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Abstract—Numerous selective estrogen receptor modulators (SERMs) have been synthesized and assayed in recent years. The focus
of this study is to apply coarse-grain molecular docking procedures coupled with fine-grain all-atom force field optimization strat-
egies to shed light on the binding mechanisms of currently available estrogen receptor-active compounds. Although the mechanics of
ligand binding in estrogen receptors is generally well understood, there is room for surprises. In this paper computational evidence
corroborating the experimentally observed type I agonistic binding mode for estradiol (E2) and diethylstilbesterol (DES) and the
type Il antagonistic binding mode for 4-hydroxytamoxifen and raloxifen is presented. Included in this type I agonistic mode are
the DES derivatives, transstilbene and 1,2-diaryldiaminoethane. In addition, a novel ‘type II agonistic’ binding mode for 2,3-diaryl-
imidazolines, 4,5-diarylimidazoles, 2,3-diarylpiperazines is introduced. This mode is stabilized by alternative hydrogen bond anchor
points in the ligand binding domain as potential leads for future drug design.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Estrogens play a decisive role in a network of processes
including tissue growth and development, and are impli-
cated in coronary heart disease, osteoporosis, and breast
cancer.! Most of the effects are mediated by two intranu-
clear proteins, the estrogen receptors alpha (ERa)
and beta (ERP).> The receptors bind in vivo steroidal
(e.g., estradiol (E2)), nonsteroidal estrogens (e.g.,
diethylstilbesterol (DES)), phytoestrogens (example:
genistein (GEN)) but also compounds designed as
antagonists and partial agonists (e.g., raloxifen (RAL)
or 4-hydroxytamoxifen (4-OHT)) (Fig. 1). RAL and
4-OHT, are categorized as selective estrogen receptor
modulators (SERMs). SERMs have very selective,
antagonistic or agonistic tissue-dependent effects and
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may serve as therapeutic agents for breast cancer and
osteoporosis.?

Estrogens can alter the folding of the ERa complex into
two discrete shapes. The essentially planar estrogens,
DES and derivatives like 1,2-diarylaminoethane (2),
are defined as type I (class-1) estrogens, whereas angular
estrogens based on triphenylethylenes or novel 2,3-
diarylpiperazines (4) and 4,5-diarylimidazolines (5)
(Fig. 2) are categorized as type II (class-2) estro-
gens.!'* Based on our findings, we additionally subdi-
vide the type II compounds into agonistic and
antagonistic classes, with the former containing the
angular agonists and the latter describing molecules like
4-hydroxytamoxifen and raloxifen. Generally, binding
of type I estrogens encourages the formation of the
correct ER topology for cofactor binding at the Activity
Factor 2 (AF2) site, while type II antagonists produce
an activated AF2b site; both topologies promote estro-
genic and partial estrogenic activity, respectively.!®-!!
The exact topology formed upon type II agonist binding
has not yet been established, though we would expect a
conformation similar to type I.
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Figure 1. The molecular structure of estradiol (E2), diethylstilbesterol
(DES), 4-hydroxytamoxifen (4-OHT), and raloxifen (RAL).
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Figure 2. Molecular structures of the alkene (1), diamine (2), imidazole
(3), imidazoline (4), and piperazine (5) test compounds. Ar signifies a
substituted benzene ring, for which X can be either chlorine or fluorine,
and R is either a hydroxyl or methoxy group.

The binding mode of type I estrogens can be deduced
from the crystal structures of E2 and DES (Fig. 1)
cocrystallized in the ligand binding domain (LBD) of
the estrogen receptor.'>!* The agonist type I binding
mode demonstrated for DES and E2 is characterized
by a hydrogen bond between the ligand’s phenol group
and the y-carboxylate of Glu353, the Arg394 guanidi-
nium entity as well as an additional hydrogen bond to
the imidazole group of His524 (Fig. 3). This type I bind-
ing mode normally shifts helix H12 into a position anti-
parallel to helix H11 (Met517-Met528), thereby sealing
the ligand in a hydrophobic core and exposing the
LXXLL cofactor binding motif on the receptor sur-
face.!> Such estrogenic ligands promote conformational
changes of the receptor that are conducive to dimeriza-
tion and ultimately, interactions with target DNA se-
quences.” Alternatively, partial antagonists that dock
in the LBD exhibit interactions with Asp351 on helix
H3 and thereby prohibit the change into the transcrip-
tionally active conformation of helix H12 (Fig. 4). The
antagonistic binding mode is normally inaccessible in
the protein structures of DES and E2, as the position
of H12 occludes ligand access to Asp351.

y His 524

Arg 394
Glu 353 \/\f

Figure 3. The type I binding mode exemplified by E2 and DES,
whereby hydrogen bonds are formed with His524 and the Glu353/

Arg394 pair.
qXI—HS 524

) Arg 394

Figure 4. The type II antagonistic binding mode shared by 4-OHT and
RAL, which is characterized by hydrogen bonding with Asp351 and
the Glu353/Arg394 pair.

