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ABSTRACT. Salpichrolides are natural plant steroids that contain an unusual six-
membered aromatic ring D. We recently reported that some of these compounds, and
certain analogues with a simplified side chain, exhibited antagonist effects toward the
human estrogen receptor (ER), a nuclear receptor whose endogenous ligand has an
aromatic A ring (estradiol). Drugs acting through the inhibition or modulation of ERs, are
frequently used as a hormonal therapy for ER(+) breast cancer. Previous results suggested
that the aromatic D ring was a key structural motif for the observed activity, thus this
modified steroid nucleus may provide a new scaffold for the design of novel antiestrogens.
Using Molecular Dynamics simulation we have modelled the binding mode of the natural
salpichrolide A and a synthetic analogue with an aromatic D ring within the ERa. These
results taken together with the calculated energetic contributions associated to the different
ligand binding modes are consistent with a preferred inverted orientation of the steroids in
the ligand binding pocket with the aromatic ring D occupying a position similar to that
observed for the A ring of estradiol. Major changes in both dynamical behavior and global
positioning of H11, caused by the loss of the ligand-His524 interaction might explain, at
least in part, the molecular basis of the antagonism exhibited by these compounds. Using
steered molecular dynamics we also found a putative unbinding pathway for the steroidal
ligands through a cavity formed by residues in H3, H7 and H11, that requires only minor

changes in the overall receptor conformation.
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INTRODUCTION

The estrogen receptors (ERs) are members of the nuclear receptor superfamily (NR),
which are soluble intracellular proteins that act as ligand-regulated transcription factors
controlling specific gene expression in most mammalian cells."? The human NR
superfamily includes 48 proteins that are essential in embryonic development, maintenance
of differentiated cellular phenotypes, metabolism and apoptosis. The ERs together with the
progesterone (PR), mineralocorticoid (MR), androgen (AR) and glucocorticoid (GR)
receptors, form the steroid receptors (SR) family and represent one of the most important
drug targets for the pharmaceutical industry.” In particular, drugs acting through the
inhibition of ERs, antiestrogens, are frequently used as a hormonal therapy for patients who
exhibit ER positive breast cancer. However, long-term treatment with these compounds is
prone to severe adverse consequences due to their carcinogenic and genotoxic effects.*

In the Ligand Binding Domain (LBD) of SRs, the arrangement of a-helices creates a
residue free cavity in its bottom half, where the steroidal ligand is bound.’ The ligand-
receptor interaction is mediated by non-specific/non-polar and specific/polar interactions. It
is accepted that while the former interactions contribute with most of the binding energy,
the latter are involved in the recognition of ligands. Due the aromatic character of the A
ring of estradiol (1), the natural ER ligand (see Fig. 1 for structures), a major difference
exists in the ligand binding mode for the ERs compared to other SRs. Thus, while in most
SRs a ketone group in ring A of the steroid is oriented towards a Gln/Arg pair of the
receptor, the aromatic A ring of estradiol exposes a phenolic hydroxyl to the Glu/Arg pair
of the ERs. According to several ERa/estradiol crystal structures (e.g. pdb:1gku, Fig. 2a

and 2b), Glu353 and Arg394 form part of a polar pocket that accommodates the planar A-
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ring moiety.6 78 These structures also show that at the other end of the mostly hydrophobic
ligand molecule, the C17-hydroxyl contacts His524, establishing a hydrogen bond which is

. . . . . . 9.10
considered essential to maintain an active receptor conformation.”

The presence of
estradiol, or other agonists within the ER ligand binding pocket (LBP), induces the docking
of helix 12 (H12) against helices 3,4 and 11 in a highly conserved conformation, thus
allowing coactivator recruitment and consequent transcriptional activation of target genes.
Currently, a large amount of structurally diverse synthetic estrogens have been reported
that can be classified as pure agonists, pure antagonists or Selective Estrogen Receptor
Modulators (SERMs).11 In several pure antagonists and SERMs, such as tamoxifen or
fulvestrant (ICI 182.780), a bulky side chain blocks H12 from assuming an agonist
position, thereby preventing the formation of the coactivator binding pocket. Due to this
mode of action, these type of compounds are considered as active antagonists. However,
there are also ER ligands that lack these bulky groups and still have the ability to inhibit

. . . . 12.13
agonist action (passive antagonists). ~

This suggests that the interaction between ligands
and ERs does not just switch on or off the receptor through helix H12, but that a more
complex mode of action needs to be considered to fully understand the biochemistry of ER
action.

