3). The
q2 cutoff value which gave the maximum q2GRS for both
alignments 3 and 4 was 0.6.
Among all alignments, alignment 3 produced the

highest q2GRS (0.796, 3 PCs, 0.6 cutoff). The PLS run
without cross-validation on this alignment yielded the
conventional r2 of 0.951 and a standard error of estimate
of 0.290 (Table 3). The relative contribution for sterics
is 0.451 versus 0.549 for electrostatics. This PLS model
was used to calculate the activity of each compound, and
this was compared with the actual value (Figure 1). The
actual, calculated, and residual activities of all com-
pounds are shown in Table 4.
CoMFA Fields. The CoMFA steric and electrostatic

fields were obtained using an sp3 carbon with a +1
charge under alignment 3. The field values were
calculated by multiplying the â-coefficient and the
standard deviation of columns in the QSAR table
(stdev*coeff). Figure 2 shows the overlay of all 30
compounds in the CoMFAmodel rms-fitted to compound
1 (RBA ) 100) as used in alignment 3. Clearly seen
are the phenolic rings of all compounds superimposed
to compound 1. Figure 3 shows the CoMFA steric

contour plots of alignment 3 with compounds 7 (RBA )
0.3; red) and 8 (RBA ) 20; blue) included. The green
(sterically favorable) and yellow (sterically unfavorable)
contours represent actual values of 0.006 and -0.003,
respectively. Compounds 7 and 8 are isomers which
have very different affinities for the ER. The active
compound 8 extends into the green contour regions,
while the less active compound 7 extends into the
unfavorable yellow contour regions. The contours from
the electrostatic field are shown in Figure 4.
The blue (positive charge favored) and red (negative

Table 2. q2 Values Obtained Using the CoMFA/q2-GRS
Approach with Different q2 Cutoff Valuesa

no. of components

q2 cutoff 1 2 3 4 5 6

alignment 1 noneb 0.537 0.622 0.640 0.622 0.615 0.608
0.1 0.678 0.725 0.722 0.686 0.679 0.676
0.2 0.704 0.745 0.738 0.701 0.694 0.686
0.3 0.713 0.748 0.741 0.708 0.703 0.697
0.4 0.752 0.764 0.743 0.722 0.718 0.718
0.5 0.748 0.768 0.746 0.729 0.745 0.763

alignment 2 none 0.628 0.647 0.601 0.548 0.542 0.537
0.1 0.651 0.708 0.697 0.700 0.702 0.713
0.2 0.652 0.706 0.695 0.703 0.700 0.719
0.3 0.668 0.724 0.720 0.743 0.741 0.761
0.4 0.682 0.744 0.746 0.735 0.758 0.765
0.5 0.717 0.719 0.713 0.736 0.733 0.752

alignment 3 none 0.666 0.720 0.692 0.666 0.676 0.691
0.1 0.655 0.744 0.760 0.765 0.760 0.765
0.2 0.658 0.748 0.765 0.771 0.765 0.770
0.3 0.655 0.750 0.769 0.775 0.766 0.768
0.4 0.671 0.753 0.773 0.785 0.776 0.776
0.5 0.699 0.765 0.771 0.782 0.774 0.777
0.6 0.755 0.775 0.796 0.799 0.797 0.790

alignment 4 none 0.707 0.643 0.648 0.615 0.590 0.559
0.1 0.710 0.705 0.725 0.719 0.732 0.738
0.2 0.713 0.707 0.727 0.723 0.734 0.741
0.3 0.722 0.730 0.744 0.736 0.750 0.752
0.4 0.722 0.733 0.739 0.739 0.743 0.751
0.5 0.726 0.737 0.738 0.730 0.729 0.736
0.6 0.743 0.753 0.764 0.732 0.777 0.794

a The numbers in bold represent the q2 values for the optimal
number of components. b The results of conventional CoMFA.

Table 3. Summary of CoMFA/q2-GRS Results: Alignment 3

optimal number of components 3
probe atom C (sp3, +1)
q2 0.796
q2-GRS cutoff 0.6
standard error of estimate 0.290
standard error of prediction 0.594
R2 0.951
F values 169.830
probability of R2 ) 0 (n1 ) 3, n2 ) 26) 0.000
contributions

steric 0.451
electrostatic 0.549

Figure 1. Actual vs calculated log RBA using alignment 3
(see Table 4). Compound 10 is indicated as 2.