Glu 353

In addition to the above discussed binding modes a
novel type II agonistic binding mode (Fig. 5) was postu-
lated based on the relative binding activity (RBA) and
luciferase activation data (Table 1) obtained for 2,3-
diarylpiperazines, 4,5-diarylimidazolines, and 4,5-diaryl-
imidazoles.® Gust and co-workers suggest that although
these nonsteroidal compounds activate luciferase
expression, RBA results indicate that displacement of
the cognate E2 compound is negligible and therefore
the analogs do not directly compete with E2 at its cog-
nate binding site. Since these compounds lack the fused
ring backbone characteristic of prototypical agonists yet
still exhibit gene expression, another binding mode in
the LBD is postulated. Computational studies outlined
in this paper suggest binding is instead mediated
through hydrogen bonding to Thr347 as opposed to
His524.
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Figure 5. The type II agonistic binding mode postulated for the
angular, type II ligands ((3), (4), and (5)) portrayed in Figure 2. This
mode is stabilized by hydrogen bonding with Thr347 and the Glu353/
Arg394 pair. Note that Asp351 is rotated away from the binding site in
the agonist conformation of the ER.

Similar to a recent two step modeling study,'® the
coarse-grain docking algorithm, DOCK4.0,!7 was com-
plemented with an energy optimization strategy using
the CHARMM22 force field'® and the Generalized Born
(GB) solvation model to gauge the binding activity of a
series of models of hormonally active compounds syn-
thesized listed in Figure 2. The GB method represents
the solvent as continuum dielectric. Thus, it effectively
averages over different solvent conformations and can
therefore be considered as an approximate free energy.
In the past, docking studies have been performed for
the estrogen receptor, utilizing both traditional,'®2!
explicit force field docking approaches as well as
QSAR-reliant strategies.’>>* Although QSAR studies
performed in general remarkably well for numerous
estrogenic compounds, we believe the QSAR models
would not be well optimized for these compounds be-
cause we suspect an unconventional binding mode for
the angular SERMS.

Proceeding rather with an explicit, all-atom force field
docking strategy, we first demonstrate in this study that
the ethylene and diamine structures, given their similar-
ity to the DES structure, exhibit an energetic preference
for the type I binding mode. In contrast, the angular
SERMs, which are structurally unable to utilize the type
I binding mode, alternatively are stabilized by the type
IT agonistic binding mode identified in this strategy.

Additionally, it is shown that hydroxylated compounds
report a much greater affinity than their methylated
counterparts, which corroborates luciferase activation
data (Table 1) recorded by Gust and co-workers.

2. Results
2.1. General aspects

To identify possible binding modes for ligands in the
subsequent analysis, a docking survey was initially
pursued. The conformational search employed by
DOCK4.0'7 provides a fast and efficient means to ex-
plore the LBD of a fixed protein structure and its avail-
able ligand binding modes. Our strategy utilizes the
receptor cocrystallized with the agonist DES (3erd'?)
and is therefore optimized for the planar, agonistic com-
pounds considered in this study. However, the exact
conformations of local residues within the binding site
are likely to differ for the angular agonists, therefore
binding data are likely to be falsely biased toward the
planar compounds.

In this study, though the cognate compounds were pre-
dicted successfully by DOCKA4.0, the predicted binding
modes of the SERM compounds largely had unfavora-
ble interaction energies, which could be due to the static
model of the receptor. Therefore, our docking protocol
was supplemented with a perturbation strategy that
employs harmonic constraints to optimize binding for
each of the represented binding modes. With this
approach, the ligand was fixed in its active mode while
the residues within the binding cavity relax to stabilize
the compound. In this way, the structural bias of the
estrogen receptor for DES can be overcome.

2.2. Validation of the docking procedure using known
crystal structures

To determine the viability of the coarse-grained con-
formational search capability of DOCK4.0!”7 for ER,
the agonists DES and E2, as well as the antagonists
RAL and 4-OHT, were blindly docked into the receptor
LBD. Given that DOCK4.0 is conventionally limited to
fixed protein docking approaches, the compounds were
docked into their respective receptor conformations
from the PDB, as the residues comprising the LBD are
optimally positioned for binding these ligands. Such
approaches have recently been employed to successfully
predict the conformation and relative binding affinity of
Phe versus the entire amino acids pool in phenylalanyl
tRNA-synthetase?> and the docking of active substrates
into G protein receptors.?%?’

Table 1. Relative binding affinity (as measured by E2 displacement) and luciferase activation values with respect to E2

Luciferase expression for representative compounds

Relative binding affinity [%]

Relative activation [%]

OCHj; derivatives

OH derivatives

2,6Cl,-40H-2Cl-40H imidazole® 0.00
2,6Cl,-40H-2Cl-40H imidazoline’ 0.08
2,6Cl,-40H-2CI1-40H piperazine® 0.02

27 6
112 6
73 5
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Table 2. Summary validation results for the agonists DES and ER, as
well as the antagonists RAL and 4-OHT

Root mean RMSD
square deviations DOCK Perturbed
for validation trials
Agonists
Diethylstilbesterol (DES) 1.67 1.65
Estradiol (E2) 0.89 0.47
Antagonists
Raloxifen (RAL) 0.62 0.60
4-Hydroxytamoxifen (4-OHT) 1.38 0.66

Using this blind docking procedure for the agonists, we
found for DES a root mean square deviation (RMSD)
with respect to the crystal structure of 1.67 A in compar-
ison to 0.89 A for E2 (Table 2). The agonistic structures
available in the PDB all support the type I binding
mode, which relies on anchoring hydrogen bonds to
His524 and the Glu353/Arg394 pair for stability. Thus,
the predicted E2 conformation aligned with the cocrys-
tallized structure, while the predicted DES structure
deviated only in the positioning of the ethyl side chains
of the bridge. The relatively large open space surround-
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ing this midsection of the molecule gives rise to relatively
weak interaction potentials, therefore the discrepancy
was not unexpected.