The finding of an ideal antiestrogen without secondary effects is a pending issue in the
treatment of ER related diseases and intense efforts are being made to identify new drugs
with improved activity profiles. In recent years, there has been a growing interest in ER

ligands of plant origin or phytoestrogens.'*'>'®

Mainly isolated from Leguminosae family,
phytoestrogens are non-steroidal compounds'’ and until recently, no phytosteroids acting

through the ERs had been described. Withanolides are a group of C-28 steroidal lactones

and lactols isolated from several genera of the Solanaceae family.lg’19 A small group of
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these compounds, termed salpichrolides,*?' were isolated from Salpichroa origanifolia
and exhibited antiestrogenic effects.”” Salpichrolides such as Salpichrolide A (Fig. 1), have
a six-membered aromatic D ring, an unusual structural modification of the steroid nucleus.
To further investigate this new type of ER ligands, we have synthesized salpichrolide
analogues with a simplified side chain, and tested the antiestrogenic activity in the ER+
human breast cancer cells MCF-7.% It is noteworthy that a very simple salpichrolide
analogue such as compound 3 (Fig. 1a), that has neither the side chain nor any of the
functionalities present in rings A and B of the salpichrolides, retains the antiestrogenic
activity. This result suggested that the aromatic D ring is a key structural motif for the
observed activity. Combining docking and Molecular Dynamics simulation (MD) methods
we also performed a preliminary analysis of the ligand binding mode of compound 3 in the
ER LBP, finding that an inverse orientation might be stable.” Since this new scaffold could
represent an opportunity to design novel antiestrogens with an improved therapeutic profile,
we have now investigated in detail the binding mode of this type of compounds and
explored the molecular basis of action of compounds 2 and 3 through MD simulations. Our
results show that a favored inverted ligand binding mode produces important
conformational changes on the receptor structure that would explain the passive antagonism

of the D-aromatic analogues.

METHODS
Initial structures of ERa complexes.

The starting coordinates of the ER ligand binding domain were taken from the crystal
structure of the ERa/estradiol complex (pdb:1gku, chain A). To build the ERa/estradiol

system the co-crystallized estradiol molecule was conserved. All ERo/3 systems were
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constructed from our previous docking study,* using ligand coordinates from the best
solutions found in clusters A, B and C to obtain the corresponding ERa/3-A, ERa/3-B and
ER0/3-C systems. The ERo/2 system was constructed from the 20 ns snapshot of the
ERa/3-A system and the HF/631G** optimized structure of 2, which was introduced by
overlapping skeleton carbon atoms with the corresponding atoms in 3. In all systems
hydrogen atoms were added with the Tleap module considering the e-tautomer of His524.
To build the corresponding force field parameters of the ligand, RESP (restraint
electrostatic potential) atomic partial charges were computed using the HF method with the
6-31G** basis set in the quantum chemistry program Gaussian 03** for the corresponding

HF-optimized structures.

Molecular Dynamics

Molecular dynamics (MD) were performed with the AMBER 12 software package.25 The
ligand parameters were assigned according to the general AMBER force field (GAFF) and
the corresponding RESP charges using the Antechamber. The Amber99 force field
parameters were used for all receptor residues.”® The complexes were immersed in an
octahedral box of TIP3P water molecules using the Tleap module, giving final systems of
around 32000 atoms. Two chloride ions were added in order to balance the charges in the
complexes. The systems were initially optimized and then gradually heated to a final
temperature of 300 K. Starting from these equilibrated structures, MD production runs of
100 ns were performed. All simulations were performed at 1 atm and 300 K, maintained
with the Berendsen barostat and thermostat respectively, using periodic boundary
conditions and the particle mesh Ewald method (grid spacing of 1 A) for treating long-

range electrostatic interactions with a uniform neutralizing plasma. The SHAKE algorithm

6

John Wiley & Sons, Inc.



