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in Complex with Androgen Receptor Ligand-Binding Domain
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We studied the three-dimensional quantitative structure-activity relationships (3D QSAR) of
70 structurally and functionally diverse androgen receptor (AR) binding compounds using the
comparative molecular similarity indices analysis (CoMSIA) method. The compound set
contained 67 nonsteroidal analogues of flutamide, nilutamide, and bicalutamide whose binding
mode to AR was unknown. Docking was used to identify the preferred binding modes for the
nonsteroidal compounds within the AR ligand-binding pocket (LBP) and to generate the ligand
alignment for the 3D QSAR analysis. The alignment produced a statistically significant and
predictive model, validated by random group cross-validation and external test sets (q2

LOO )
0.656, SDEP ) 0.576, r2 ) 0.911, SEE ) 0.293; q2

10 ) 0.612, q2
5 ) 0.571; pred-r2 ) 0.800).

Additional model validation comes from the CoMSIA maps that were interpreted with respect
to the LBP structure. The model takes into account and links the AR LBP structure, docked
ligand structures, and the experimental binding activities. The results provide valuable
information on intermolecular interactions between nonsteroidal ligands and the AR LBP.

Introduction

Endogenous androgens testosterone (T) and 5R-di-
hydrotestosterone (DHT) are essential steroid hormones
for the development, maintenance, and regulation of the
male phenotype. Their androgenic and anabolic actions
are elicited via androgen receptors (ARs), which function
as ligand-dependent transcription factors in the regula-
tion of AR target gene expression.1 AR belongs to the
superfamily of nuclear receptors (NRs) and shares a
common modular three-domain structure of the NRs.
The transcriptional activation of the ARs, like other
NRs, is regulated through agonist and antagonist bind-
ing resulting in conformational changes in the ligand-
binding domain (LBD) and subsequent recruitment of
coregulators.1-3

In the agonist-bound form of AR the LBD folds into a
compact structure with the ligand-binding pocket (LBP)
enclosed by the carboxyl-terminal helix 12 (H12) (Figure
1).4-6 The conformational changes occurring upon an-
tagonist binding are unknown for AR. In related NRs,
e.g. estrogen receptor (ER), the active antagonists
displace the H12 of the ER LBD into a coactivator
recognition surface known as activation function 2
(AF2).7,8 The displaced H12 thus prevents coactivators
from binding to the receptor.7,9 Antagonist-induced
displacement is possible in ER because the H12 contains
the same recognition sequence (LXXLL) as ER coacti-
vators that interact with the AF2.7 However, no evi-

dence has been reported for a similar antagonistic
mechanism in AR.

Exogenous AR ligands have for long been used in the
treatment of conditions resulting from altered androgen
levels or responsiveness.10 AR targeted pharmaceuticals
can structurally be classified into steroidal or nonste-
roidal compounds and functionally into androgenic or
antiandrogenic compounds. Both androgenic (e.g. test-
osterone and its derivatives) and antiandrogenic (e.g.
cyproterone acetate) functional activities of the steroidal
structures are used clinically. Only antiandrogenic
compounds of the nonsteroidal class of AR ligands (e.g.
bicalutamide, flutamide, and nilutamide) are currently
in medicinal use. However, several research groups have
recently reported discovery of nonsteroidal andro-
gens.11-16

From the pharmacological point of view, nonsteroidal
compounds are superior to the steroidal ones in terms
of receptor selectivity and pharmacokinetic proper-
ties.17,18 These properties make them more attractive
alternatives as novel therapeutic agents. Recently,
interest has especially been directed toward the devel-
opment of selective androgen receptor modulators
(SARMs) with tissue-specific agonist and antagonist
activities.10,19

In the past years a number of experimental structure-
activity relationship (SAR) studies have been conducted
on a few structural classes of nonsteroidal AR binding
compounds.11-16,20-28 In this study we applied the 3D
QSAR analysis based on the comparative molecular
similarity indices analysis (CoMSIA)29 method to gain
insight into the structural and chemical features influ-
encing the binding affinity of a panel of 70 AR binding
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compounds containing 67 nonsteroids obtained from the
literature.11,24-27 Since the structure of AR LBD in
complex with nonsteroidal ligands has not yet been
experimentally resolved, we used molecular docking to
predict the biologically active conformations of the
nonsteroids and to create the structural alignment of
AR ligands for model building. The generation of a
reliable 3D QSAR model requires that the ligands be
aligned in a way to maximize the 3D overlap of their
structural and functional features. To the best of our
knowledge, this is the first report within AR research
where molecular docking is combined with 3D QSAR
analysis. Docking provides a powerful way to screen the
conformational space of the ligands in search of the
preferred binding conformation, while taking into ac-
count the structure and the chemical environment of
the AR LBP. Combining docking and the 3D QSAR
analysis have been shown to yield predictive 3D QSAR
models.30-32 This approach allows also the visualization
and interpretation of the CoMSIA maps to be made
within the AR LBP, thus enlightening the interactions
that are beneficial or detrimental for the binding affinity
of the compounds in their proposed binding mode.