Of the antagonists, the predicted 4-OHT structure was
found with a 1.38 A RMSD compared with the crystal
structure, while RAL was found with an RMSD of
0.62A (Table 2). These structures resembled the de-
scribed antagonistic binding mode, which again is based
on contacts with Asp351 and the Glu353/Arg394 pair.
Given these findings for the cognate compounds, we feel
confident that the predicted binding modes from
DOCK4.0 are sufficiently accurate for subsequent
modeling.

2.3. Validation of perturbation strategy for known crystal
structures

The top structures obtained from DOCK4.0'7 for the
agonists E2 and DES and antagonists RAL and 4-
OHT were perturbed via harmonic constraints into each
described binding mode. Using the ER crystal structure
(PDB code 3erd!?) structure, only E2 and DES (Tables
2 and 3) converged to an optimized structure, yielding

Table 3. Summary of protein-ligand conformations and energies (in kcal/mol) in absence of solvent

Ligand/binding mode

Summary of perturbation conformation data

Normal PIA PIIX PITIA PIIA-347

Diethylstilbesterol (DES) I —52.2

Estradiol (E2) 1 —45.1

1-(2,6C1,-4OH-Ph)-2-(2F-40OH-Ph) (E) I —43.9 I -51.3 | —43.9 I —47.0 1 —52.0
1-(2,6Cl1,-40OH-Ph)-2-(2CI-40H-Ph) (E) I -39.3 I -39.7 D —46.4 I —49.9 | -52.8
1-(2,6Cl,-40Me-Ph)-2-(2C1-40Me-Ph) (E) D —44.5 D —47.1 D —48.7 I —38.6 D —373
1-(2,6Cl,-40Me-Ph)-2-(2Cl-40Me-Ph) (2) D =314 D —47.5 D -52.6 | —55.6 1 —42.3
1-(2,6Cl,-4OH-Ph)-2-(2Cl-4OH-Ph) (e) I -50.3 I —52.6 D —42.9 D —333 | -52.0
1-(2,6Cl,-4OH-Ph)-2-(2CI1-40H-Ph) (7) I —47.6 I —49.1 D —39.8 I —48.2 I —49.1
1-(2,6Cl,-40Me-Ph)-2-(2Cl-4OMe-Ph) (e) D -51.2 I —37.8 D —47.5 | —40.0 D -39.8
1-(2,6C1,-4OH-Ph)-2-(2CI-40H-Ph) (£,SS) 1 —54.8 I —48.9 D -36 D —44.5 II —50.1
1-(2,6Cl,-4OH-Ph)-2-(2F-4OH-Ph) (e,SR) I —55.3 1 -57.1 D —45.1 D —50.0 I —56.0
1-(2,6C1,-40Me-Ph)-2-(2C1-40Me-Ph) (e,SR) 1 —56 I —55.6 D —57.5 II -57.5 1T —47.8
1-(2,6Cl1,-4OH-Ph)-2-(2C1-4OH-Ph) (e,SR) I —54.9 | —56.4 D —44.1 I —524 11 —42.7
4-(2Cl1-40H-Ph)-5-(2,6Cl,-4OH-Ph) D —47.3 D —49.4 D —40.3 D —44.8 II —46.9
4-(2C1-40Me-Ph)-5-(2,6Cl,-4OMe-Ph) D —47.0 D —45.0 D —38.1 D —41.1 I —43.2
4-(2F-40H-Ph)-5-(2,6Cl1,-4OH-Ph) D -32.7 I -37.1 D -22.2 D -32.0 I —42.5
2-(2,6Cl,-40H-Ph)-3-(2C1-40H-Ph) (e) 1I —41.5 I —43.9 D —42.6 D —40.2 11 —34.3
2-(2F-40H-Ph)-3-(2,6Cl,-40H-Ph) (e) D —48.1 D -39.2 D —47.6 I —51.4 D —51.5
2-(2F-40H-Ph)-3-(2,6Cl1,-4OH-Ph) (e,SR) D —42.8 D -33.7 D —40.5 D —42.9 1 —-42.9
2-(2C1-40Me-Ph)-3-(2,6Cl,-40Me-Ph) (1) D —47.9 D —47.7 D —45.8 D -51.8 I —42.4
2-(2,6Cl,-40H-Ph)-3-(2CI-40H-Ph) (e,S) D —40.3 D —45.9 D —43.7 D —47.3 I —48.6
2-(2C1-40Me-Ph)-3-(2,6Cl,-40Me-Ph) (e,S) D —41.1 D —42.7 D -394 D —42.7 D -39.1
2-(2,6Cl,-4OH-Ph)-3-(2Cl-4OH-Ph) (¢,SS) D -394 D -33.7 D —43.5 D —40.5 Il —44.2
2,3-Bis(2,6Cl,-4OH-Ph) (m) D —42.9 D —43.0 1 —41.2 D -394 11 —43.1
2,3-Bis(2,6Cl,-40OMe-Ph) (m) D —50.1 D -50 D —46.3 D —46.2 I —49.1
2-(2F-40H-Ph)-3-(2,6Cl1,-4OH-Ph) (e,SR) D —45.5 D —43.8 D -39.8 11 —45.0 D —44.0
2-(2C1-40H-Ph)-3-(2,6Cl,-4OH-Ph) (e,SR) D —46.9 D —45.8 D —45.0 D —46.8 I —44.0
2,3-Bis(2,6Cl,-4OMe-Ph) (m) D —47.8 D —46.8 D —48.4 11 —51.1 D —47.8