Page 7 of 34

©CoO~NOUTA,WNPE

PROTEINS: Structure, Function, and Bioinformatics

was used to keep bonds involving H atoms at their equilibrium length, allowing the use of a
2 fs time step for the integration of Newton’s equations.

Steered Molecular Dynamics (SMD) Simulation was carried out to investigate the ligand
unbinding pathway from the 100 ns snapshot of the ERa/3-C system. Taking these
coordinates as the initial structure, a pulling force was applied to increase to 30 A the
distance between the C8 atom of the steroid (Fig. 1) and the CA atom of Glu353. A force
constant of 4 Kcal/mol A% was used and 5 ns of Amber-SMD simulation was performed at a

constant temperature of 300 K.

Analysis of results

The root mean squared deviation (RMSD) of ligand atoms, the root mean square
fluctuations (RMSF) of CA receptor residues, the time evolution of the distances among
selected atoms and the time evolution of torsion angles between selected atoms were
monitored with the Ptraj module. Trajectories were visualized and representative snapshots
were obtained using VMD.?’

The MM/PBSA.py tool implemented in AMBER was used to compute the electrostatic
(ele) and Van der Waals (vdw) contributions to the total energy of the molecular mechanics
(MM) force field in the gas phase. The desolvation term of the ligand was not taken into
account as it is located in the interior of the LBP, hence that term should largely cancel in
the comparison of the different poses of compound 3. Moreover, due to the high similarity
among the simulated systems, the entropic term has not been calculated.

The MM/QM-COSMO calculations were performed following the method of Anisimov
and Cavasotto™ with the MOPAC program.” Local energy minimizations limited to 100

cycles were carried out on each ligand-receptor structure using the PM6 Hamiltonian® In
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this case, solvation terms were evaluated by the COSMO continuum solvent model using
the standard atomic radii and a dielectric constant of 78.4. The surface accessible solvent
area was built using a 1.3 A solvent probe radius. For the non-polar contribution a standard
surface tension of 0.0037 Kcal/(mol A?) was used. Entropic contributions have not been
considered. Both MM and MM/QM-COSMO calculations were performed over 8000
snapshots of the last 80 ns of the trajectory, previous deletion of water molecules.

The CAVER 3.0 prograrn31 was used to detect tunnels in the ERa/3-C system; 500
snapshots were extracted from the MD trajectory and then ligand and water molecules were
removed. The coordinates of the C8 of the steroid in the first snapshot, were used as the
initial starting point to the tunnel search. A probe radius of 0.9 A and a clustering threshold

of 3.5 were used. Tunnels were visualized with VMD.?’

RESULTS AND DISCUSSION
Ligand binding mode of compound 3

A central aspect of the molecular basis of antiestrogenic activity of D-aromatic steroid
analogues resides in the orientation that these molecules may assume within the ERs. To
obtain a preliminary insight on the binding mode of compound 3, we have previously
docked compound 3 into the crystal structure of ERa/estradiol complex (pdb: 1qku)* and
found that it can acquire three globally different orientations inside the ERa LBP. Two of
them (poses A and B) correspond to an inverse binding mode in which ring D points
towards the polar pocket flanked by Glu353 and Arg394 (Fig. 3a and 3b, respectively),
while one (pose C) corresponds to the normal mode (Fig. 3c). The difference between both
inverse modes resides in that pose B exhibits a second 180° inversion along the long axis of

the molecule. The statistical analysis of the docking solutions revealed that pose A was
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both the more frequent and the more energetically favorable,” suggesting that this could be
a relevant binding mode of D-aromatic analogues. Based on these findings and to further

investigate the molecular basis of the interaction between 3 and the ERa LBP, we

©CoO~NOUTA,WNPE

constructed three ERo/3 complexes using the best solution of each docking pose and the

13 ERo/estradiol crystal structure (ERo/3-A, ERo/3-B and ERo/3-C systems). From these

15 initial ligand-receptor coordinates, 100 ns of Amber-MD simulations were performed for
each complex. The ERo/estradiol MD simulation was also performed as a control

20 trajectory. All the simulated complexes were constructed by removing the crystallized

22 water molecules and immersing the protein and ligand atoms in a box of explicit TIP3P

o5 water molecules.

