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Three-dimensional (3D) quantitative structure-activity relationship (QSAR) and structure-
activity relationship (SAR) analyses were applied concurrently to a data set of highly selective
estrogen receptor â (ERâ) agonists. The data set consisted of diphenolic azoles characterized
by similar structural skeletons but with different binding modes to the estrogen receptor site.
Models were developed separately with respect to the relative binding affinities (RBAs) to ERR
and ERâ. Steric and electrostatic fields were calculated for a training set of 72 compounds
using comparative molecular field analysis (CoMFA). The model developed for ERR RBA yielded
R2 of 0.91 and qcv

2 of 0.60. The model developed for ERâ RBA yielded R2 of 0.95 and qcv
2 of

0.40. Both models were validated successfully using an external test set of 32 compounds. A
new concept of test set evaluation based on the variability of the biological response due to the
variability of the living organism has been introduced. The CoMFA analysis was supported by
a SAR study. In addition to the most favorable steric and electrostatic regions identified by
CoMFA, a number of structural descriptors were identified as being important for binding.
These are the number of substituents attached to the main skeleton of each compound, the
largest distance between the oxygen atoms of each molecule, and the angle defined by the
planes that split the phenyl or the naphthyl and the benzisoxazole or the benzoxazole moiety
in a morphometrically longitudinal way.

Introduction

The mechanism of interaction between the estrogen
receptor (ER) and its potential ligands has been a topic
of profound research for many years. It has resulted in
the identification of two ER isoforms,1,2 ERR and ERâ,
and synthesis of multiple series of novel compounds.3-9

The ligand binding domains (LBDs) for both receptor
subtypes have been identified and compared as to their
overall structure and hormone-binding cavity.10,11 The
high sequence identity between the receptors was
considered to be a logical reason for the high similarity
in the tertiary and quaternary structures of both recep-
tor isoforms.11 However, an alignment of the LBD of
ERR (rat, mouse, and human) and ERâ (rat) showed
that, along with various regions of conservation, there
are also segments that are not conserved.1 The findings
mentioned above expanded the number of new chal-
lenges for research. For example, the following topics
still lack sufficient information: (1) the importance of
each receptor subtype for the natural function of the
tissues where it occurs, (2) the interaction of both
receptor subtypes reflecting their biological response to

a certain ligand, and (3) the mechanism of activation of
each receptor subtype.

The hypothesis that the RBA of a ligand to the ER
receptor may be related to the actual biological response
triggered by the receptor-ligand interaction instigated
synthesis of novel ligands showing a preferential selec-
tivity in their binding affinity to only one of the receptor
subtypes.3-9 However, the mobility and plasticity of the
ER ligand-binding cavity, in particular, have been
identified as one of the most important factors allowing
the binding of compounds of different structural types
to the receptor site.11,12 This fact is most probably behind
the ability of most of the natural and synthetic ligands
to bind to both ERR and ERâ. However, these ligands
may have a different magnitude of selectivity in vitro
and may not trigger any biological response in vivo.9

Recent crystal structures of the ER-ligand com-
plexes9 demonstrate that compounds of very similar
structural type bind to the receptor site in a completely
different mode. This fact is essentially important for the
analysis of ER-ligand complexes because three-dimen-
sional (3D) quantitative structure-activity relationship
(QSAR) theories presented up until the present time
have been built using a common pharmacophore13 of the
compounds under investigation or results were obtained
by theoretical docking approaches.14,15 Due to the iden-
tification of the two ER receptor subtypes, theoretical
research focused on the modeling of the relative binding
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affinity to each of the receptors separately. A study in
relation to the present work has been developed on a
set of structurally diverse ligands using the comparative
molecular field analysis (CoMFA)16 methodology. The
analysis of the CoMFA models and associated contour
plots indicated close similarity between ERR and ERâ
in terms of mode of binding, thus, providing a rational
basis for ligand selectivity.13

A basic problem in the correctness and predictive
power of the QSAR models relates to the numerical
value of the biological response under investigation. The
biological response (also termed the endpoint) covers a
range of numerical values depending on gender, age,
health condition, etc. Thus, the variability of the biologi-
cal response is dependent on the variability in the living
organism or in a test system.

The aim of this paper was to investigate the structural
features contributing to the binding affinity to ERR and
ERâ receptors of a set of ligands with very similar
structural skeleton and experimentally proven different
modes of action.9 To this end, a 3D-QSAR study apply-
ing CoMFA methodology, in combination with a SAR
investigation, has been performed. Since the assumption
about the relationship between RBA and the biological
response triggered by the ER-ligand complex in the
whole organism has been shown to deliver controversial
results in vivo and in vitro, it is important to note that
the results relate only to the endpoint RBA of both ER
subtypes. Another aspect of the present work addresses
the importance of data quality in the area of QSAR. A
new way of evaluating the predictive power of QSAR
models was introduced. This allowed the biological
variability of the data to be incorporated into the
modeling process.