Aside from the unperturbed (normal) conformation (second column) the perturbed conformations were considered as starting structures for
structural relaxation (next five columns). PIA corresponds to a ligand perturbed to the type I agonistic binding mode, PIIA and PIIX represent
perturbations to the type II agonistic (3erd'?) and antagonistic (lere) receptors, respectively. PITA-347 signifies the type II agonistic binding mode
using the rotated Thr347 residue. The ligand conformations and energies obtained after the constraints were released and the ligand structure
minimized are listed as agonistic type I (I) and type II (II), as antagonistic (X), or as distorted (D) binding mode. The text in bold represents

calculated results that reported low energies.
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type I binding modes. The E2 conformation relaxed
with the CHARMM22'® energy function had an RMSD
from the crystal structure of 0.47 A, while for DES 1.65A
was obtained, which are both slight improvements over
the results obtained with DOCK4.0.!” For the antagonis-
tic structures, on the other hand, suitable binding confor-
mations were achieved only when docked into the ER
structure with PDB code lerr,'* for which helix H12
was translocated into its antagonistic orientation thereby
exposing Asp351. These compounds were subsequently
relaxed with the CHARMM?22'® energy function, yield-
ing RMSD values of 0.66 and 0.60A for 4-OHT
and RAL (Table 2), respectively. These results suggest
that the H12 displacement is critical for hydrogen bond-
ing to Asp351 and ultimately for antagonist recognition.
Lastly, all successfully modeled compounds were docked
and perturbed with negligible disturbance of H12 during
the course of energy minimization, thereby suggesting
the stability of the respective agonist and antagonist
modes of the ER.

2.4. Results for DES derivatives

The following compounds were modeled according to
the procedure outlined for the crystal structures, which
yielded good agreement with experimental data. Supple-
menting the docked structures with the described pertur-
bation strategy enables the isolation of the most
plausible binding modes for a given SERM. In Table
3, the energies of the ligands perturbed into the possible
binding modes are summarized, with the lowest energy
mode designated as the native mode for binding affinity
comparisons.

2.5. Stilbenes

These structures are highly similar to DES, differing only
in the substitution of ethyl groups for hydrogens on the
bridging group and the halogens in the ortho positions
of the substituent phenyl groups (1) (Fig. 2). The bridging
group double bond fixes the phenyl rings in an extended
orientation (Fig. 6), whereby the phenols interact with
His524 and the Glu353/Arg394 pair. This conformation
limits type I binding as the only feasible option for stabile
anchoring (Table 4). Further stabilization of the ligand
binding was mediated by contact with the hydrophobic
residues Ala350, Leu387, Leu391, and Phe404, which
form a tight pincer arrangement near Arg394 and
Glu353, while the residues Met421, Gly521, and
Leu525 form a loose pincer near His524 (Table 5).
Although the O-methylated compounds preferred the
type I conformation and were stabilized by the same pin-
cer arrangement for the hydroxylated compounds, the
lack of hydrogen bonding capabilities greatly reduced
their overall binding affinities. Thus, the O-methylated
structures reported a binding affinity roughly 30kcal/
mol less than that for the hydroxylated cases.

2.6. Diamines
The 1,2-diaminoethane substructure (2) (Fig. 2) intro-

duces a larger steric term in the LBD, as well as a polar
contribution from the amines. Similar to the stilbenes

J His 524

Thr 347 Stilbene

Asp 351

Arg 394

W~

Figure 6. An example stilbene compound stabilized in the type I
binding mode. This mode is traditionally preferred for the cognate E2
and DES, as well as the stilbene and diamine structures examined in
this study.

Glu 353

(Fig. 6), these compounds were stabilized through the
type I binding mode, although with a lesser affinity
(Table 4). The high affinity was again largely driven by
the vise-like arrangements of the hydrophobic residues
near the anchoring points. However, the binding of
diaminoethanes is weaker than that of stilbenes, since
there is an additional cost for desolvating the polar
amines that is not sufficiently counterbalanced by inter-
actions with the hydrophobic residues in the bridging
area. As was similarly observed for the stilbenes, the
O-methylated diamines assumed type I binding modes
as well, but again demonstrate lesser affinity (approx.
10-20kcal/mol) than their hydroxylated counterparts.

2.7. Imidazoles

The imidazoles energetically preferred the type II agon-
istic binding mode (Table 6, Fig. 7), relying on hydrogen
bonding with Thr347 instead of His524 and the Glu353/
Arg394 pair. In this binding mode, the phenyl ring prox-
imal to Thr347 is instead stabilized by another compara-
ble vise-like arrangement of residues Met343, Leu346,
Met421, and Leu525 while there is no change in the sta-
bilizing interactions with the hydrophobic residues near
Glu353/Arg394 (Table 5). This alternative arrangement
is due to the ethene substructure of the imidazole ring,
which forces the rings of the ligand into a cis arrange-
ment that prevents interaction with His524. For this
subclass of structures, the binding affinities of the
hydroxylated as compared to the methylated com-
pounds was especially pronounced. With a difference
of approximately 35kcal/mol, this would explain the
substantial difference in luciferase expression (27% vs
6%) with respect to E2 (Table 1).