27 ERa LBD/estradiol complex. As expected, the time-dependent residue fluctuation (root-
mean square deviations, RMSD) measured over the heavy atoms of the steroid from the

32 initial structure (Fig. 4a) reveals that the position of the ligand molecule was conserved

34 during all the simulation, maintaining very stable interactions with the LBP residues. Fig.
37 4b shows a representative snapshot of the estradiol binding mode observed during the MD
39 simulation. Consistently, the polar interactions between the C3-hydroxyl and both Arg394
41 and Glu353 and between the C17-hydroxyl and His524 remained stable during the time-

44 scale of the simulation. Moreover, a water molecule occupied a position similar to that

46 found in several ER/estradiol crystal structures, taking part in a polar network together with
Arg394 and Glu353. In this way, our 100 ns MD of the ERa/estradiol complex is consistent
51 with the crystal structure data and with previous simulations performed with this

53 system.3 2,33
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ERa LBD/3 complexes. We were first interested in analyzing the dynamical behavior of the
ERo/3 complex with the steroid oriented as the estradiol molecule (ERa/3-C system,
“normal” binding mode). Notably, the visual inspection of this trajectory reveals that the
final position of the steroid molecule differs considerably from the initial one (Fig. 4e). The
RMSD curve shows that the position of the ligand atoms changes abruptly during the first
20 ns of the simulation reaching a stable value of 6.5 A (Fig. 4a). In this new position the
steroid does not interact with any of the polar LBP residues. The average distance between
the center of mass of the ligand and the CZ atom of Arg394 and the CD atom of Glu353 are
15.24 and 13.92 A, respectively; these values are much larger than those observed in the
estradiol system (Table I). Interestingly, while the steroid is moving towards the His524,
there is a major change in the side chain conformation of this residue. Thus the interchange
of the aromaticity between A and D rings causes a rearrangement of LBP residues that
moves the molecule of compound 3 away from the LBP center, indicating that this
orientation would not be adequate for binding 3.

In contrast with the above results, the MD simulations on the steroid in both the inverted
binding orientation (ERa/3-A system) and the doubly inverted binding orientation (ERo/3-
B system) exhibited small and constant RMSD values (Fig. 4a), with averages similar to
those observed in the ERo/estradiol system (Table I). In both systems the steroid remained
practically in its original position (Table I), with the C20-carbonyl interacting with the
Arg394/Glu353 pair and a water molecule, thus establishing a polar network that resembled
that observed in the ERo/estradiol complex (Fig. 4c and 4d). At the other end of the ligand

molecule, no interactions were observed between the C1-carbonyl and the His524. Thus,
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the MD simulations showed that both the inverted and the doubly inverted orientations
have the ability to achieve a stable binding mode.
Energy of ligand-receptor interactions. To determine which of the above inverted binding
modes is more favorable, we calculated the energetic contribution associated to the ligand
binding mode in each trajectory. We used two approaches to estimate the energy of the
ligand-receptor interaction. First, the MM/PBSA method was used to compute the energetic
contributions from the electrostatic energy (ele) and Van der Waals interactions (vdw)
arising from bond, angle and dihedral terms in the force field, the sum of which gave the
total gas phase binding energy (MM). Interestingly, the vdw contributions in ERo/3
systems were larger than those calculated for the ERa/estradiol system, probably due to the
higher number of carbons atoms in the 3 molecule. However, as could be inferred from the
observed polar interactions, the ele contribution in the case of estradiol was significantly
more favorable than in the case of 3. The results also revealed that the interaction is 3.2
Kcal/mol more stable in the inverted binding mode (ERa/3-A system) compared to the
doubly inverted binding mode (ERa/3-B system), mainly as consequence of a more
efficient hydrophobic contact between the steroid and the LBP residues (Table I). In the
case of the “normal” binding orientation of 3 (ER0/3-C system), the ele contribution in the
final position is smaller than in the other systems, resulting in a less favorable MM energy.
In order to obtain a more precise estimation of the ligand-receptor interaction energy, we
also used the MM/QM-COSMO method to estimate the binding free energy of 3 in both
inverted binding orientations (A and B poses). In this calculation developed by Anisimov
and Cavasotto,”® MD trajectories are re-evaluated using a semiempirical PM6 Hamiltonian
and a continuum solvent model, while translational and rotational entropy contributions are