Results
CoMFA and SAR analysis have been applied to the

log(RBAs) of a data set of diphenolic azoles. The results
are presented with respect to the statistical significance
and mechanistic interpretation of the models derived.

Statistical Analysis. For each endpoint (RBAR and
RBAâ), several CoMFA models have been developed
separately as shown in Figures 1 and 2. The best model
for each endpoint has been selected according to the
following criteria: (i) the lowest number of components
included in the final model, (ii) the best statistical
results after partial least-squares (PLS) analysis, and
(iii) the greatest predictive power for an external test
set. A summary of the PLS analysis is given in Table 4.

For each endpoint, several compounds appeared to be
outliers. Compounds 4, 31, and 32 appear as outliers
in both analyses. Compound 4 lacks an OH group
attached to the single phenyl ring. This indicates the
importance of the OH group and the hydrogen bond
interaction between this molecular moiety and both the
ERR and ERâ receptors. Another representative of the
training set lacking an OH group is compound 34.
Compound 34 is larger than compound 4 due to the
naphthyl moiety. Obviously, the interactions caused by
the lipophilic features of the larger naphthyl moiety are
of greater importance than the hydrogen bond between
the remote OH group attached to the same moiety and
the receptor site.

Along with the CoMFA modeling, SAR investigations
have been performed. It was found that the distance

between the O atoms of the OH groups attached to the
benzisoxazole and phenyl moieties respectively was 12
( 0.3 Å for compounds 24, 26, 31, 32, 35, 36, and 38.
The same distance for the rest of the molecules, except
molecules 39 and 40, was 11 ( 0.4 Å, and the angle æ
(Figure 3) was 120° ( 30°. This may explain the fact
that compound 34, which has no OH group in the
naphthyl moiety, and compounds 24, 35, 36, and 38,
which contain in the naphthyl moiety one OH group and

Figure 1. CoMFA-scatter plot of the actual versus predicted
log(RBA) (ERR) for the training set.

Figure 2. CoMFA-scatter plot of the actual versus predicted
log(RBA) (ERâ) for the training set.

Figure 3. Representation of the angle æ built by the planes
that split the benzisoxazole moiety (plane F) and the phenyl
ring (plane σ) using the main skeleton of the subset of
molecules.
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Table 1. Structures of the Data Set Consisting of Benzoxazole and Benzisoxazole Derivatives

compd R1 R2 R3 R4 R5 R6 compd R1 R2 R3 R4 R5 R6

1 13 OH H CH3 H OH H
2 OH H OH H OH H 14 OH H CH2CH2CH3 H OH H
3 H H OH H OH H 15 OH H H CH2CH2CH3 OH H
4 OH H OH H H H 16 OH H OH CH3 OH H
5 OH H H H OH H 17 OH H CH2CN H OH H
6 H OH OH H OH H 18 OH H CHdNOH H OH H
7 H OH H H OH H 19 OH H OH H OH Br
8 OH H H Cl OH H 20 OH H OH H OH Cl
9 OH H CN H OH H 21 OH H OH H OH CH3

10 OH H H Br OH H 22 OH H CH2CH3 H OH CH2CH2CH3

11 OH H H OH H 23 OH H CH2CH2CH3 H OH CH2CH2CH3

12 OH H H CH3 OH H

compd R1 R2 R3 R4 compd R1 R2 R3 R4

24 OH H H OH 26 OH H Br OH
25 OH H OH H 27 H OH H OH

compd R1 R2 R3 compd R1 R2 R3 compd R1 R2 R3

28 H OH H 30 H H OH 29 OH H H

compd R1 R2 R3 R4 R5 R6 compd R1 R2 R3 R4 R5 R6

31 OH H H OH H H 35 OH H H Br OH H
32 OH H H H OH H 36 OH F H H OH H
33 OH H OH H H H 37 H OH H H OH H
34 OH H H H H H 38 OH H H OH H CH3

compd R1 R2 compd R1 R2

39 H OH 40 OH H

compd R1 R2 R3 R4 compd R1 R2 R3 R4 compd R1 R2 R3 R4

41 H OH H OH 44 H H OH OH 47 H H H OH
42 H H H OH 45 H H F OH 48 Cl H CCH3 OH
43 H OH OH H 46 H H Cl OH 49 H H O-n-C4H9 OH
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one lipophilic substituent, fit in the final model. For
compounds 39 and 40, the distance between the O atoms
participating in the OH groups attached to the ben-
zisoxazole and phenyl moieties respectively was >13 Å.
However, the angle æ (Figure 3) for these two com-
pounds is ∼180°, which is the favorable geometrical
feature with respect to the entire data set. Compounds
5, 14, 18, and 100 should reflect the differences in ERR
and ERâ. Compounds 4 and 5 indicate that for smaller
molecules alone two OH groups are not enough for good
binding to the pocket of the receptor site (as compared
to genistein). Compounds 14 and 100 are outliers,
possibly due to unfavorable steric fields surrounding the
propyl and cyclopentyl substituents. This may be due
to the lack of knowledge of their exact conformation.
Compound 18 indicates that the substitution at this
carbon atom for the ERâ is challenging to both steric
and electrostatic contributions.