2.8. Imidazolines

Like the imidazoles, the imidazoline structures preferred
the type II agonistic binding mode (Table 6) as shown in
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Table 4. Predicted binding mode and binding affinities for the structures exhibiting the type I binding mode

Binding conformations and affinities of type I structures

Binding mode Binding energy

Cognate
Diethylstilbesterol (DES)
Estradiol (E2)

Alkenes
1-(2,6Cl,-40OH-Ph)-2-(2F-40OH-Ph) (E)
1-(2,6Cl1,-40H-Ph)-2-(2CI-40H-Ph) (E)
1-(2,6Cl,-40Me-Ph)-2-(2C1-40Me-Ph) (Z)
1-(2,6Cl,-40Me-Ph)-2-(2C1-4OMe-Ph) (E)

Diamines
1-(2,6Cl,-40OH-Ph)-2-(2Cl-4OH-Ph) (e,SR)
1-(2,6Cl1,-40H-Ph)-2-(2F-40H-Ph) (e,SR)
1-(2,6Cl,-40OH-Ph)-2-(2C1-4OH-Ph) (2,SS)
1-(2,6Cl1,-40H-Ph)-2-(2C1-4OH-Ph) (e)
1-(2,6Cl,-40H-Ph)-2-(2C1-4OH-Ph) (7)
1-(2,6Cl,-40Me-Ph)-2-(2C1-40Me-Ph) (¢,SR)
1-(2,6Cl,-40Me-Ph)-2-(2C1-4OMe-Ph) (e)

Type 1 —65.15
Type 1 —56.14
Type 1 —717.31
Type I —76.00
Type I —45.73
Type I —-44.18
Type 1 —64.12
Type 1 —63.79
Type 1 —63.13
Type 1 —60.64
Type 1 —58.69
Type I —51.24
Type I —41.32

The binding affinities listed include solvation. The text in bold correspond to the methylated compounds.

Table 5. Summary of key residue interactions for the canonical binding modes

Mode Stabilizing residues according to binding mode

Hydrogen bonding residues

van der Waals residues

Type I H524, E353, R394
Type II T347, E353, R394

M421, G521, L525, A350, L387, L391, F404
M343, L346, M421, 1525, A350, L387, L391, F404

Table 6. Predicted binding mode and binding affinities for the structures exhibiting the type II binding mode

Binding conformations and affinities of type II structures

Binding mode Binding energy

Imidazoles
4-(2F-40H-Ph)-5-(2,6Cl,-4OH-Ph)
4-(2C1-40H-Ph)-5-(2,6Cl,-40H-Ph)
4-(2C1-40Me-Ph)-5-(2,6Cl,-40Me-Ph)

Imidazolines
2-(2F-40H-Ph)-3-(2,6Cl,-4OH-Ph) (e)
2-(2,6Cl,-40H-Ph)-3-(2Cl-4OH-Ph) (2,SS)
2-(2,6Cl,-40H-Ph)-3-(2CI-4OH-Ph) (e)
2-(2,6Cl,-40H-Ph)-3-(2CI1-4OH-Ph) (e,S)
2-(2C1-40Me-Ph)-3-(2,6Cl,-4OMe-Ph) (7)
2-(2C1-40Me-Ph)-3-(2,6Cl,-4OMe-Ph) (e,S)
2-(2F-40H-Ph)-3-(2,6CI12-40H-Ph) (e,SR)

Piperazines
2,3-Bis(2,6Cl,-40OH-Ph) (m)
2-(2C1-40H-Ph)-3-(2,6Cl1,-4OH-Ph) (e,SR)
2-(2F-40H-Ph)-3-(2,6C1,-4OH-Ph)
2,3-Bis(2,6Cl,-4OMe-Ph) (m)
2-(2C1-40Me-Ph)-3-(2,6C1,-4OMe-Ph) (e,SR)

Type 11 —43.34
Type 11 —43.32
Type 11 —18.69
Type 11 —44.30
Type 11 —43.53
Type 11 —40.98
Type 11 -31.91
Type 11 —27.94
Type 11 —19.14
Type 11 —16.68
Type 11 —47.57
Type 11 —47.20
Type 11 —46.09
Type I —36.87
Type 11 —25.12

The binding affinities listed include solvation. The text in bold correspond to the methylated compounds.

Figure 7, with binding affinities comparable to the imi-
dazoles. The bridging groups differ only slightly, in that
the imidazole double bond is substituted for a single
bond in the imidazoline structures, which thereby in-
duces a very slight conformational rearrangement of
the bridging group. This alteration does not seem to im-
pact the predicting binding affinity to any large degree.

Whereas all other imidazolines preferred pointing the
heterocyclic bridging group toward Met388, 2F-4OH-
2,6Cl,-40H (e,SR) was an exception to this trend as it

positioned the hetero-atoms of the bridging group to-
ward Met421. This positioning resulted in nonoptimal
placement of the phenols, therefore greatly compro-
mised the anchoring hydrogen bonds and moreover,
reduced the overall binding affinity. This observation
suggests that stereochemistry may play a key role in acti-
vation of the ER.

Additionally, the trend that hydroxylated structures are
favored over their O-methylated counterparts surfaces
among these data as well, although with a separation
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\i His 524

Imidazole

Arg 394

Glu 353

Figure 7. A representative imidazole compound, which is stabilized by
the type II binding mode. This mode of binding was also observed for
other angular compounds, including the imidazolines and piperazines.

of only 5-12kcal/mol. This agrees with the activity data
(112% vs 6%) (Table 1), though it is surprising that such
a large difference in activity was not also reflected in the
computed binding affinities.