calculated through their corresponding configurational integrals and the internal
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(vibrational) entropy is evaluated through normal mode analysis. As was observed with the
MM/PBSA method, the MM/QM-COSMO results show that the binding free energy is
significantly more favorable when 3 is in the inverted binding orientation (pose A)
compared to the doubly inverted orientation (pose B) (Table I).

Taken the previous docking study and the above MD results altogether, we conclude that
the more favorable binding mode for compound 3 corresponds to the inverted orientation

(pose A) compared to the natural ligand estradiol.

Ligand binding mode of compound 2

Next, we were interested in investigating the ligand binding mode of the more complex
salpichrolide A molecule (2, Fig. 1). In contrast with the simplified analogue, this natural
antiestrogen has a very bulky side chain attached to the aromatic D ring and therefore the
main questions reside in how the receptor can accommodate this moiety and if there are any
specific polar interactions involved in its recognition. Since we had already found the
preferred binding orientation of compound 3, we used this model as starting point to
investigate the binding mode of 2. The HF/6-31G** optimized structure of 2 was
introduced in the 20 ns snapshot of the ERa/3-A system superimposing the carbon atoms of
the steroid nucleus of both compounds. In this initial structure, the side chain of 2 was
located in a cavity formed by residues of H3, H4, the H1-H3 loop and the B-sheet, with the
Glu353/Arg394 pair at one side. In this free cavity of the binding pocket the steroid side
chain may be tightly accommodated, with only minor sterical superposition between
receptor and ligand atoms that disappeared during the minimization step of the equilibration
protocol. Visual inspection of the MD production, revealed a pronounced conformational

change of Leu349 located at H3, thus allowing for the ligand side chain. The salpichrolide
12
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molecule achieved a globally stable binding mode with minor changes from its initial
position (Fig. 5a), as indicated by the small RMSD values (Fig. 5b). Furthermore, an
interaction was observed between the salpichrolide side chain and the receptor, the 26-
hydroxyl formed a stable and strong hydrogen bond with the backbone oxygen atom of
Leu346 also located at H3. This interaction was maintained during all the time scale of the
simulation (Fig. 5¢). The RMSD values measured for backbone atoms of the protein
indicated that the structure of the receptor did not experience any major changes either (Fig.
5b). Thus, starting from the inverse orientation, we obtained an ERa/2 complex in which
not only the receptor was able to accommodate the voluminous side chain of 2 by
modifying the conformation of only one residue, but a specific polar interaction
participated in its recognition. The previous report that other salpichrolides that differ from
2 in the functional groups on rings A or D exhibited similar antiestrogenic activity,”
suggests that the tight fit of the withanolide side chain in the secondary cavity described
above and the observed specific interaction would play a key role in their affinity for the

receptor. The changes in the functionalities in rings A or D would have a minor effect.

Molecular basis of the antagonism of compound 3

To investigate the molecular basis involved in the passive antagonism of 3, we compared
the dynamical behavior and overall structures of ERa/estradiol (agonist system) and ERa/3-
A (antagonist system) complexes. First, we calculated the overall backbone fluctuation of
the protein over the last 60 ns of MD simulation (RMSF) that provides a time-average
representation of per-residue fluctuation. Fig. 6 shows the difference between RMSF values
of ERo/estradiol and ER0/3-A complexes, revealing two main regions where the

fluctuation results are considerably different between both systems. On one side, the

13
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fluctuation of the H8-H9 loop is smaller in the presence of 3 than in presence of estradiol.
Interestingly, this is a nine residues long loop that, according to crystal structures,®”* forms
part of the dimer interface. The change in the dynamical behavior of the H8-H9 loop may
thus affect the ability of the complex to dimerize.