In addition, the predictive power of the models was
tested using an external test set of 32 compounds. The
predictions of the values for the test set compounds are
given in section b of Tables 2 and 3. For both models,
more than 60% of the compounds had predicted activi-
ties falling in the “very good” category. More than 80%
of the compounds had predicted activities that were
“good” or “very good”.

Contour Plot Analysis. The results derived from the
statistical analyses can be confirmed visually on the
contour plots (Figures 4 and 5). Positive steric contribu-
tions are represented in green, while negative contribu-
tions are yellow. Positive electrostatic contributions are
represented in blue, while negative contributions are
red. The numbers on the map are associated with the
region over which they are located.

The contour map for the model created using RBAâ
is presented in Figure 5. Comparison with Figure 4
shows that most of the regions are similar in nature
but with different intensities for both receptors. This
may explain the difference in the important locations
for the binding affinity to both receptors.

The favorable electrostatic interactions are associated
with an increase of the positive or negative charge area.
The more favorable electrostatic interactions for the
phenyl or naphthyl substructure (see regions 1 and 4
in Figures 4 and 5) do not correspond to the substitution
of compounds 4, 24, 31, and 32 (see region 1 in Figures
4 and 5). The favorable steric interactions encompass
the contribution of a bulky substituent. Obviously
compounds 14, 18, and 100 have steric restrictions in
region 5, which is in a closer vicinity to the unfavorable
areas. Several large areas were identified to be specific
for each receptor. These areas may have contributed to

Table 1. (Continued)

compd R1 R2 R3 R4 compd R1 R2 R3 R4 compd R1 R2 R3 R4

50 H H H OH 53 H Cl H OH 56 Cl H F OH
51 H H F OH 54 H OH H OH 57 Br H F OH
52 H H Cl OH 55 Cl H H OH 58 H OH OH H

compd R1 R2 R3 R4 R5 compd R1 R2 R3 R4 R5 compd R1 R2 R3 R4 R5

59 OMe H H H H 73 CONH2 H H H H 87 2-Br-vinyl H H H H
60 Br H H H H 74 CO2H H H H H 88 2-Br-vinyl H H H F
61 Br H H F H 75 ethyl H H H H 89 vinyl H H H F
62 Br H H CF3 H 76 propyl H H H H 90 vinyl H H H F
63 Br H H H F 77 isopropyl H H H H 91 vinyl F H H F
64 Br H H H CH3 78 butyl H H H H 92 vinyl H F H F
65 CN H H H H 79 ethynyl H H H H 93 vinyl H F F CH3
66 CN H H F H 80 allyl H H H H 94 vinyl H H H H
67 CN H H H F 81 allyl H H F H 95 phenyl H H H H
68 CH2Br H H H H 82 allyl H H H F 96 2-furyl H H H H
69 CH2CN H H H H 83 vinyl H H H H 97 2-furyl H H H H
70 CHO H H H H 84 vinyl H H F H 98 2-thienyl H H H H
71 CO2Me H H H H 85 2-F-vinyl H H F H 99 2-thiazole H H H H
72 COEt H H H H 86 2-Me-vinyl H H H H 100 cyclopentane H H H H

compd R1 R2 R3 R4 R5 compd R1 R2 R3 R4 R5

101 vinyl H Br F H 103 OMe H Br F H
102 vinyl Br Br F H 104 OMe Br Br F H
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the differences in the fold selectivity of a compound to
each receptor site. Region 6 is different for both end-
points. For RBAR, region 6 depicts unfavorable electro-
static interactions, while for RBAâ it depicts favorable
steric interactions.

Discussion

The aim of this study was to investigate the three-
dimensional surroundings of a series of benzisoxazole
derivatives for which the following information was
established experimentally: (i) the RBA to both ERR
and ERâ and (ii) the binding mode to the receptor site.
The data set was split into a training and test set, which
were used for a CoMFA study. The final models were
built after the exclusion of several outliers. The internal
(using a training set) and external (using an external
test set) predictive power of these models was evaluated

by high values of q2 and R2, a low value of predictive
sum of squares (PRESS) and standard error of estimate
(SEE), and over 80% predictions for an external test set
classified as “good” and “very good”. In addition, the
models were successfully tested on the compound
genistein, which does not belong to the chemical space
covered by the training test.

