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Abstract

Androgen receptor (AR) is a steroid hormone nuclear receptor which upon binding its endogenous
androgenic ligands (agonists), testosterone and dihydrotestosterone (DHT), alters gene
transcription producing a diverse range of biological effects. Anti-androgens, such as the
pharmaceuticals bicalutamide and hydroxyflutamide, act as agonists in the absence of androgens
and as antagonists in their presence or in high concentration. The atomic level mechanism of
action by agonists and antagonists of AR is less well characterized. Therefore, in this study,
multiple 1 ps molecular dynamics (MD), docking simulations and perturbation-response analyses
were performed to more fully explore the nature of interaction between agonist or antagonist and
AR and the conformational changes induced in the AR upon interaction with different ligands. We
characterized the mechanism of the ligand entry/exit and found that Helix-12 and nearby structural
motifs respond dynamically in that process. Modeling showed that the agonist and antagonist/
agonist form a hydrogen bond with Thr877/Asn705 and that this interaction is absent for
antagonists. Agonist binding to AR increases mobility of residues at allosteric sites and co-
activator binding sites, while antagonist binding decreases mobility at these important sites. A new
site was also identified as a potential surface for allosteric binding. These results shed light on the
effect of agonists and antagonists on the structure and dynamics of AR.

Graphical Abstract
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Introduction

Androgen receptor (AR) is a member of the nuclear receptor (NR) superfamily. Upon
binding to endogenous androgenic ligands such as testosterone and dihydrotestosterone
(DHT), AR localizes to the nucleus and binds the androgen response element to regulate the
transcription of androgen sensitive genes.l 2 AR plays a pivotal role in regulation of many
normal developmental and physiological processes including muscle hypertrophy,
reproductive function, prostate and testicular development. The structure of AR consists of
an N-terminal domain, DNA binding domain, and a ligand binding domain (LBD) connected
by a hinge region.2 The N-terminal and LBD control transcription via activation function 1
(AF1) and activation function 2 (AF2) sites, respectively.® 4 In addition to AF2, other known
binding sites in the LBD include the ligand binding pocket and binding function 3 (BF3).°
AR co-activators are proteins which bind to the AF2 site to modulate AR transcriptional
action.®

Apart from the endogenous ligands, exogenous ligands like environmental chemicals and
pharmaceuticals can also interact with AR and alter its normal function.” These can either
act as agonists or antagonists, occupying a receptor’s active site and blocking normal
activation by endogenous hormones, modulating recruitment of co-activators (or co-
repressors) to the transcriptional complex. Some chemicals known to cause toxicity by
acting as antagonists include dicarboximide fungicides (e.g. vinclozolin and procymidone),
linuron, and flutamide.8-1%Previous studies have shown that perturbation in the AR signaling
pathway is associated with many adverse health outcomes such as abnormal reproductive
health, androgen insensitive syndrome, and prostate cancer.11-13 Studies have shown that
androgens and AR signaling play an important role in the development and progression of
prostate cancer.l: 2 14-16 pharmaceutical drugs targeting the AR signaling cascade are a
primary treatment for prostate cancer. AR antagonists have been proven useful to treat
prostate cancer by blocking AR activity.1”-1° Suppressing AR transcriptional activity with
nonsteroidal antagonists such as hydroxyflutamide, enzalutamide and R-bicalutamide is an
effective treatment for prostate cancer.20-22 However, mutations in the ligand binding pocket
of AR can alter the activity so that they instead act as agonists.23 24 In particular, R-
bicalutamide binding to the W741L/C mutant was shown to act as an agonist.2® In addition,
Klocker and co-workers showed that bicalutamide acquires agonistic properties during long
term androgen ablation.26 Hydroxyflutamide has also been reported to exhibit agonistic
effects in high concentration.?2: 27 The mechanism by which an antagonist becomes an
agonist is still elusive. Claudio and co-workers have used 2.5 nanosecond (ns) molecular
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dynamics simulations to understand the molecular basis of ligands as agonists or antagonists
of AR.28 However, gaining detailed knowledge about the extent and significance of the
dynamics of AR when complexed to agonists as compared to antagonists requires a much
greater amount of conformational sampling, because of the large number of degrees of
freedom and the long-time scales involved in the collective motions of the LBD of AR.
Dalton and co-workers have crystalized an AR LBD mutant form complexed with
bicalutamide (PDB:1295),25 providing structural insights into the agonist or antagonist
effects of these ligands in AR. In general, binding of the LBD of NR to steroids is known to
cause structural and dynamic changes within the LBD.2%-31 For example, binding of
estrogen changes the conformation of helix 12 (H12) in the estrogen receptor.32: 33 |t is
known that the overall stability of the LBD of AR increases upon binding to the native
agonists. AR binding to androgens is known to affect functional regions of its LBD such as
AF2 and BF3 and an unknown functional surface site.3* Recently, Li et al, investigated the
interaction between the AR agonist and antagonist and their influence on the co-activator
binding using MD simulations.3# Smiesko et al utilized molecular docking and MD
simulation to discriminate the agonistic and antagonist conformation of AR, showing that
distinguishing AR antagonists from agonists is not possible with their current approach
alone.3° Hong et al, studied the structural changes in AR upon binding to agonist and
antagonist using bicalutamide as their example antagonist, but bicalutamide is known to act
as agonist in the absence of androgen and thus is not a good model.38 Thus, the details of the
local and global structural and dynamic information are missing for AR upon binding to
different agonists and antagonists. Hence, in this study we address the following:

. Characterize the critical binding interactions between the AR LBD and agonist
or antagonist ligands;

. Provide insight into the dynamic response of AR upon interaction with agonist
and antagonist ligands using 1 microsecond long simulations and perturbation
analysis;

. Identify previously unknown surface residues which can potentially induce

allostery in AR.

Better understanding of conformational changes to AR upon binding to different agonist and
antagonist ligands could help in rational design of novel compounds for the treatment of
prostate cancer and developmental disorders. In this study, multiple one microsecond (us)
MD simulations were conducted on complexes of agonists, antagonists and antagonist/
agonists bound to the AR LBD to understand the effects of these ligands on the
conformation of AR.

Materials and Methods

Docking of Ligands to AR

A set of AR agonist and antagonist ligands is shown in Scheme 1. Docking of this set of
ligands to LBD of AR was carried out with the Maestro software suite (Schrddinger; New
York, NY, 2018-4). The agonists and antagonists were prepared for simulation using the
LigPrep module.3’ Ligands were then docked to the ligand binding pocket of wild type
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human AR (PDB: 3ZQT) using GLIDE docking.38 The grid was centered on the ligand
binding pocket of AR. Docking was performed using Glide’s SP (Standard Precision) setting
with the ligand treated flexibly.

Calculation of Partial Charges and Ligand Force Field Parameters

The agonists and antagonists of AR were subjected to optimization calculations using
Gaussian 09 rev D01 and B3LYP/6-31G(d,p) level of theory.3% and without any geometrical
constraints. Partial atomic charges for the optimized geometries of the ligands were
calculated using the same level of theory, using the restrained electrostatic potential (RESP)
protocol based on the Gaussian generated electrostatic potential (ESP).40 Force field
parameters for the ligands were a combination of existing ones from the Generalized Amber
Force Field (GAFF force field) and newly computed ones using the Antechamber module of
the AMBER 18 package.*!

Molecular Dynamics Simulation of AR/ligand complexes

MD simulations of all the docked complexes were carried out using the AMBER 18
program suite.41 The agonist and antagonist complexes with LBD of AR obtained from the
Glide docking calculations were solvated with TIP3P water.42 Using AMBER14SB force
field43, the solvated system was subjected to 1000 steps of energy minimization employing
the steepest descent and conjugate gradient algorithms. Minimization was followed by a
preliminary 500 picosecond (ps) MD simulation. The 1 us MD production run was then
carried out for all systems using a 2 femtosecond (fs) time step for the integration of the
equations of motion in the NPT ensemble at 300 K and at 1 atmospheric pressure. The
particle-mesh Ewald (PME) method was used to calculate the long-range electrostatic
interactions beyond a cutoff of 12 A. Periodic boundary conditions were applied for all
simulations with an isothermal-isobaric (NPT) ensemble at 300 K and 1 atm pressure
maintained using the Langevin thermostat and Berendsen weak-coupling algorithm
respectively. The collision frequency was set as 5 ps~1. The SHAKE algorithm was used to
constrain only hydrogen atoms.#* The 1 ps MD production simulations for each ligand/AR
complex were replicated three times, using different random seeds for the initial velocities to
get good sampling of coordinate space. Post processing and analysis were carried out using
GROMACS 2018.3 analysis tools.*> VMD 1.9.4 46 and PyMol 2.3.147 packages were used
for visualization analysis.