On the other hand, the H11-H12 loop is significantly more mobile when the D-aromatic
analogue is bound. As mentioned in the introduction, the agonist action of estradiol has
been associated to its ability to interact with the His524 (H11), since this interaction fixes a
His524 conformation that can participate in an extensive hydrogen bonding network
involving Glu419, Glu339 and Lys531. The ionic interaction between the side chains of
Glu339 (H3) and Lys531 (H11) works as a “zipper”, coupling the N-terminal end of H3
with the C-terminal end of H11 and stabilizing a H11 conformation that positions H12 in
the agonist conformation.’ Fig. 7a shows a representative snapshot of the ERo/estradiol
complex in which the formation of this “zipper” is depicted. The analysis of key distances
between the residue pairs involved, reveals that the “zipper” is formed during most of the
time scale of the ERo/estradiol simulation (Fig. 7b). Instead, in the ERa/3-A system we
observed that the “zipper” stays until ca 25 ns and then disappears (Fig. 7c). This results in
a global conformational change of the receptor that leads to the separation of the H3 and
H11 helices (compare Fig. 8a and 8b), a phenomenon that can be observed analyzing the
time evolution of the distance between the CA atoms of Glu339 and Lys531 (Fig. 8c).
Thus, we conclude that the inability of 3 to interact with the His524 is translated into major
changes in both dynamical behavior and global position of the H11, destabilizing the
agonist conformation of the ER and giving rise to the passive antagonism of this D-

aromatic analogue.

14
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Unbinding pathway of compound 3 in pose C

As was described above, when we evaluated the binding mode of 3 in the normal
orientation (ERa/3-C system), a large displacement of the steroid towards the H11 was
observed achieving a final localization under His524. To the best of our knowledge, this is
the first time that such pronounced ligand mobility is reported for an SR/ligand complex
using classical MD. This strongly suggests that the presence of a non-aromatic ring near the
Arg/Glu pair and an aromatic ring near the His524 is highly unfavorable. To evaluate the
presence of tunnels connecting the LBP with bulk solvent, the ERa/3-C trajectory was
reanalyzed with the CAVER program.’'** Only two relevant tunnel clusters were detected
during the entire MD simulation (Fig. 9a). Tunnel I was shaped by residues at H3, H7 and
H11 helices involving half of the LBP and a cavity formed by the terminal residues of these
helices. Tunnel II had the opposite direction, contacting the bulk solvent through a cavity
located between H3, HS, H8 and the H1-H3 loop. Analysis of the characteristics of these
tunnels showed that Tunnel I was far more favored than Tunnel II. Thus, over 500
snapshots analyzed, Tunnel I was identified practically in all of them (98 %) while Tunnel
IT was less detected (67 %). Furthermore, the average value of the bottleneck radii was
considerably larger for Tunnel I compared to Tunnel IT (2.1 A and 1.0 A respectively).

On the basis of these findings, we envisaged that the pathway followed by the ligand in
the first 20 ns of the ERa/3-C system might represent a putative unbinding pathway. The
fact that the final localization was conserved during the next 80 ns of the MD simulation
suggested that this position might be considered as a stable intermediate state. Since very
large times could be required to visualize a spontaneous and complete unbinding using
classical MD, several modified methods have been applied to understanding the

binding/unbinding pathways in NRs.*”*’ Here, we used steered MD (SMD), which
15
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provides a means of accelerating the unbinding process by applying external forces that
lower the energy barriers, to drive the ligand along its unbinding path on a nanosecond time
scale.

In order to induce the unbinding of ligand from the 100 ns snapshot of the ERa/3-C
system, 5 ns of SMD were carried out with a pulling force applied so as to increase the
distance between the C8 atom of the steroid and the CA atom of Glu353, driving the steroid
along Tunnel I. Fig. 9b shows the temporal evolution of distance between pulled atoms and
Fig. 9c reveals that continuous ligand RMSD evolution is obtained during the SMD.
Remarkably, receptor RMSD values are always smaller than 2 A (Fig 9c), indicating that
the complete ligand unbinding (Fig 9d) can be achieved without major changes of the
receptor backbone conformation. In this way, the SMD simulation shows that the ligand
can be actually expelled through Tunnel I. Using random acceleration molecular dynamics
(RAMD), Burendahl et al have found that estradiol exhibits a strong preference for a

similar unbinding pathway.”