To explain the presence of outliers, a deeper insight
into the structural geometry of the molecules has been
obtained by focusing on the distance between the O
atoms and the angle æ defined by the planes that split
the naphthyl and the benzisoxazole moiety morpho-
metrically along the longitudinal axis of each compound.
Three-dimensional contour plots supported the analyses
of the statistical results. A pharmacophore has been
defined according to which the largest distance between
two O atoms should be preferably 11 ( 0.3 Å when the

Table 2. Actual, Calculated, and Residuals for the Training Seta and Actual, Predicted, and Residual for the Test Set for log(RBAR)
CoMFA Model

a. Training Set

compd actual calcd resid compd actual calcd resid compd actual calcd resid

2 1.12 0.68 0.44 45 -1.42 -1.22 -0.20 73 -1.48 -1.37 -0.11
7 -0.41 -0.47 0.06 46 -1.19 -1.23 0.04 74 -1.19 -1.12 -0.07
8 0.07 0.38 -0.31 47 -0.94 -0.53 -0.41 75 -0.22 -0.24 0.02

10 0.24 0.23 0.01 48 -1.19 -1.26 0.07 77 -0.57 -0.56 -0.01
11 0.30 0.40 -0.10 49 -1.29 -1.34 0.05 78 -0.19 0.08 -0.27
12 -0.13 0.03 -0.16 50 -0.58 -0.32 -0.26 79 -0.18 -0.20 0.02
13 -0.17 -0.25 0.08 52 -1.22 -0.87 -0.35 80 -0.36 -0.28 -0.08
17 -0.35 -0.39 0.04 54 0.23 0.19 0.04 82 0.51 0.43 0.08
18 -0.87 -0.89 0.02 55 -0.16 -0.22 0.06 87 -0.16 -0.23 0.07
20 0.99 0.9 0.09 56 -0.75 -0.79 0.04 88 0.21 0.34 -0.13
21 0.69 0.85 -0.16 57 -0.58 -0.79 0.21 89 0.15 -0.17 0.32
22 1.39 1.34 0.05 58 -1.20 -1.07 -0.13 90 -0.17 -0.25 0.08
23 1.16 1.39 -0.23 60 0.31 -0.20 0.51 91 0.11 0.09 0.02
26 -0.05 -0.32 0.27 61 0.09 -0.43 0.52 92 -1.10 -0.83 -0.27
27 -0.16 0.04 -0.20 62 -0.77 -0.52 -0.25 95 -0.61 -0.64 0.03
33 -0.77 -0.60 -0.17 63 0.83 0.44 0.39 96 -0.40 -0.41 0.01
34 -0.77 -0.75 -0.02 65 -0.11 -0.12 0.01 97 -0.79 -0.78 -0.01
35 -0.07 -0.06 -0.01 66 -0.65 -0.54 -0.11 98 -0.51 -0.58 0.07
36 -0.13 -0.13 -0.00 67 0.37 0.21 0.16 99 -0.62 -0.48 -0.14
37 0.32 0.45 -0.13 70 -0.92 -0.40 -0.52 100 -0.50 -0.42 -0.08
40 -0.39 -0.65 0.26 71 -1.19 -1.31 0.12 102 -0.40 -0.45 0.05
44 -0.88 -1.26 0.38 72 -1.39 -1.46 0.07 104 -0.24 -0.34 0.10

b. Test Set

name
actual
mean resid pred

mean -
SD

mean +
SD

resid from
range name

actual
mean resid pred

mean -
SD

mean +
SD

resid from
range

1 -0.09 0.15 -0.24 0.01 -0.14 0.10 51 -0.69 0.18 -0.87 -0.67 -0.7 0.17
3 -1.28 -1.65 0.37 -1.44 -1.16 -1.53 53 0.36 0.59 -0.23 0.36 0.37 0.59
6 -1.1 -0.88 -0.21 -1.07 -1.12 -0.90 59 -0.9 -0.30 -0.59 -0.63 -1 -0.03
9 0.08 0.34 -0.26 0.02 0.12 0.28 64 0.86 0.97 -0.11 0.84 0.88 0.95