Random Accelerated Molecular Dynamics Simulation (RAMD)

RAMD simulation®® implemented in the NAMD 2.13 program suite*® was used to
investigate the potential dissociation pathways of testosterone from the ligand binding site of
AR. Because the ligand could potentially exit from a variety of channels, eighty different
simulations were carried out to get good statistics of the ligand exit channels. In each, a
random force was applied to accelerate the ligand movement, with the force set to either 14
or 16 kcal mol~2A=1, The initial force direction was chosen randomly by the algorithm.
After each after 100 fs MD simulation the force direction was retained if the ligand center of
mass moved by at least 0.025 A. Otherwise it was randomly changed. Simulations were
terminated when the center of mass of the ligand had moved further than 30 A from its
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original position. The exit event occurs at different time scale for each simulation, but the
maximum length of the simulation is set to 3 ns. Coordinates were saved at 1 ps intervals.

Perturbation—response Decomposition of Molecular Dynamics Trajectories
A covariance matrix (Q = RTZle= I |n),1n(n|) was constructed for each MD trajectory using
the JED package.?0 The effective Hessian matrix is obtained from H, =RT o~ !. The

. . . 1 3N
random noise was removed by substitution 2, — (1), > ¢S IN—oZn = ¢

4, overthe n= ¢
subspace as explained in our previous methods paper.>! Perturbation was applied to the
effective Hessian matrix with spring constant of 10 kcal/mol/AZ within radius of 10 A. The
perturbation response profile was calculated using the method previously described.?! The
response and perturbation profiles were further decomposed into perturbation which gives
rise to stabilizing response (decrease in mobility) and destabilizing response (increase in

mobility) as described in our previous study.

Results and Discussion

Differences in the Interaction of Agonist and Antagonist Ligands with AR

Agonist and antagonist ligands were docked into the ligand binding pocket of AR. The
predicted binding modes of all the ligands are shown in Figure 1, revealing that all agonists
form a hydrogen bond (H-bond) with Arg752. 17p-trenbolone and testosterone have an
additional H-bond with Asn705, whereas methyltrienolone, a synthetic androgen forms an
H-bond with Thr877. Neburon has an H-bond interaction with Leu-704 while the other
antagonists lack H-bonds donor or acceptor. Bicalutamide and hydroxyflutamide, which can
either act as agonists or antagonists, forms H-bonds with Asn705 and Arg752. The main
difference between the agonist and antagonist ligand binding is the presence or absence of
these H-bonds between the ligand and the receptor.

Structure and Dynamics of AR upon Binding to Ligands

To explore the structure and dynamics of the binding modes of different ligands in the AR
LBD, we conducted MD-based simulations of docked AR-ligand complexes as described in
Materials and Methods. To evaluate the conformational dynamics induced by different
agonists and antagonists, the root mean square fluctuation (RMSF) for each residue was
calculated for the last 500 ns simulation and averaged over the three simulations. Figure 2
displays the variation of RMSF of each residue of the AR LBD with the individual ligands.
Linear correlation coefficients for RMSF between all the ligand-AR complexes are given in
Table S1. The tabulated data indicate that there is overall similarity in RMSF between all the
complexes. Linear correlation coefficients for RMSF between different Helix and loops are
given in the supporting information Table S2—-S12. The correlation values indicate that the
RMSF profile varies most strongly in H3, the loop between H3 and H4, H12 and the loop
between H11 and H12. H6 of Bicalutamide-AR complex deviates the most from all other
AR complexes. These observations highlight that the primary dynamics of AR-agonist, AR-
antagonist and AR-agonist/antagonist complexes differ mainly at H3, H12 and the nearby
loops.
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Hydrogen Bonds between Ligands and AR

Docking results show that H-bonds between ligands and AR play an important role in their
binding. The residues involving in the formation of H-bonds with different ligands with their
occupancies are given in the Table 1.

A striking difference between the agonist and antagonist binding modes is the absence of H-
bonding interaction between the AR and antagonist ligands. Potent agonists such as DHT,
17B-trenbolone, and methyltrienolone all form an H-bond with Thr877 with a time averaged
occupancy of more than 90%, whereas testosterone forms an H-bond with Asn705 but also
with high occupancy. In contrast, neither Thr877 nor Asn705 have H-bonding interactions
with the known antagonists. Both hydroxyflutamide and bicalutamide have an H-bond with
Asn705 with occupancy of 21.70 and 46.70% respectively. Both hydroxyflutamide and
bicalutamide form an H-bond with Leu704 with higher occupancy of 62.10% and 90.83
respectively.