2.9. Piperazines

As with the imidazolines, these compounds preferred the
type II agonistic binding mode (Table 6), similar to the
mode portrayed in Figure 7. The piperazine structures
have a slightly larger heterocyclic ring than the preced-
ing imidazole derivatives, which may account for the
increased binding affinity compared to the imidazole-
based ligands. All minimized structures pointed with
the heterocyclic ring toward Met388, which further sug-
gests the possible role of stereochemistry in stabilizing
the ligand. Again the O-methylated compounds were
reduced in binding energy by 10-20kcal/mol, in accord-
ance with the observed luciferase activity difference of
73% versus 5% (Table 1).

3. Discussion
3.1. Binding modes

The type I binding mode is ideal for DES and E2, where-
by the phenyl rings are constrained in an extended con-
formation by the bridging group (Fig. 3). The extended
conformation of DES and E2 is conducive to forming
contacts with the type I binding mode anchoring resi-
dues, which are arranged linearly within the LBD. The
stilbenes and 1,2-diaminoethanes at the focus of this
study bear remarkable structural similarity to these
cocrystallized compounds with only minimal changes
in the bridging group. These respective bridging groups
place the anchoring phenyl groups in similar positions as

those of DES and E2. Thus, little structural reorganiza-
tion of the LBD was required to support the binding of
these molecules.

The antagonistic binding mode is normally inaccessible
in the protein structures of DES and E2. Helix HI12,
which is ideally situated for cofactor binding in these
cocrystallized structures, typically occludes ligand access
to Asp351, a necessary component for type Il antagonis-
tic binding. As previously mentioned, Leu540 is the
most apparent impediment to the formation of a hydro-
gen bond with Asp351. Suitable hydrogen bond dis-
tances cannot be attained without disturbing the
backbone of Leu540 and likewise of helix HI12.
Although it is possible that these components must be
shifted to allow for accommodation of a ligand in the
antagonistic binding mode, it is not obvious from our
approach how the resulting structure would affect the
cofactor recognition surface.

The type II agonistic binding mode appears to offer
the most viable position for the imidazole, imidazoline,
and piperazine structures, whose bridging groups force
the phenyl rings into bent conformations. This bending
does not promote interaction with His524. Instead
Thr347 provides reasonable hydrogen bonding to the
bent ligand hydroxyl groups. Binding in this fashion
induces negligible shifting in the position of helix H12,
which suggests its agonistic functionality. Lastly, there
appears to be a homologous threonine in the ERP
substructure at position 399, which introduces the possi-
bility of type II agonistic binding for the structure as
well.

3.2. General observations

No trends in the binding data were observed that
illustrated a preference for di-chlorination on one phenol
versus the other. The binding cavity directly adjacent to
the bridging group is comparatively open with regards to
the pincer arrangements found at either anchoring
residue. Therefore, considerable flexibility in the size of
the phenyl substitutions was permitted. Additionally,
there was also no clear preference for fluorination versus
chlorination according to our computations. However,
given that the force field parameters for the halogens
may not be well optimized for such compounds, compu-
tations may not readily differentiate patterns of
halogenation.

As indicated by the binding data for the hydroxylated
versus the methylated compounds, a successfully bound
ligand requires the substituent phenol groups to be
positioned close to the anchoring residues. To this end,
the nature and stereochemistry of the bridging group
governs the placement of the phenyl groups and more-
over, define the binding mode for a given compound.
The predicted structures from this study largely pre-
ferred the hetero-atoms of the bridging group to either
be collinear with the phenyl ring atoms or pointing
toward Met388. Compounds whose stereochemistry



6534 P. M. Kekenes-Huskey et al. | Bioorg. Med. Chem. 12 (2004) 6527-6537

forced the ring toward Met421 were noticeably less stable.
Regardless of stereochemistry, compounds overwhelm-
ingly prefer to align with the defined type II anchoring
points.

Unfortunately, though the computed binding data
clearly identify binding modes and distinguish between
hydroxylated and methylated compounds, minute differ-
ences in bridging group and stereochemistry were not
well addressed. To accomplish this, the force field will
likely need to be supplemented with additional valence
and nonbonded interaction terms to accurately account
for strain and steric problems. Additionally, the issue of
side chain conformations would be better answered by
using an accurate side chain placement program to guar-
antee the optimal binding site for a given ligand.

3.3. Pharmacophore requirements

For the future development of potentially active
SERMs, several factors clarified by this study should
be considered:

(1) The vise-like arrangement of the hydrophobic quar-
tet Ala350, Leu387, Leu391, and Phed404, neighboring
the Glu353/Arg394 pair, as well as those residues proxi-
mal to the type I and type II agonistic anchoring
points, that is, the Met421/Gly521/Ala350 set for
His524 and the Met343/Leu346/Met421/Leu525 quartet
for Thr347, are crucial for stabilizing the hydrophobic
portions of the ligand anchors. Furthermore, the cavities
formed by these vises appear to be selective for planar,
ring-like structures, which make phenols ideal for
anchoring ligands.

(2) The hydrophobic residues constituting the midsec-
tion of the LBD, namely Leu346, Ala350, and Leu384
for type I binding and residues Leu384, Met388, and
Leu428 for type II agonistic binding, offer large flexibil-
ity in the nature of the bridging functional group. Mod-
ifying the relative size of the bridging group and its
degree of hydrophobicity varies the strength of interac-
tion with these LBD residues.