Results and Discussion
Ligand Alignment. The structures and pharmaco-

logical data for 70 AR binding compounds used in the
3D QSAR analysis were obtained from five previous
publications reported by two laboratories.11,24-27 The
results from the two laboratories were merged in our
study, as the laboratories follow similar experimental
methods in binding affinity measurements. The steroid
reference compound DHT is included in the articles of
both laboratories and is reported to have affinity values
close to each other thus indicating that the laboratories
produce comparable affinity data. The compound series

was divided into a training set of 61 compounds and a
test set of 9 compounds. The test set was selected to
contain compounds spanning a wide activity range and
the main structural elements integrated within the
training set.

The most crucial and challenging step in 3D QSAR
analysis is the generation of the structural alignment
of the compounds under study. The aim is to identify
an alignment, among numerous possible ones, that
represents the biologically active conformations of
the compounds. At many instances this task is facili-
tated if the binding geometry for a compound from the
series under investigation has been experimentally
observed.30,32 This was not the situation in our case,
however, as the experimentally determined binding
mode of the nonsteroidal AR ligands has not been
reported to date. Another challenge in the superposi-
tioning was the structural and functional diversity of
the compound set. Structurally the set can be divided
into six chemical families (Tables 1-6). Primarily, the
compounds are derivatives of the nonsteroidal struc-
tures flutamide, nilutamide, and bicalutamide. The
steroidal structures of T, DHT, and mibolerone, which
are known to bind AR LBP, were included in the
published binding affinity data sets and incorporated
in the examined set of compounds. Functionally the
compounds represent the entire spectrum of pharma-
cological activities ranging from agonists to partial
agonists and antagonists. For all of the compounds the
functional activity has not been reported. The competi-
tive binding assays indicate, however, that all the
compounds do bind to AR LBP, as they are able to
displace the high-affinity radioligand mibolerone from
binding to the receptor.

Inclusion of compounds with different functionalities
can be a potential source of errors in this study, since

Figure 1. (A) The androgen receptor ligand-binding domain structure presented in the agonist-bound conformation in complex
with the natural androgen dihydrotestosterone. Helix 12 is shown in red. (B) A close-up view of the structural alignment of
ligands generated by molecular docking. The superposition is shown inside the Connolly solvent accessible surface of the ligand-
binding pocket.
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the molecular mechanism for AR antagonism and the
resulting conformational changes are not known. It is
possible that AR displays an antagonistic mechanism
similar to the antagonistic mechanism of ERs that
involves displacement of H12 into the cofactor-binding
cleft on the surface of LBD.7,9 However, H12 of AR LBD
does not possess the same recognition sequence as the
recognition sequences proposed for cofactors and AR
amino-terminal sequences that target AR LBD.33,34 Also,
AR antagonists in this study do not have an extension
or “arm”, like typical ER antagonists.8 Thus, we expect
the conformational changes induced by AR antagonists
in our ligand set to cause less violent changes in AR
LBD than those caused by ER antagonists in ER LBD.
For these reasons we did not model the antagonist-
bound structure of AR LBD on the basis of known
antagonist forms of other steroid receptors. Instead, we
aligned all the ligands using a protein model based on
the agonist structure of AR LBD (PDB ID: 1gs4).6

Docking Simulations. We used the docking pro-
gram GOLD35 to identify the most favorable conforma-
tions for the nonsteroidal compounds within the AR LBP
and to study the ligand-receptor interactions. The
structural water molecule, which is found in most of the

ligand-complexed NR LBD structures (like ER, GR, PR,
and AR), was kept as part of the protein structure
during the docking.

Crystal structures of AR LBD complexed to steroidal
agonists, both natural and synthetic, have revealed the
common binding mode and the key interactions con-
tributing to the binding of steroids.4-6 Besides the van
der Waals interactions between the steroid core and
hydrophobic residues of the LBP, the steroids form three
hydrogen bonds to the receptor in the wild-type AR.
Hydrogen bonds are formed to Arg752 at the carbonyl

Table 1. Structures of Flutamide Derivatives

compd R1 R2 R3 R4 X pKiExp
b pKiPred

c

1a,d H CF3 CN H Br 8.10 7.86
2d H CF3 NO2 H Br 9.52 9.19
3d H CF3 CN H I 8.55 8.09
4d H CF3 NO2 H I 9.07 8.80
5e H H NO2 H Br 7.48 7.82
6e NO2 H NO2 H Br 5.93 5.63
7e H NO2 H NO2 Br 7.09 6.67
8e H CF3 NH2 H Br 7.09 7.17
a Compound that belongs to the test set. b Experimental binding

affinity (pKi). c Predicted binding affinity (pKi). d Reference 11.
e Reference 27.