Table 4. CoMFA Actual, Calculated, and Residual Activitiesa
for Alignment 3b

compd actuala calculated residual

1 2.00 1.77 0.23
2 2.46 2.25 0.21
3 -0.10 -0.26 0.16
4 1.52 1.93 -0.41
5 2.00 1.62 0.38
6 1.40 1.47 -0.07
7 -0.52 -0.68 0.16
8 1.30 0.88 0.42
9 0.30 0.38 -0.08
10 1.14 1.90 -0.76
11 2.00 1.94 0.06
12 2.15 1.90 0.25
13 0.26 -0.04 0.30
14 -0.70 -0.24 -0.46
15 0.75 0.49 0.26
16 -0.05 -0.11 0.06
17 2.46 2.18 0.28
18 2.47 2.36 0.11
19 2.36 2.39 -0.03
20 2.25 2.40 -0.15
21 1.11 1.14 -0.29
22 1.04 1.19 -0.15
23 1.26 1.19 0.07
24 0.90 1.22 -0.32
25 -1.70 -1.50 -0.20
26 -1.00 -1.18 0.18
27 -0.80 -0.73 -0.07
28 -1.70 -1.51 -0.19
29 1.30 1.49 -0.19
30 1.00 0.77 0.23

a Activities are expressed as log RBA as RBA is explained in
Table 1. b See text for alignment rules.

2264 Journal of Medicinal Chemistry, 1998, Vol. 41, No. 13 Sadler et al.



charge favored) contours represent 80% and 20% level
contribution, respectively. The negative-charge-favored
regions are clearly seen in the areas of the 3- and 17-
OH’s of compound 1 (green). Compound 14 (RBA ) 0.2;
yellow) is also included to represent analogues with no
group comparable to the 17-OH of compound 1.

Discussion
CoMFA has been used to develop 3D-QSAR equations

for various receptors and enzymes. To reduce some of
the variability of the CoMFA procedure which is due to
overall orientation and lattice placement of the mol-

ecules, the CoMFA/q2-GRS approach was developed13
and has been utilized for ER ligands.
A number of different alignments were used in this

CoMFA/q2-GRS model. Among four alignments, align-
ments 3 and 4 yielded comparable values of q2GRS (Table
2). Alignment 3 was selected for examination because
of its lower number of components and better overall
statistics. For this alignment, GRS routine produced a
q2GRS of 0.796 exceeding the q2 of 0.720 obtained with
conventional CoMFA. For all alignments, the q2 ob-
tained by q2-GRS at the optimal number of components
was higher than the q2 obtained with conventional
CoMFA. A lower q2 for conventional CoMFA has been
attributed to a possible poor orientation of the molecular
aggregate on the screen since the q2-GRS routine is
orientation-independent.13
Figure 5 illustrates the alignment 3 rms-fit of com-

pounds 1 (RBA ) 100; red), 18 (RBA ) 292; yellow),
and 22 (RBA ) 11; blue). Compounds 18 and 22 are
enantiomers with the S enantiomer (18) having a higher
binding affinity for the ER than the R enantiomer (22).
Comparison of the rms fit of 18 and 22 to estradiol
shows that 18 has a better overall fit to estradiol than
22, which may explain its higher affinity for the recep-
tor. The C-1 ethyl side chain of 18 extends into a similar
region of space that would be occupied by an 11â-
estradiol substituent. Previous examination of estradiol
analogues with 11â-ethyl and -allyl substituents has
shown that they possess a higher affinity for lamb ER
than estradiol.25 Others have also described the exist-
ence of a hydrophobic pocket in the 11â region of the
receptor similar to that seen in this model.26,27 Further,
it has been proposed that the phenyl ring containing
the dimethylaminoethoxy side chain of the antiestrogen
tamoxifen also extends into this 11â region, supporting
the presence of a binding pocket in this region of the
receptor.28 These observations are in agreement with
the results from binding affinities of the indenesterol
analogues 17-20 where the S orientation of the side
chain places it in the 11â region, and they support the
proposed mode of binding of these analogues. The C-1-
unsubstituted IA analogue (10) with no side chain has
a 20-fold lower binding affinity than IA-S (17), suggest-
ing again that the C-1 substituent confers higher affinity
binding for this series of compounds.24
The steric contour plot of alignment 3 is shown in