CONCLUSIONS

Several withanolide containing plants have been used in traditional medicine for
centuries. A subgroup of withanolides having an aromatic ring D were found to inhibit the
action of estradiol, a steroid hormone characterized by an aromatic ring A. This led to the
synthesis of several simplified analogues that suggested that the aromatic D ring was key to
the observed activity. Our MD simulation results for the natural salpichrolide A (2) and the
simplified synthetic analogue 3, show that those orientations in which the aromatic ring D
of these compounds plays the role of the A ring of estradiol in the ER LBP, are more

favorable than the “normal” steroid orientation. Thus, the localization of a planar ring in
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this region of the LBP appears to be essential for adequate steroid recognition by the ER.
When a non-aromatic ring is introduced there, the system becomes highly unstable and the
receptor tends to expel the steroid molecule, following a pathway that is coincident with
that found for the unbinding of other NR ligands. Unable to form a polar interaction with
the His524, the binding of the D-aromatic analogue in the inverted mode disrupts the
contact between H3 and H11 that is required to stabilize the H12 agonist conformation.
Thus, the molecular basis of the passive antagonism of 3 would not originate in a direct
disarrangement of H12, but through an indirect perturbation of HI11 dynamics.

Finally, molecular modelling results showed how complex molecules such as 2 can bind
to the ERa exploiting a secondary cavity generated by the rotation of Leu349. This

observation may be used for the design of novel analogues with improved ER activity.
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Figure legends

FIGURE 1. Structures of ER ligands.

FIGURE 2. a) General view of the crystal structure of the ERa LBD/estradiol complex
(pdb:1gku). b) Ligand binding mode of estradiol (1) in the ERa LBD/estradiol crystal
structure (pdb:1gku) showing the estradiol molecule and the polar amino acid side chains
involved in ligand binding.

FIGURE 3. Docking solutions of compound 3 (light gray) into the ERa ligand binding
pocket.23 a) Pose A; b) Pose B; c¢) Pose C. The estradiol molecule is shown as reference in
dark gray.

FIGURE 4. a) RMSD from the initial structures measured over ligand atoms of the
simulated systems. b) Representative snapshot of the estradiol binding mode during the MD
simulation. c-e) Representative snapshots of compound 3 binding mode during the MD
simulation in pose A (c), pose B (d) and pose C (e).

FIGURE 5. a) Representative snapshot of the binding mode of 2 during the MD simulation
of the ERa/2 complex. b) RMSD of the initial structures measured over ligand atoms and
over receptor backbone atoms. c¢) Time evolution of the distances between the hydrogen
atom of the 26-hydroxyl group of 2 and the backbone oxygen atom of Leu346.

FIGURE 6. Difference between the RMSF values of the ERo/estradiol and the ERa/3-A
systems (ARMSF = RMSFgrgyestradiol - RMSFgrqs3-4). The secondary structure of ER LBD is
schematized along the x-axis.

FIGURE 7. Representative snapshot of ERo/estradiol complex showing the extensive
hydrogen bonding network involving residues of H3, H7 and H11. b-c) Time evolution of

the distances between the hydrogen atom of the C17-hydroxyl of estradiol and the ND1
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nitrogen atom of His524 (A distance), the HE2 hydrogen atom of His524 and the oxygen of
the backbone carbonyl of Glu419 (B distance), the hydrogen atom of Glu419 amino group
and the CD oxygen atom of Glu339 (C distance); the CD oxygen atom of Glu339 and the
NZ nitrogen atom of Lys531 (D distance) and the CD oxygen atom of Glu419 and the NZ
nitrogen atom of Lys531 (E distance) in the ERo/estradiol (b) and ERa/3-A (c) systems.
FIGURE 8. a-b) 100 ns snapshots of the ERo/estradiol (a) and the ERa/3-A (b) complexes
with the CA atoms of Lys531 and Glu339 shown as dark gray balls. ¢) Time evolution of
the distances between CA atoms of Lys531 and Glu339 in the ERo/estradiol and the
ERo0/3-A complexes.