Table 2. Structures of Nilutamide Derivatives

compd R1 R2 R3 pKiExp
b pKiPred

c

9d CF3 O CH3 7.43 7.17
10d CF3 O (CH2)2OCH3 6.92 7.10
11d CF3 O (CH2)2F 6.85 7.04
12d CF3 O (CH2)3F 6.49 7.04
13d CF3 O (CH2)4F 6.67 7.08
14d CF3 O CH2(m-I-Ph) 6.91 6.49
15d CF3 O CH2(p-I-Ph) 6.82 6.46
16d CF3 O (CH2)2(m-I-Ph) 6.09 5.87
17a,d CF3 O (CH2)2(p-I-Ph) 6.38 7.01
18d CF3 O (CH2)3(m-I-Ph) 6.44 6.47
19d CF3 O (CH2)3(p-I-Ph) 7.19 7.01
20d CF3 O (CH2)4OH 7.59 7.28
21e CF3 S (CH2)4OH 8.65 8.42
22e I S (CH2)4OH 9.15 8.96
a-c See Table 1. d Reference 26. e Reference 25.

Table 3. Structures of Bicalutamide Derivatives

compd R1 R2 X isomer pKiExp
b pKiPred

c

23d CN p-F SO2 R 7.96 7.32
24d CN p-F SO2 S 6.44 6.45
25a,d CN p-NH2 S R 7.05 6.88
26a,d CN p-NH2 S S 6.10 6.70
27d CN m-NH2 S R 7.19 7.25
28d CN p-NCS S S 6.37 6.63
29d CN m-NCS S R 6.64 7.03
30d CN m-NCS S S 6.89 6.94
31d CN p-NCS SO2 R 7.39 7.34
32d CN m-NCS SO2 R 6.85 7.28
33d CN p-NHCOCH2Cl S R 8.78 8.42
34d CN p-NHCOCH2Cl S S 6.70 6.84
35d CN p-NHCOCH2Br S R 7.00 7.38
36d CN p-NHCOCH2Cl SO2 R 7.97 7.75
37a,d CN m-NHCOCH2Cl SO2 R 6.89 7.06
38d CN p-NHCOCH2Br SO2 R 6.44 6.92
39d CN p-NH2 SO2 R 7.49 7.51
40d CN p-NHCOCH3 S R 8.31 8.26
41d CN p-NHCOCH3 S S 5.86 6.25
42d CN p-N(COCH3)2 S R 6.98 6.90
43d CN p-NHCOCH3 SO2 R 7.80 8.07
44d CN p-NHCOCH2CH3 S R 7.57 7.52
45d CN p-N(COCH2CH3)2 S R 6.18 6.59
46a,e NO2 p-NH2 S R 7.24 7.86
47a,e NO2 p-NH2 S S 6.28 6.19
48e NO2 p-NHCOCH3 S R 8.54 8.68
49e NO2 p-NHCOCH3 S S 6.91 6.83
50e NO2 p-NHCOCH3 SO2 R 8.03 8.39
51e NO2 p-NHCOCH3 SO2 S 6.23 6.09
52e NO2 p-NHCOCF3 S R 8.59 8.82
53a,e NO2 p-NHCOCF3 SO2 R 8.21 8.65
54e NO2 p-NHCOCH2Cl S R 8.48 8.63
55e NO2 p-NHCOCH2Cl S S 7.01 7.23
56e NO2 p-NHCOCH2Cl SO2 R 8.16 7.73
57e NO2 p-NHCOCH2Cl SO2 S 6.63 6.12
58e NO2 p-NHSO2CH3 S R 7.30 7.34
59e NO2 p-NHSO2CH3 SO2 R 7.82 8.19

a-c See Table 1. d Reference 24. e Reference 27.

Table 4. Structures of Bicalutamide Derivatives Bearing a
Coumarine Ring

compd R1 R2 pKiExp
b pKiPred

c

60d CH3 F 7.04 7.16
61d CF3 H 6.88 6.80
62a,d CF3 F 6.47 6.81
63d CF3 NCS 6.87 6.77
64d CF3 NH2 6.54 6.65

a-c See Table 1. d Reference 27.
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oxygen end of the steroid and to Asn705 and Thr877 at
the hydroxyl group end of the steroid (Table 6).4,5

Hydrogen bonding is considered essential also for non-
steroidal ligand binding.20,21 The significance of Asn705
for the activity and binding of nonsteroidal antagonists
hydroxyflutamide and bicalutamide (casodex) has been
demonstrated in a mutation study.36