15 0.18 0.55 -0.37 0.05 0.27 0.42 68 -0.97 -0.58 -0.38 -0.49 -1.1 -0.10
47 -0.2 -0.49 0.29 -0.25 -0.18 -0.47 69 -1.19 -0.78 -0.40 -1.36 -1.08 -0.67
19 1.03 0.09 0.93 1.2 0.96 0.02 76 -0.09 -0.25 0.16 -0.22 0.01 -0.15
25 1.12 1.58 -0.46 7.34 1.07 1.53 81 -0.54 -0.26 -0.27 -0.4 -0.59 -0.12
28 0.81 1.36 -0.55 0.65 0.93 1.20 83 -0.15 0.45 -0.60 0 -0.2 0.40
29 1.73 2.13 -0.40 1.56 1.85 1.96 84 -0.58 0.29 -0.87 -0.38 -0.66 0.21
30 -0.73 -0.36 -0.36 7.34 -0.63 -0.26 85 -0.07 0.51 -0.58 0.1 -0.14 0.44
38 0.29 1.09 -0.80 0.2 0.35 1.00 86 -0.38 -0.01 -0.36 -0.41 -0.37 0.00
39 -1.07 -0.79 -0.27 0.16 -1.25 0.00 93 -1.49 -0.13 -1.35 -1.66 -1.38 -0.02
40 0.59 1.08 -0.49 7.34 0.2 0.69 94 -0.54 -0.12 -0.41 7.34 -0.8 0.00
42 -0.45 0.23 -0.68 -0.32 -0.51 0.17 101 -0.51 -0.14 -0.36 -0.4 -0.56 -0.03
43 -0.87 0.34 -1.21 -0.92 -0.84 0.29 103 -0.92 -0.53 -0.38 -0.83 -0.96 -0.44

residual residual from range

no. % no. %

very good 17 53 22 69
good 9 28 5 16
bad 6 19 5 15

a Outliers are excluded from the list.
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angle æ is ∼120°. This condition was found to be very
important when the main skeleton has only two sub-
stituents represented by OH groups. For the same
geometrical conditions, three substituents can guaran-
tee successful binding to the receptor site. The OH
groups should preferably be attached to the benzisox-
azole moiety and to the phenyl ring attached by single
bond to the benzisoxazole moiety. If the largest distance
between two O atoms is more than 11.40 Å, the angle
æ should preferably be closer to 180° to guarantee
significant binding.

The contour plots demonstrate a quite similar distri-
bution of the favorable and unfavorable steric and
electrostatic fields, which, however, differ in their
intensity. The areas that are characteristic only for a
given receptor site were associated with the fold selec-

tivity of the compounds to the corresponding receptor
site.

Conclusion

The present study deals with several important
aspects for successful QSAR modeling. It has been
demonstrated that the CoMFA alignment of the com-
pounds can be reliable when considered with regard to
the information of their binding mode to the receptor
site. Until the current time, no automated approach for
alignment is known that can recognize the differences
in the binding mode of compounds with a very similar
structural skeleton. Thus, such an alignment relies on
experimental results derived from crystal structures.

Another aspect of this study shows that, unlike
classical QSAR, the concept of variability of the biologi-

Table 3. Actual, Calculated, and Residuals for the Training Seta and Actual, Predicted, and Residual for the Test Set for log(RBAâ)
CoMFA Model

a. Training Set

compd actual calcd resid compd actual calcd resid compd actual calcd resid

2 2.01 2.02 -0.01 44 0.54 0.7 -0.16 72 0.28 0.48 -0.21
5 0.82 0.87 -0.04 45 0.97 0.69 0.28 73 0.58 0.04 0.53
7 0.89 0.90 -0.00 46 -0.29 -0.15 -0.14 74 -1.14 -0.53 -0.61
8 1.56 1.59 -0.03 47 0.36 0.48 -0.12 75 1.44 1.62 -0.18

10 1.48 1.38 0.10 48 -0.65 -0.6 -0.04 77 0.64 0.64 0.01
11 1.65 1.91 -0.26 49 -1.01 -1.05 0.05 78 0.66 0.72 -0.06
12 1.06 0.97 0.10 50 0.87 1.04 -0.17 79 1.38 1.82 -0.43
13 0.99 1.18 -0.19 52 0.18 0.02 0.16 80 1.44 1.43 0.02
14 1.26 1.22 0.03 54 1.16 1.19 -0.04 81 2.08 2.13 -0.05
17 0.57 0.48 0.10 55 1.35 1.26 0.10 87 0.90 0.71 0.19
20 2.26 1.93 0.33 56 0.75 0.69 0.06 88 1.35 1.38 -0.02
21 1.86 1.91 -0.06 57 0.93 0.86 0.07 89 2.28 1.88 0.40
22 2.00 2.03 -0.03 58 -0.43 -0.44 0.01 90 1.99 1.99 -0.00
23 2.06 2.18 -0.11 60 2.26 1.98 0.27 91 2.21 2.07 0.15
24 2.41 2.22 0.19 61 2.08 1.81 0.27 92 0.74 0.90 -0.16
26 0.62 0.70 -0.08 62 0.34 0.25 0.08 95 0.19 -0.05 0.24
27 0.51 0.36 0.15 63 2.41 2.47 -0.06 96 0.43 0.47 -0.05
33 -0.63 -0.61 -0.02 65 1.78 1.76 0.02 97 0.06 0.12 -0.06
34 -0.46 -0.34 -0.12 66 1.14 1.6 -0.46 98 0.57 0.43 0.14
35 0.43 0.34 0.09 67 2.18 2.37 -0.19 99 -0.01 0.08 -0.09
36 0.89 0.89 0.00 70 0.79 0.87 -0.09 102 0.37 0.25 0.12
37 1.38 1.32 0.07 71 0.00 -0.18 0.19 104 0.75 0.83 -0.08
40 -0.17 -0.09 -0.08