FIGURE 9. a) Initial snapshot of the ERa/3-C system showing tunnels detected by
CAVER 3.0. Tunnel I and Tunnel II are represented by a sequence of dark gray and light
gray balls, respectively. b) Time evolution of the distance between pulled atoms in the
SMD simulation. ¢c) RMSD of the initial structures measured over ligand atoms (gray) and
over receptor backbone atoms (black); d) 1 ns, 3 ns and 5 ns snapshots of the SMD

simulation. Pulled atoms are shown as dark gray balls.

24

John Wiley & Sons, Inc.



Page 25 of 34

©CoO~NOUTA,WNPE

PROTEINS: Structure, Function, and Bioinformatics

Table I. Structural and thermodynamical information of ERo/ligand complexes

estradiol 3-A 3-B 3-C
Average RMSD (A)*
Ligand 0.76 1.64 0.94 5.98
Protein 1.68 1.85 1.90 1.99
Average Distance (A)
CZ(Arg394) - CD(Glu353) 4.18 4.33 4.11 4.28
Ligand - CZ(Arg394)" 10.54 10.30 10.59 15.24
Ligand - CD(Glu353)" 9.22 9.99 9.54 13.92
Ligand - CG(His524)" 8.31 9.31 9.11 5.75
MM (keal/mol)°
vdw -40.6 -48.2 -45.5 -44.2
ele -16.2 -7.0 -6.5 -3.2
MM -56.8 -55.2 -52.0 -47.4
MM/QM-COSMO (kcal/mol)*
Total nd -23.9 -18.0 nd

*Average RMSD values measured over ligand or receptor backbone heavy atoms.

®Average distances between the center of mass of the ligand and the residue atom.
‘Interaction energy contributions to the total energy of the molecular mechanics (MM)
force field in the gas phase computed using the MM/PBSA method (vdw: Van der Waals;
ele: electrostatic; MM: total gas phase binding energy).
Binding free energies computed using the MM/QM-COSMO method (nd: not determined).
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47 FIGURE 2. a) General view of the crystal structure of the ERa LBD/estradiol complex (pdb:1gku). b) Ligand
binding mode of estradiol (1) in the ERa LBD/estradiol crystal structure (pdb:1gku) showing the estradiol
molecule and the polar amino acid side chains involved in ligand binding.
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FIGURE 5. a) Representative snapshot of the binding mode of 2 during the MD simulation of the ERa/2
complex. b) RMSD of the initial structures measured over ligand atoms and over receptor backbone atoms.
¢) Time evolution of the distances between the hydrogen atom of the 26-hydroxyl group of 2 and the
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FIGURE 7. Representative snapshot of ERa/estradiol complex showing the extensive hydrogen bonding
network involving residues of H3, H7 and H11. b-c) Time evolution of the distances between the hydrogen
atom of the C17-hydroxyl of estradiol and the ND1 nitrogen atom of His524 (A distance), the HE2 hydrogen

atom of His524 and the oxygen of the backbone carbonyl of Glu419 (B distance), the hydrogen atom of
Glu419 amino group and the CD oxygen atom of Glu339 (C distance); the CD oxygen atom of Glu339 and
the NZ nitrogen atom of Lys531 (D distance) and the CD oxygen atom of Glu419 and the NZ nitrogen atom

of Lys531 (E distance) in the ERa/estradiol (b) and ERa/3-A (c) systems
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FIGURE 8. a-b) 100 ns snapshots of the ERa/estradiol (a) and the ERa/3-A (b) complexes with the CA atoms
29 of Lys531 and GIu339 shown as dark gray balls. c) Time evolution of the distances between CA atoms of
30 Lys531 and Glu339 in the ERa/estradiol and the ERa/3-A complexes.
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FIGURE 9. a) Initial snapshot of the ERa/3-C system showing tunnels detected by CAVER 3.0. Tunnel I and
Tunnel II are represented by a sequence of dark gray and light gray balls, respectively. b) Time evolution of
the distance between pulled atoms in the SMD simulation. ¢) RMSD of the initial structures measured over
ligand atoms (gray) and over receptor backbone atoms (black); d) 1 ns, 3 ns and 5 ns snapshots of the SMD
simulation. Pulled atoms are shown as dark gray balls
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