Docking simulations were started using a modified
AR LBP structure in which two mutations (His701Leu
and Ala877Thr) restoring the wild-type LBD sequence
were made. Upon docking into this LBP many of the
large nonsteroidal compounds with several aromatic
rings adopt “sandwich-like” conformations where the
rings lie on top of each other. These conformations are
not likely the bioactive conformations but merely the
result of forcing the ligands to fit into the volume and
shape of the agonist-bound conformation of AR LBP.
These docking poses do not satisfy important ligand-
receptor interactions, and the alignment of such poses
does not provide an explanation for the variance of the
biological data. To emphasize the hydrogen-bonding
interactions of the steroidal and nonsteroidal ligands
to Asn705, DHT was used to guide docking, although it
is not structurally an optimal template for the large and
flexible nonsteroids. Additionally, another mutation
(Phe876Ala) was made to allow rational alignment of
the bulky nonsteroidal ligands in the LBP. The enlarged
volume generated by this mutation corresponds to a
region surrounding the five-ring of the steroidal scaffold
in their bioactive conformation, i.e. the region on the
opposite side of the LBP from the structural water
molecule. This mutation resulted in extended binding
conformations of nonsteroidal ligands and enabled key
interactions between ligand and receptor to be formed.
The Phe876Ala mutation could partly account for the
structural changes that we assume to take place in the
LBD upon binding of large nonsteroidal compounds,

which would otherwise have problems to fit in the AR
binding cavity.

The aim of docking was to generate the ligand
alignment as automatically and objectively as possible.
Unfortunately, the selection of top-scored conformations
based on the scoring functions of GOLD, XSCORE,37 or
CSCORE38 (including the individual scoring functions
implemented in CSCORE) did not produce alignments
resulting in statistically significant models. To obtain
a well-superposed set of ligands, the alignment based
on GOLD scoring was improved by manually selecting
docking poses for ligands that deviated from the align-
ment. In the set of best-ranked conformations according
to GOLD there were 10 ligands (12, 14, 22, 32, 36, 44,
48, 50, 52, 54) whose structural features were not
superimposed with the rest of the docked ligand set. For
these ligands the aromatic A-ring and its substitutions
(Table 3) were not aligned with the rest of the docked
ligands and did not produce statistical correlation with
experimental binding affinities in 3D QSAR analysis
using the CoMSIA method. Also the amide group next
to the A-ring was often not oriented similarly as in the
other docked ligands. For these 10 problematic ligands,
GOLD simulation did generate conformations whose
structural and functional elements were aligned with
the majority of the ligands but which were not top-
ranked in GOLD scoring. An average decrease of 2.0 in
the GOLD fitness score was detected between the best-
ranked conformation and the conformations where the
structural and functional elements for these 10 ligands
were aligned with the rest of the ligand set. These
differences in the GOLD score can be considered to be
of minor importance. The molecular alignment resulting
from docking of the training set compounds is shown
in Figure 1 within the AR LBP visualized with the
Connolly solvent accessible surface calculated in
BODIL.39

3D QSAR Model. The molecular alignment derived
from docking simulations was used for the generation
of the 3D QSAR model based on the CoMSIA method.29

This approach allowed us to study the physicochemical
characteristics that contribute to the binding affinity
of the investigated set of AR ligands. Hydrophobic and
hydrogen bond acceptor fields and five PLS components
in model building provided the best explanation for the
variation in the binding affinity data. The hydrophobic
fields contribute 51% to the information content of the
final model, while the hydrogen bond acceptor fields
represent the remaining 49%.

The leave-one-out (LOO) cross-validation used to
determine the optimum number of PLS components for
model building produced a correlation coefficient q2

LOO
of 0.656 and standard error of prediction (SDEP) of
0.576. Internal correlation coefficient values for 10
random group cross-validation yielded an average q2

10
of 0.612 and SDEP of 0.612, and those for five random
group cross-validation yielded an average q2

5 of 0.571
and SDEP of 0.643. The conventional correlation coef-
ficient r2 obtained by the nonvalidated analysis gave
0.911 with a standard error of estimate (SEE) of 0.293.
The q2 and r2 values of our 3D QSAR model indicate a
statistically significant and stable model.

The r2 value signifies that approximately 91% of the
variance in ligand binding of the present series of

Table 5. Structures of Hydroxyflutamide Derivatives Bearing
a Coumarine Ring

compda R1 isomer pKiExp
b pKiPred

c

65d CH3 R 6.56 6.53
66d CF3 R 6.88 6.97
67d CF3 S 6.61 6.61

a No compounds in this table belong to the test set. b,c See Table
1. d Reference 27.