b. Test Set

name
actual
mean resid pred

mean -
SD

mean +
SD

resid from
range name

actual
mean resid pred

mean -
SD

mean +
SD

resid from
range

1 1.56 0.16 1.40 1.57 1.52 0.12 51 0.74 -0.09 0.82 0.70 0.84 0.00
3 -0.30 -2.67 2.37 -0.34 -0.16 -2.53 53 0.79 -0.18 0.96 0.63 7.30 0.00
6 0.42 -1.76 2.18 0.39 0.50 -1.67 59 0.79 -0.89 1.68 0.82 0.70 -0.85
9 1.48 0.26 1.22 1.41 1.70 0.19 64 2.41 0.14 2.27 2.34 2.70 0.06

15 1.16 -0.13 1.29 1.12 1.26 -0.03 68 0.95 0.27 0.68 0.88 1.26 0.20
47 1.04 -1.14 2.18 0.98 1.22 -0.96 69 -0.46 -1.14 0.68 -0.67 7.30 0.00
19 2.30 0.38 1.93 2.44 2.07 0.14 76 1.51 0.34 1.18 1.49 1.60 0.31
25 1.18 -0.45 1.63 1.16 1.22 -0.47 81 1.41 0.42 0.99 1.34 1.70 0.35
28 0.87 -1.03 1.89 1.03 0.61 -0.87 83 2.01 0.84 1.17 2.00 2.05 0.83
29 1.78 0.09 1.68 1.94 1.52 0.00 84 1.86 0.98 0.87 1.76 2.30 0.89
30 -0.68 -2.36 1.68 -0.63 -0.79 -2.31 85 2.05 2.13 -0.08 1.98 2.30 2.06
38 1.78 2.93 -1.15 1.67 2.30 2.83 86 0.40 -0.52 0.92 0.35 0.60 -0.32
39 -0.16 -0.46 0.30 -0.90 7.30 0.00 93 0.25 0.25 0.00 0.35 0.07 0.07
40 2.08 0.86 1.22 2.11 2.00 0.78 94 1.12 -0.15 1.28 1.28 0.87 0.01
42 0.86 -0.01 0.87 0.90 0.76 0.00 101 1.16 0.95 0.21 1.14 1.22 0.93
43 0.30 -0.06 0.36 0.27 0.38 0.00 103 0.84 -0.13 0.97 0.80 0.96 0.00

residual residual from range

no. % no. %

very good 18 56 19 63
good 6 19 7 22
bad 8 25 6 15

a Outliers are excluded from the list.
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cal response is incorporated in the development and
testing of QSAR models. The statistical results derived
from internal and external validation indicate successful
modeling of the relative binding affinity to both ERR
and ERâ for in vitro measurements. It is demonstrated
that the “quality” of an appropriate data set for QSAR
should not be judged on well-performed measurements

solely. All steps starting from molecular modeling, going
through careful consideration of the methods applied
to the particular QSAR modeling, and ending up with
well-argued data analysis are important for the devel-
opment of a mechanistically interpretable model. In
addition, the identification of outliers is shown to be
crucial for the explanation of hidden information with
respect to the entire data set. Finally, to introduce a
meaningful mechanistic interpretation of the QSAR
models, the SAR investigation is also a very helpful tool.

Materials and Methods

Data Set. The compounds of the data set belong to a series
of recently synthesized highly selective ERâ agonists.9 From
this series, 104 compounds were selected according to the
following criteria: (i) accuracy of the available published
chemical structure and (ii) determination of the IC50 value for
both ERR and ERâ. The structures of all compounds of the
data set are given in Table 1.

Biological Activity. The human ERR and ERâ ligand
binding domains (LBD) were assessed separately. The RBA,
expressed as IC50, was determined in a competitive radioli-
gand-binding assay.9 According to the published experimental
data, IC50 values were the mean of at least two experiments.
Thus, the standard deviation, SD, was also provided. Values
without a standard deviation were established for a single
determination only.9 The value of IC50 has been converted to
RBA according to the formula in eq 1:

The logarithm(10) of the observed values was used as depend-
ent variable for the present QSAR study. The RBAR and RBAâ
values for the training and test sets are given in Tables 2,
sections a and b, and 3, sections a and b, respectively.