(3) As for the bridging group of the ligand, agonistic
activity could be favored for structures that orient the
anchoring phenyl rings for optimal interactions condu-
cive to type I or type II agonistic binding. Large substitu-
tions on the bridging group, which may pierce the
enclosed binding domain, such as for 4-OHT and
RAL, prevent full closure of helix H12 against the hydro-
phobic LBD, or binding in the type II agonistic mode
could induce possible antagonistic or partial agonistic
behavior.

(4) The apparent role of the negatively charged Asp351
residue in cofactor recognition could prove especially use-
ful in modulating the agonistic versus antagonistic nature
of potential SERMs. Moieties that preserve the Asp351
position would likely promote estrogenic action, whereas
functional groups that effectively interact with and shield
this residue®® should exhibit inhibitory effects for ER. It
should be additionally noted that none of the considered

compounds exhibited favorable binding interactions with
this Asp351 in the agonist conformation of the ER.

4. Conclusions

This study demonstrates that the LBD of ER supports a
number of binding modes for agonists and antagonists,
and readily incorporates a significant range of ligand
sizes and conformations. These findings fully corrobo-
rate the observation that the ER binding pocket is very
general in its selectivity of binding ligands.!* The molec-
ular docking strategy outlined in this paper has provided
computational evidence for verifying the type I binding
mode for planar agonists and introduced the possibility
of an agonistic type II binding mode for angular ligands.
In addition, analysis of the residues that stabilize the lig-
ands in the binding modes could open new directions in
the design of SERMs. Furthermore, given the similarity
of the estrogen receptor to other receptors of the nuclear
receptor family, this computational approach could be
equally applicable for determining the binding modes
and agents for other related receptors.

5. Methods
5.1. Docking strategies

The coarse-grained conformations obtained with
DOCK4.0'7 using its explicit energy function® served
primarily to provide a reasonable guess of the ligand
conformations in the LBD, both for the protein struc-
ture catered in the fixed conformation of the crystal
structure cocrystallized with the agonists DES and E2,
available in the Protein Data Bank (PDB) (code 3erd'?
and lere!%), as well as in the protein conformation
optimized with CHARMM!33* for the antagonists
RAL and 4-hydroxytamoxifen (4-OHT). Since we are
testing for agonistic activity of the drug candidates,
the conformational search is based on the agonistic pro-
tein structure cocrystallized with DES, which has a
backbone conformation optimized for this binding
mode and moreover an ideal position of helix H12 for
transcriptional activity.

The top 1015 scored conformations from a DOCK4.0'7
trial run were further optimized with a flexible protein
model employing the energy minimization algorithm in
CHARMM.'® The minimization routine consisted of
500 Steepest Descent steps, followed by 2000 Newton—
Raphson steps, all without including solvation forces,
which would have considerably slowed the computa-
tions. This relaxation technique allows for the protein
to adjust slightly to the bound ligand with minimal dis-
turbance of the binding mode predicted by DOCKA4.0.

5.2. Cross-perturbation

Cross-perturbation, that is, guiding a given structure
into the binding conformations of other related struc-
tures, is a useful and effective strategy to expand the con-
formational search with active ligand conformations.
This method has been successfully used to rank the
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binding of the 20 natural amino acids to the phenyl-
alanyl-tRNA synthetase?® with respect to observed
keatlky, AMP activation data.?! For such correlations,
the amino acids were required to assume positions
conducive to ATP activation, which were generally
not identified by docking. Since this study seeks to
discriminate between agonistic and antagonistic activity
of estrogen-related compounds, such perturbation
strategies toward active binding modes are justified.

To this end, the binding geometry of the ligands were
perturbed to each of the three binding modes considered
in the present study (the agonistic type I and type II as
well as the antagonistic binding modes) using suitable
harmonic constraints available in CHARMM,3® which
promote the key anchoring atoms to assume normal
hydrogen bond distances between 2.0 and 4.0 A. These
structures are then relaxed by the aforementioned
energy minimization without constraints to avoid
structural artifacts.

5.3. Preparation of structures

The structures of the DES derivatives considered in
this study were optimized using the CHARMM?22!'®
all-atom force field. The atomic partial charges of
the protein moiety were taken from CHARMM22,!8
for the drug molecules Gasteiger—Hiickel*> atomic
partial charges were used. The ER cocrystallized struc-
tures used, lere and lerr!* as well as 3erd and 3ert!?
were obtained from the PDB. Hydrogen atoms were
added to the protein structure using the HBUILT proce-
dure of CHARMM.*® All Arg, Lys, Glu, and Asp resi-
dues were in their standard protonation state at neutral
pH and His was assumed to be in the neutral charge
state with NO protonated. To avoid uncertainties in
the positions of hydrogen atoms explicit water molecules
were removed based on our conclusions in previous
studies.>?