Table 6. Structures of Steroids

compda X-Y R1 R2 R3 pKiExp
b pKiPred

c

68d CH2-CH CH3 H H 9.55 9.36
69e CH-C CH3 H H 8.85 8.97
70e CH-C H CH3 CH3 9.12 9.14
a No compounds in this table belong to the test set. b,c See Table

1. d Reference 11. e Reference 25.
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compounds can be explained with the model. The
standard error value of the model means that if a
compound were predicted to have a 10 nM (Ki) affinity,
its actual affinity would fall into a range between 5 and
20 nM (10-8(0.3 M). The error of model can never be less
than the experimental error of the data that was used
to train the model. The experimental and predicted
binding affinity values of the training set ligands are
listed in Tables 1-6 and graphed in Figure 2.

Six compounds from the publications where the
binding affinity data was collected were excluded from
this study (compounds 16, 39, 47, 58 of Yin et al.,27

compound 13 of van Dort et al.,26 and compound (R)-7
of Kirkovsky et al.24). They turned out as outliers in 3D
QSAR model building and were thus removed from the
final model. Compounds 16, 39, 47, and 58 from Yin et
al.27 were excluded from the ligand set because their
structures caused problems in molecular modeling.
Compound 16 has a metal-containing B-ring substituent
(p-Sn(CH3)3) and compound 39 has an A-ring substitu-
tion (p-NCS) that are not present in any other investi-
gated compound. Compound 47, on the other hand, is
the only structure of the bicalutamide derivatives bear-
ing a coumarine ring (Table 4) with a sulfone (-SO2-)
linkage, and compound 58 is the only nilutamide
derivative bearing a coumarine ring in the entire
compound set. Compounds with singular substituents
are likely to cause structural changes in the AR LBP
that we were unable to predict with the current model-
ing programs. Compound 13 from van Dort et al.26 has
an N-iodopropenyl side chain with a highly reactive
double bond. Due to the apparent reactivity we decided
to remove it from the training set. For the removal of
compound (R)-7 from Kirkovsky et al.24 we were unable
to find any structural explanation. This compound
repeatedly turned out as an outlier in all CoMSIA
models we attempted to generate. This result led us to
suspect that perhaps the reported experimental value
might be erroneous.

Besides internal validation with the training set, we
used an external test set of 9 compounds to validate the
predictivity of the model. The external validation pro-
cess can be considered the most valuable validation

method, as these compounds are completely excluded
during the training of the model. Prior to prediction,
the test set compounds were processed identically to the
training set compounds, as described in the Methods
section. Visual observation of the top-ranked docking
poses by GOLD showed the conformations to be well
structurally aligned with the training set compounds
and thus were used for the prediction of the binding
affinity. All of the test set compounds, which represent
the different structural properties incorporated within
the training set, are well predicted without any appar-
ent outliers. Low- and high-affinity compounds are
clearly separated in the prediction. We chose not to
include compounds from the highest affinity end of the
scale into the test set as, after all, there are only a few
sub-nanomolar binders and they are valuable for the
3D QSAR model building. The chosen external test set
yielded a predictive r2 of 0.800 with a SEE value of
0.367. These values indicate a good predictive power and
are in agreement with the statistical values from the
internal validation procedures. The predicted versus
experimental affinity values for the test set compounds
are listed and plotted with the training set compounds
in Tables 1-6 (marked with a) and Figure 2, respec-
tively.

While our study was underway, Marhefka et al.40

reported a new series of bicalutamide-like compounds
in which the metabolically susceptible sulfur linkage
was replaced with either oxygen or nitrogen, and new
substitutions were introduced into the B-ring. We did
not include this high-affinity compound series in the 3D
QSAR model building because the training set already
had 31 structurally similar compounds (Table 3), but
rather used them to further validate our model. We
produced 10 possible poses of each of these compounds
using the docking procedure described in the Methods
section. We then used our 3D QSAR model to predict
the binding affinity of each of these poses and picked
the one that was predicted to be the best. The docked
conformations that give the highest predictions in the
3D QSAR model are well aligned with the ligand set
used in this study. The predicted vs the experimental
binding affinity value yields a SEE of 0.6. This value
corresponds to a situation where a compound predicted
to have a 10 nM (Ki) affinity in reality shows an affinity
in the range between 2 and 40 nM (10-8(0.6 M). The
binding mode inside AR LBP of these novel high-affinity
AR ligands can thus be identified with our 3D QSAR
model. A similar approach can be used in the identifica-
tion of active compounds from a molecular library in
virtual screening, too. The compound is docked several
times to the receptor model, and the representative
docking pose for a novel compound is then picked using
the best prediction according to the 3D QSAR model. If
the selected docking pose is structurally aligned with
the training set compounds in this study, the predicted
affinity gives a good estimate of the actual binding
affinity and the ligand conformation takes into account
the chemical and structural features of the AR LBP. The
limitation is that the model can only predict Ki of
compounds that are structurally described by the train-
ing set.