The SD associated with the measurement of a certain
biological endpoint allows the definition of a range of values
within which the endpoint is “acceptable”. In these terms, the
SD reflects the variability in the response of a single individual
experiment toward the endpoint under consideration. In the
present work, the residual between actual and predicted by
CoMFA models RBA was calculated with respect to the lower
and upper limits of the range of the RBA, defined when the
SD has been subtracted from or added to the mean RBA,
respectively. Following this concept, the predictive power of
the model has been evaluated on an external test set by the
number of compounds for which the predictions were “very
good”, “good”, and “poor”. If the residual between the closer
limit of the actual range defined by the mean log(RBA) and
the corresponding log(SD) and the predicted log(RBA) value
is between 0 and 0.5, the prediction of the compound is
considered to be “very good”. If the residual is between 0.5 and
1, the prediction of the compound is considered to be “good”.
If the residual is greater than 1, the prediction of the compound
is considered to be “poor”.

Training and Test Sets. The data set was divided into a
training set and an external test set in such way that two-
thirds of the compounds were assigned to the training set and
one-third to the test set. Thus, the training set consisted of
72 compounds and the test set consisted of 32 compounds. To
perform a comparison of the results obtained for both recep-
tors, the initial training and test sets included identical
compounds for both ERR RBA and ERâ RBA endpoints.
Several methods have been developed to divide a data set into
training and test sets.17,18 In the current study, these methods
were not considered to be appropriate due to the presence of
original measurements with standard deviation of the IC50

greater than 50%. Moreover, a particular aim of the present
study was to test the CoMFA models on a compound out of
the chemical space covered by the compounds of the training

Figure 4. CoMFA-contour plot visualizing the steric and
electrostatic contributions of the training set for log(RBA)
(ERR). Positive steric contributions are represented in green,
while negative contributions are yellow. Positive electrostatic
contributions are represented in blue, while negative contribu-
tions are red.

Figure 5. CoMFA-contour plot visualizing the steric and
electrostatic contributions of the training set for log(RBA)
(ERâ). Positive steric contributions are represented in green,
while negative contributions are yellow. Positive electrostatic
contributions are represented in blue, while negative contribu-
tions are red.

Table 4. Summary of CoMFA Results for ERR and ERâa

ERR ERâ

optimal number of
components

6 10

qcv
2 0.60 0.40

R2 0.91 0.95
SEE 0.21 0.20
F values 94 117
probability 0 0
steric contributions 0.40 0.49
electrostatic contributions 0.60 0.51
outliers 4, 5, 14, 24, 31, 32 4, 18, 31, 32, 100

a Probe atom is C (sp3, +1); cutoff value for steric and electro-
static fields is 30.

RBA )
IC50(estradiol)

IC50(competitor)
× 100 (1)
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set. For this reason, the test set compounds (cf. section b of
Tables 2 and 3) were selected according to the following
criteria: (i) lower accuracy of the IC50 values, that is, the
standard deviation of the IC50 associated with each compound
was greater than 50% of the corresponding mean IC50 value
for at least one of both subtypes, (ii) insufficient information
about the binding mode, or (iii) structural geometry that is
not bounded by the descriptor space formed by the training
set. All compounds of the test set, except compounds 1, 28,
29, and 30, were selected according to the first criterion.
Compounds 28, 29, and 30 were selected according to the
second criterion. Compound 1, genistein, was selected accord-
ing to the third criterion.

Only compounds with an activity with a small standard
deviation were included in the training set (cf. section a, Tables
2 and 3). Thus, for these compounds, the range of activity
determined by the standard deviation over which the IC50

value can spread has been neglected, and the biological activity
was represented by a single value corresponding to the
experimentally established mean value IC50.9 Due to the lower
accuracy of determination of the IC50 value of the compounds
of the test set, the whole range including the mean of the IC50

and the corresponding standard deviation has been taken into
account. If the standard deviation was estimated to be larger
than the corresponding mean IC50 value, the resulting lower
limit of the IC50 range was calculated as a negative value,
which is possible from a statistical point of view but impossible
practically. Thus, for such cases, the lower limit of the IC50

range has been approximated to 0.
Molecular Representation. The atomic coordinates of the

compound 2-(3-fluoro-4-hydroxyphenyl)-7-vinyl-1,3-benzoxazol-
5-ol8 were extracted from the crystal complex with the acces-
sion code 1X7b in the Protein Data Bank (PDB).19 The
optimized geometry served as a template to derive the skeleton
of the data set compounds. Three-dimensional structures of
the molecules were built using the SKETCH module of the
Sybyl7.0 molecular modeling software.20

The atomic coordinates of genistein were extracted from the
crystal complex with the accession code 1X7J22 in the PDB.
The structure has been optimized subsequently. All geometry
optimizations were performed using a conjugate gradient of
0.001 kJ/mol and the Tripos force field with Gasteiger-Hückel
charges within Sybyl7.0.20