As the protein conformation used in this study was
catered to binding the DES ligand, it was necessary to
slightly rotate the side chains of Thr347 within the bind-
ing pocket such that access to the proposed anchoring
residues could be facilitated. The Thr347 hydroxyl
group is normally slightly buried according to the crys-
tal structure of ER cocrystallized with DES. In this ori-
entation, Thr347 forms a hydrogen bond with Gly344,
though glycine appears to also be stabilized by hydrogen
bonds with Asn348 and Tyr537. Alternatively, this
hydroxyl group may energetically prefer to stabilize
ligands incapable of binding to His524 than to remain
buried in this region, therefore the hydroxyl group of
Thr347 was rotated using harmonic constraints to face
toward the binding pocket. This structure was then fully
relaxed in the absence of constraints using energy
minimization in CHARMM?3? with 700 steps of steepest
descent and 5000 Newton—Raphson steps. The result-
ing protein structure with the rotated Thr347 was
about 10kcal/mol higher in energy than the original
structure, but for a protein with an overall energy on
the order of —4000kcal/mol, this energy difference is
not significant.

5.4. Protocol of docking procedure

The binding site of ER was scanned for possible binding
modes, ignoring any bias from the binding geometry of
the ligands in the available crystal structures. The em-
ployed docking protocol has been shown to efficiently
scan an entire receptor for all possible binding sites with-
out any structural bias.?> This scanning procedure is
based on docking simulations using DOCK4.0'7 com-
bined with fine-grained CHARMM?® molecular
mechanic techniques. The corresponding docking proto-
col is comprised of the following steps:

(1) Mapping the protein surface: A probe of 1.4A radius
was used to trace a 4 dots/A” negative image of the
protein molecular surface, according to Connolly’s
method.>* The resulting data were used to generate
clusters of overlapping spheres with the SPHGEN?
program. The resulting representation of the protein
surface served as basis for the docking method.

(2) Definition of the docking region: The pockets of
empty space of the receptor surface represented by
spheres near to the known binding site were selected
as the search window for DOCK4.0.!7 Previous studies
have already demonstrated”® DOCK4.0’s ability to
locate a binding region on entire protein surfaces
without structural bias.

(3) Generation of docked conformations for the ligand-
receptor complex: The orientations of the ligand on the
receptor surface were generated by DOCK4.0,!7 using
flexible docking with torsion angle minimization of the
ligand, a homogeneous dielectric with ¢ = 2.5 and a dis-
tance cutoff of 10A for the evaluation of nonbonded
energy terms. In this way 3000 conformations were gen-
erated and ranked according to the DOCK4.0!7 energy
function, which includes electrostatic and van der Waals
terms, and only the highest ranking structure for each
ligand was kept for further optimization, since the top
10-15 scored structures varied little in conformation.
The remaining conformations had unfavorable energies
dominated by unfavorable van der Waals interactions
with the protein.

(4) Optimization of the docking complexes: The top-rank-
ing structures obtained with DOCK4.0!'7 were subjected
to further optimization, using the more detailed all-atom
force field from CHARMM?22.!8 The first stage of opti-
mization utilized a fully flexible ligand with fixed protein
atoms with the implicit solvent model based on the GB
continuum electrostatics. This was followed by an opti-
mization with a flexible binding region, which was
defined as the area within 10A of the bound ligand.
Lastly, the resulting structures were fully relaxed with-
out constraints. Each of the geometry optimization steps
was performed by an energy minimization with 700
steps of steepest-descent and 5000 steps of Newton—
Raphson.

(5) Perturbation and relaxation of the docking complexes:
The docked conformations from step 4 were assigned
harmonic constraints within the CHARMM?3® program.
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These were used to pull the ligand hydroxyl groups with-
in hydrogen bonding distance (2.0-4.0 A of nonhydro-
gen atom distance) of the respective anchoring residues
(of the type I, type II agonistic, or type II antagonistic
binding mode) in a stepwise fashion, identical to the
optimization procedure described in the above step of
the docking protocol. The final structures were relaxed
without constraints as in the preceding step 4 of the
docking protocol.

(6) Cross-perturbation: Structures which did not yield
useful conformations in step 3 of the docking protocol
(in particular the methylated compounds) were per-
turbed into the coordinates of their hydroxylated coun-
terparts. These were then optimized according to steps 4
and 5.

(7) Selection of candidates: The resulting conformations
from step 6 were screened based on the binding energy
computed in gas phase and whether or not hydrogen
bonds (distance of the donor acceptor nonhydrogen
atom pair smaller than 4.0 A) were established to the
characteristic anchoring residues of the various binding
modes. The ‘winners’ for each compounds were sub-
jected to single point energy calculations including the
GB solvation model.

(8) Ranking of ligand affinities: The relative binding ener-
gies for the best ligand conformations were defined as
the energy difference between the protein-ligand com-
plex versus the energy of the same conformation of the
lone ligand and protein in solution given by

AAGcalc - AGproteinHigand - [AGprotein + AGligand]7 (1)

where AGprotein+liga.nda AGproteina and AGliganda are the
computed energies for the protein-ligand complex, the
protein, and the lone, solvated ligand, respectively.
These energies include solvation effects using the GB
continuum solvent approximation with a dielectric
constant of 2.5 for the protein and 79.8 for the solvent.
Nevertheless, because some entropic effects like differ-
ent hydrogen bind pattern are neglected, they cannot
be considered as complete free energies. Additionally,
since the same protein and ligand conformations
were used for computing both the complexed and
isolated molecules, explicit contributions from bond,
bond angle, and torsion angle energy terms were
ignored. This helps to avoid artifacts in the internal
energy that may arise solely from the minimization pro-
cedure but do not reflect actual relaxation of the isolated
components. As such, the vertical binding affinity pro-
vides an upper limit of the actual binding energy, since
structural relaxation effects upon separating the complex
are neglected.
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