Visualization of the 3D QSAR Model. The statisti-
cally relevant results from the 3D QSAR analysis are

Figure 2. Correlation between the experimental and pre-
dicted activities (pKi) for the training set compounds (b) and
test set compounds (2).
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visualized as 3D contour maps. The contour maps of our
CoMSIA model based on hydrogen bond acceptor and
hydrophobic fields are displayed as PLS stdev*coeff
maps in Figure 3. Since the superpositioning of ligands
for the analysis was done using the receptor structure
and ligand docking, the CoMSIA maps can be drawn
inside the AR binding cavity. The maps of the 3D QSAR
model based on the chemical properties and molecular
interaction fields of ligands should correlate with the
features of the LBP. Also, the ligand interactions with
the residues of the binding cavity should provide an
explanation of the variation of the experimental binding
affinity. In Figure 3, the contour maps of our CoMSIA
model are displayed with the binding site residues and
with the docked conformation of ligand 23 ((R)-bicaluta-
mide) as a reference structure.

Interpretation of the 3D QSAR Maps with Re-
spect to AR LBP. For the analysis of the CoMSIA
maps we divided the LBP roughly into three sections:
the outer (solvent accessible) part, the center part, and

the inner part. The contours of the favorable hydro-
phobic and hydrogen bond acceptor fields used in the
analysis are drawn at a contribution level of 80%, while
the corresponding unfavorable fields are contoured at
a contribution level of 20% (Figure 3).

The Outer Part. There is a small favored volume
for acceptor interactions close to the solvent accessible
surface, located near the amide group of residue Gln783
and the backbone carbonyl oxygen of Arg779 (not shown
in Figure 3). The volume next to the side chain of
Leu880 and the carbonyl oxygen of Phe876 (Ala876 in
the receptor model used for docking) in the outer part
of the binding site is unfavorable for acceptor inter-
actions. There is a small hydrophilic volume located
above the carbonyl oxygen of Ser778 and close to the
volume that is unfavorable for acceptor interactions.
Consistent with the aqueous surface, this part of the
binding site has no favored volumes for hydrophobic
interactions. Receptor structure and the 3D QSAR
model consistently indicate that hydrophobic parts of

Figure 3. Stereoviews of the LBP and the 3D contour maps of the CoMSIA model represented as stdev*coeff plots. The favorable
and unfavorable maps are shown with contribution levels of 80% and 20%, respectively. (A) The LBP residues (sticks) with the
docked conformation of compound 23 ((R)-bicalutamide) (ball-and-stick). All hydrogens are omitted for clarity, and CR-carbons
are colored in purple. The structural water is shown as a red sphere. (B) The yellow contours represent regions in ligands where
an increase in hydrophobicity is connected with enhanced affinity; purple contours represent regions where hydrophobicity is
detrimental to affinity, thus favoring hydrophilicity. (C) The blue contours indicate volumes where hydrogen bond acceptors in
ligands increase binding affinity; red contours indicate areas where hydrogen bond acceptors decrease binding affinity.
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the ligands that come close to the solvent surface are
not beneficial for binding affinity. It is sensible that
hydrophilicity is favored in this volume, since polar
water molecules can form interactions with the ligands
that reach the outer part of the binding site.

The Center Part. According to the 3D QSAR model
a volume in the center of the LBP, lined by the main
chain carbonyl of Leu873, the aliphatic carbons of side
chain Thr877, and the terminal methyl group of Met742,
is defined as favorable for acceptor interactions. This
result is rather surprising, because at first glance the
interactions provided by these side chains seem hydro-
phobic. Our first impression was that the contour could
be an artifact. However, Superstar41,42 calculations (data
not shown) with water oxygen probe indicate that the
volume could accommodate acceptor interactions even
though these interactions do not seem very strong. The
favored acceptor contour in this volume can partially
explain the high binding affinity of e.g. compounds 36,
50, and 56. In their docked conformations a sulfone
linkage (-SO2-) is positioned close to this volume.
Although a general observation from the experimental
results is that in most cases bicalutamide derivatives
with a sulfide linkage show higher affinity than ones
with a sulfone linkage, the effect of the linkage also
largely depends on the substituent and its position in
the aromatic B-ring.24,27