Alignment Rules. The alignment of the compounds is the
most important step to develop a true and reliable CoMFA
model. Since the release of the protein-ligand complexes in
the Protein Data Base was not permitted during the work on
this paper, the alignment of the compounds of the data set is
based on the information about the binding mode provided in
the original source.9

Although the data set consists of compounds of a similar
structural type, the phenyl benzisoxazoles, the crystallized
complexes between ERâ and the ligands 2, 24, 31, 50, and 84
showed differences in their binding mode to the receptor site.9

Each of these compounds represents a subset of molecules
characterized by an identical main skeleton and identical
binding mode but with different substituents (cf. Table 1 and
ref 9). Thus, the benzisoxazole substructure of molecules 2,
24, 31, 50, and 84 served as a template for the remaining
compounds of the corresponding subsets.

However, to ensure alignment reproducibility, certain rules
were established. The template molecules 2, 24, 31, 50, and
84 were aligned according to the rules described below.

For molecules 2 and 31, the binding mode determines that
the benzisoxazole substructure interacts with amino acids
Glu305 and Arg346 of the ERâ.9 However, the benzisoxazole
substructures of both molecules are not identical. The rest of
the molecular structure of compound 2 is represented by a
phenyl ring and for compound 31 by a naphthyl substructure.
Both the phenyl ring and the naphthyl substructure are bound
to a different carbon atom from the benzisoxazole substructure.
Thus, the common template for these two compounds includes
the phenyl ring associated with the bond to the benzisoxazole

substructure together with the bond to the benzisoxazole
substructure.

For compounds 24, 50, and 84, the binding mode determines
that the benzisoxazole substructure interacts with the His475
and Ile373 of the ERâ receptor site, which, in turn, corresponds
to Met421 of the ERR receptor site.9 Thus, the common
template for these compounds includes the single phenyl ring
or the naphthyl substructure, respectively, and the phenyl ring
associated with the benzisoxazole substructure.

Generation of CoMFA Models. The aligned molecules
were placed in a three-dimensional grid space with the
following characteristics: grid space 1.5 Å, grid size 22 × 22
× 16 grid units; number of grid points 2816.

An absolute maximal value of 30 kcal/mol for the steric and
electrostatic energies calculated at each grid point was estab-
lished experimentally. The CoMFA descriptors in terms of van
der Waals (steric) and Coulombic (electrostatic) interactions
were calculated using an sp3 carbon probe atom with a +1.0
charge. In the present study, equal weights were assigned to
steric and electrostatic fields using the CoMFA standard
scaling procedure implemented in SYBYL, which implies
partial least-squares (PLS) analysis.20 To establish the maxi-
mal number of components contributing to the CoMFA model
with the lowest standard error of estimate (SEE), PLS analysis
was applied in combination with leave-one-out (LOO) cross-
validation. LOO cross-validation implies exclusion of each
compound of the training set and the prediction of its activity
by the model developed using the remaining compounds of the
training set. The cross-validated coefficient q2 can be estab-
lished using the formula in eq 2.

where Ypred, Yobsd, and Ymean are predicted, actual, and mean
of the relative binding affinity (log(RBA)), respectively, and
∑(Ypred - Yosbd)2 is the predictive sum of squares known as
PRESS. In addition, the statistical significance of the models
was described by the SEE and F and probability value
computed according to the definitions in SYBYL. If the
probability p ) 0, the results are not obtained by chance and
the explanatory variables are truly uncorrelated.

For each model, the LOO cross-validated predictions were
examined. Compounds with the highest absolute value of the
residual between the observed and the predicted relative
binding affinity were identified as outliers. After establishing
the outliers and the optimal number of components, the PLS
procedure was repeated without cross-validation while being
given, as input, the exact number of components contributing
to the final model. To reduce the noise of the analysis, a
minimum filtering value of 3.00 kcal/mol was used. Along with
the LOO cross-validation, the models were tested on an
external test set. In the evaluation of the predictive power of
the models using an external test set, the SD of the endpoint
was taken into account.

SAR Measurements. Several CoMFA models have been
developed using known data sets of estrogens.16,21 The CoMFA
models provided models with good statistical characteristics
and predictive power. However, the information derived from
the CoMFA plots was not sufficient for the identification of
the structural requirements of the data set under investiga-
tion. In this study, the information from CoMFA modeling is
supported by SAR investigations to obtain a deeper insight
into the complex interactions between ligands and ERR and
ERâ. Due to the similarity in the chemical structure of the
compounds, the distances between the O atoms in each of the
molecules of the subseries and the angle defined by the planes
that split the naphthyl and the benzisoxazole moiety morpho-
metrically along a longitudinal axis (Figure 3) were taken into
consideration. All measurements were performed using
Sybyl7.0.20
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