Figure 3 with (Z,Z)-dienestrol (7, RBA ) 0.3; red) and
(E,E)-dienestrol (8, RBA ) 20; blue). The higher affinity
of 8may be explained by its extension into the sterically
favored (green) space of the receptor as determined by
this CoMFA study. Compound 7 does not occupy this

Figure 2. rms fit of all 30 compounds used for CoMFA model
(alignment 3).

Figure 3. CoMFA steric contour plots (alignment 3) with
compounds 7 (red) and 8 (blue). Green-shaded areas represent
sterically favored regions, while yellow-shaded areas represent
sterically unfavorable areas.

Figure 4. CoMFA electrostatic contour plots (alignment 3)
with compounds 1 (green) and 14 (yellow). Blue-shaded areas
represent positive-charge-favored regions, while red-shaded
areas represent negative-charge-unfavored areas.

Figure 5. Alignment 3 rms fit of compounds 1 (red), 18
(yellow), and 22 (blue).
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space, but instead it extends into the inactive (yellow)
sterically unfavorable region, correlating with its lower
binding affinity. The orientation of the double bonds
is important in the 3D orientation of each molecule, and
the E,E isomer more closely fits into the active site as
described by this model. From this model, it appears
that substitutions that lead to hydrophobic bulk below
the D ring of estradiol decrease ER affinity. Steric bulk
intolerance in the D-ring region has also been noted in
a CoMFA analysis of environmental estrogens.12 Sub-
stitutions in the D ring of estradiol with alkylamide
substituents (C-15 position) also lead to dramatic de-
creases in the affinities of these compounds for the ER.29

The electrostatic contour plot of alignment 3 is
included with estradiol (1; green) and 4′-deoxy-IA (13,
RBA ) 0.2; yellow) in Figure 4. Clearly evident is the
negative charges (red) favored in the regions of the 3-OH
and 17-OH of estradiol. The decreased binding of 14 is
probably due to its lack of a hydroxy group comparable
to the 17-OH of estradiol. Previously it has been shown
that both OH’s of estradiol are necessary for high-
affinity binding,20 and this seems to be also true for this
series of indenestrol compounds as exemplified by the
affinity of compound 17 (RBA ) 287) compared to that
of its monohydroxylated analogues 13 (RBA ) 1.8) and
15 (RBA ) 5.6). Corresponding hydroxy substituents
in the tissue-specific estrogen raloxifene have also been
found to be important in receptor binding.30 Compari-
son of the steric versus electrostatic contributions to
binding affinity reveals a greater contribution of the
latter to such activity (Table 3), indicating that electro-
static interactions between ligand and the receptor are
important in affinity determination. The greater con-
tribution from the electrostatic component in this model
supports the observed requirement for two appropriately
spaced hydroxy groups to mimic the A- and D-ring
hydroxy groups of estradiol for highest receptor affinity
for these compounds. This is also consistent with the
observation that compounds from diverse structural
classes bind to the estrogen receptor, but a common
feature important for highest binding affinity is a
phenolic ring mimicking the A ring of estradiol in the
binding site.31

In summary, we have utilized the CoMFA/q2-GRS
approach to investigate the binding of a number of
nonsteroidal ER ligands. The results of this analysis
confirm the importance of hydroxy substituents which
mimic the 3-OH and 17-OH of estradiol for high-affinity
binding. The proposed mode of binding of the indenes-
trol analogues is also supported by the CoMFA model
and affinity data from substituted estradiol analogues
indicating the presence of a hydrophobic pocket in the
11â region of estradiol. Although the prediction of ER
binding affinity for a ligand may not accurately indicate
the biological activity of the compound in vivo, ER
binding activity is required for activities of ER-directed
therapies such as raloxifene and its analogues.30 The
determination of ligand characteristics leading to ER
affinity is important for the development of therapeutic
agents that exert their actions via the ER in a general
and tissue-specific manner because receptor binding is
a necessary requisite for stimulation of biological activ-
ity.
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