There are two volumes in the center of the LBP where
visualized CoMSIA maps indicate unfavorable acceptor
interactions. These volumes are placed on the opposite
sides of the superimposed ligands. The first unfavorable
volume is located in the vicinity of the side chain
carbonyl of Asn705 and the side chain aliphatic carbon
of Leu704, and on top of the plane of the peptide bond
between Leu704 and Asn705. This volume is clearly not
a favorable site for acceptor interactions. The unfavor-
able acceptor interaction volume extends toward the
side chain hydroxyl group of Thr877 and the hydropho-
bic residues Leu701, Leu880, and Phe891. While the
hydroxyl group of Thr877 could provide an interaction
that is constructive with acceptors, the other residues
make the volume mostly hydrophobic. The second
unfavorable volume for acceptor interactions is also
indicated as favorable for hydrophobic interactions.
Residues Met742, Met780, Met787, Leu873, and one
edge of the aromatic ring of Phe764 form the borders of
this volume in the center of the binding cavity. Thus,
both the unfavorable acceptor and the favorable hydro-
phobic CoMSIA contours are in accordance with the
receptor structure. On the whole, the CoMSIA maps
described above show that the center of the LBP favors
binding of hydrophobic moieties. Moreover, the center
part lacks volumes defined as unfavorable for hydro-
phobic interactions. This result is in agreement with the
observed interactions between the endogenous steroid
ligand core and the AR LBP.5

The Inner Part. The inner part of the LBP, next to
the side chains of Gln711 and Arg752 and the structural
water molecule, displays a large favored acceptor vol-
ume that partly overlaps with a favored hydrophilic
volume. Both maps agree with each other and with the
receptor structure, since the hydrogen-bonding network
between side chains of Gln711 and Arg752 and the
water molecule are most likely able to donate a hydro-

gen bond. The inner part of the binding site displays a
CoMSIA volume favoring hydrophobicity in a region
above the plane of the peptide bond between Met745
and Val746 and close to the side chains of Met745,
Val746, and Met749. In this part of the LBP the
CoMSIA model is devoid of areas that are unfavorable
for acceptor interactions.

Conclusions
In this paper we report a 3D QSAR model (CoMSIA)

for a series of 70 AR binding compounds containing 67
nonsteroids. The set contains six structurally distinct
scaffolds and a variety of pharmacological activities.
Because the binding mode for nonsteroidal AR ligands
was unknown, we used molecular docking to identify
the bioactive conformations, and to superpose the
structurally and functionally diverse ligands. Docking
screens the conformational space of the ligands in search
of the preferred binding conformation, while taking the
chemical and structural features of the AR LBP into
account.

The superposition of the ligands made with docking
produced a statistically significant 3D QSAR model that
has been carefully validated. Further validation for the
3D QSAR model comes from the interpretation of the
contour maps explaining variation of the binding affinity
of the ligands. The 3D QSAR model is compatible with
the protein environment in the binding site, as the
interpretation of the contour maps can be reflected to
the amino acids of the AR LBP. These results indicate
that the superposition is likely to represent the biologi-
cally active conformations of the nonsteroidal ligands.

The steps in the model building process are inter-
dependent. The docking simulations depend on the
structure of the AR LBP, and the 3D QSAR analysis in
turn depends on the superposition of the ligands pro-
duced with the docking simulations. The experimentally
observed changes in the binding affinity were mapped
back to the structural features of the ligands in the 3D
QSAR analysis, and the interpretation of the 3D QSAR
model fits the chemical environment of AR LBP. Analy-
sis of the maps is also consistent with the possible
interactions formed between the nonsteroidal ligands
and the AR LBP residues in the docking simulations.
As a whole, there is a chain of dependencies between
AR LBP, docking simulations, ligand alignment, sta-
tistical analysis, and experimental binding activities.
The statistical validation thus confirms that there is a
link between the different steps in the model building
process and the reported experimental binding affinities.
Together, the results provide valuable information on
how nonsteroidal ligands bind and interact with the AR
LBP. Nevertheless, it would be interesting to see
whether similar binding geometries as presented here
would be detected by experimental structure determi-
nation methods.

The procedure described in the paper can be used for,
e.g., automated virtual identification of high-affinity AR
ligands from chemical databases and structure-based
optimization of AR ligands.

Methods
The Protein Data. The crystal structure of androgen

receptor LBD in complex with an agonist 9R-fluorocortisol
(PDB ID: 1gs4)6 used in docking simulations was retrieved
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from the Protein Data Bank.43 1gs4 is a mutant structure with
two mutations in the active site (Leu701His, Thr877Ala). Prior
to docking, His701Leu and Ala877Thr mutations restoring the
wild-type AR sequence were made. Side chain conformations
corresponding to ones observed in the crystal structure of AR
LBD from PDB ID 1e3g4 were fixed using the rotamer library
in the BODIL software.39 An additional mutation (Phe876Ala)
was made to allow more space to the solvent surface side of
the binding cavity. 9R-Fluorocortisol and all water molecules
except the structural water located between residues Gln711
and Arg752 (Wat957 in 1gs4) were removed from the crystal
structure. All hydrogens of the protein structure and of the
water molecule were added using Sybyl 6.9.1.44

The Ligand Data. The structural and pharmacological
data for 70 AR binding compounds were obtained from five
publications reported by two laboratories.11,24-27 Compounds
lacking defined stereochemistry or exact affinity values were
excluded from the data set. The results reported by the two
laboratories were combined into our study, as the experimental
procedures for binding affinity measurements are highly
similar. The affinity measurements have been performed using
competitive binding assay with cytosolic AR from rat ventral
prostate. 3H-Mibolerone was used as the high-affinity ligand
in the measurements and triamcinolone acetonide to block
interaction of 3H-mibolerone with glucocorticoid and proges-
terone receptors. Moreover, the incubation times and temper-
atures in binding assays were the same and the hydroxyl-
apatite precipitation was used as a method to determine the
protein bound radioactivity from free radioactivity. The bind-
ing affinities reported as Ki (nM) were converted to pKi values
(-log Ki) for the derivation of the 3D QSAR model.

The ligands were converted into 3D structures for docking
using CORINA, version 2.6.45,46 The maximum number of ring
conformations for one compound was restricted to three while
using an energy window of 20 kJ/mol between the best and
the worst conformations. This setting yielded a single confor-
mation for each ligand, except testosterone (2 conformations)
and mibolerone (3 conformations). Gasteiger-Hückel atom
charges47,48 used for 3D QSAR analysis were calculated in
Sybyl 6.9.1.

Docking Simulations. The docking program GOLD, ver-
sion 2.0,35 was used to predict the bioactive conformations and
binding modes of the ligands within AR LBP. The binding
pocket was defined as a cavity within a radius of 15 Å from
atom C9 in 9R-fluorocortisol in the crystal structure of 1gs4.
The docking procedure was repeated 10 times for each of the
CORINA-generated ligand conformations using the standard
docking parameters in the GOLD manual. Docking of a single
ligand conformation was allowed to terminate if the three top-
scoring solutions were within a 1.5 Å root-mean-squared
deviation (rmsd) of each other.

Docking of the nonsteroidal ligands was biased to emphasize
similar hydrogen-bonding patterns as seen in the experimen-
tally determined binding mode of the natural ligand DHT. The
crystal structure of AR LBD with DHT (PDB ID: 1i37)5 was
superimposed with our receptor model used in docking. The
bound DHT was then extracted and merged into the receptor
model with BODIL to be used as a template for docking. The
template similarity constraint option of GOLD was applied by
evaluating the overlap of all donor atoms and all acceptor
atoms as well as shape overlap between DHT and the ligand
being docked, with constraint weights 5.0, 5.0, and 10.0,
respectively.

Selection of Docking Poses for 3D QSAR Analysis.
Attempts to pick the top-scoring ligand poses using merely
GOLD, XSCORE,37 or CSCORE38 scoring functions did not
produce statistically significant alignments in the 3D QSAR
analysis. As a consequence, manual selection of docking poses
that we based on GOLD scoring was included into the
alignment generation. For 10 of the ligands the top-ranked
docking pose was not properly superimposed with the rest of
the docked ligand set. For these problematic cases representa-
tives that are consistent with the alignment produced by the

majority of the ligands were manually selected among the
docking poses generated by GOLD simulation.

3D QSAR Analysis. The molecular alignment of the 61
docked ligands in the training set was used to build the 3D
QSAR model with the CoMSIA method29 to explore physico-
chemical properties contributing to binding affinity. The
CoMSIA molecular descriptor fields, expressed as steric,
electrostatic, hydrophobic, and hydrogen-bonding properties,
were calculated using the default settings in Sybyl and
correlated with the variations in the binding affinity data using
the statistical method of partial least squares (PLS).49 Molec-
ular field descriptors with an energy variance less than 2.0
kcal/mol were filtered out from the PLS analysis. The 3D
QSAR model was built using hydrophobic and hydrogen bond
acceptor fields. The LOO cross-validation method was applied
to determine the optimum number of PLS components, corre-
sponding to the highest q2 value and to the lowest SDEP value.
The optimum of five components derived from the LOO cross-
validation was used in the development and further validation
of the 3D QSAR model.

The predictive value of the 3D QSAR model was validated
first with internal cross-validation using 10 and five random
groups. Due to the structural variability and the relatively
small size of the training set, we did not apply random group
cross-validation with a smaller number of groups. Each
random group cross-validation procedure was repeated 25
times to calculate the mean q2 values. Further validation of
the predictivity of the model was done with an external test
set of 9 compounds not included in 3D QSAR model building.
The correlation between the experimental and the predicted
activities for the test set compounds for the 3D QSAR model
is represented as the predictive r2 value.
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