Binding-Free Energy Analysis using MM-PBSA

To gain further insight into the binding affinity between the various ligands and AR, AGpjng
was calculated using the standard MM-PBSA method implemented in AMBER 18.41 The
calculated binding free energies were averaged over the last 50 ns from three different
imulations performed with each ligand/AR complex. The results are given in in Table 2 and
indicate that the binding free energies of agonists are in the range ~-14 to ~-16 kcal/mol,
whereas the values for the antagonist and agonist/antagonist are slightly weaker with the
values ranging from —8 to —12 kcal/mol. By molecular mechanics (MM) calculation in gas
phase, the van der Waals interactions (AE,q) contributions were similar in all the systems,
whereas stronger electrostatic (AEgje) interactions were observed in all agonist and agonist/
antagonist complexes. For agonist/antagonist complexes it is the stronger electrostatic
interaction which contributes significantly to the overall binding free energies.

Change in Dynamic Response

To understand the change in the AR dynamics/mobility upon binding to different ligands, we
followed a previously published methodology to compute and decompose the responses to
the perturbation.5! The average dynamic response profile is decomposed into stabilizing
response (ss) and destabilizing response (sd). The relative degrees of change in the response
to the stabilizing perturbation for agonist, antagonist and agonist/antagonist complex are
summarized in Table 3. (JATR]) is average change in trace of covariance matrix upon
stabilizing perturbation, which explains the overall magnitude of the dynamic response.
Binding of an antagonist decreases the dynamic response of the AR when compared to the
apo AR, whereas binding of an agonist either slightly increases or decreases the dynamic
response, depending on the specific ligand molecule. A two-fold increase in the dynamic
response has been observed for the bicalutamide-AR complex. The (JATR|) data are
normalized relative to the apo so that each protein is assigned a relative percent (re/%5) of
dynamic response for stabilizing perturbations. The relative percentage is decomposed into
relative percentage of stabilizing perturbation leading to stabilizing response (%ss) and
relative percentage of stabilizing perturbation leading to destabilizing response (%sd). It can
be seen from the table that overall characteristics of dynamic response for the agonist and
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agonist/antagonist is similar, while for the antagonist the relative percentage of stabilizing
response increases, and the relative percentage of destabilizing response decreases with
respect to the apo AR.

The mean response profile (ss and sd) mapped on to the structures of AR is shown in Figure
3. The mean response profiles are similar for the apo AR, the agonist and agonist/antagonist
AR complexes. Similar trends in agonist complexes show the strong sd in Helix-7, Helix-12,
and in the allosteric sites BF3 and AF2 sites®2 (Figure 3b to 3e). In antagonist complexes,
the Helix 12 and AF2 display strong ss. Previous studies show that protein regions with high
flexibility/mobility play important roles in favorable binding with binding partners and in
allosteric regulation.>3-55 Taken together, the results suggest that all agonists increase
mobility in the AF2 and BF3 regions which will then enable binding to coactivators.>®
Hydroxyflutamide and bicalutamide trigger similar responses to that of agonists. These
ligands can act as agonists at high concentration or in the absence of androgens.22: 26: 27 The
agonism/antagonism of these ligands is determined by the affinity to bind at the ligand
binding pocket by replacing the natural androgens.

Dissociation of Androgen from the AR Ligand Binding Pocket

The ligand binding pocket of AR is buried deep inside the LBD. It is important to
comprehend the mechanism of the ligand entry/exit to this deep pocket to understand which
residues and structural motifs respond dynamically in that process. Hence, testosterone was
docked in the ligand binding site of AR and fifty steps of RAMD simulations were carried
out as described in the methods section. RAMD simulation was originally designed to give
ideas about egress routes from buried ligand binding sites and therefore hint at ligand access
routes.>’ Wade and co-workers have proposed the ligand access and exit route based on the
RAMD simulations for P450.5758The RAMD trajectories revealed the unbinding of
testosterone through three different channels A, B and C (Figure 4a). 62.50% of egress
trajectories were via channel A, another 26.25% via channel B, and the rest 11.25% via
channel C. Residues involved in each channel are given in Table 4. Channel A is created by
the loop between Helix 11 and Helix 12 (Figure 4b). From the previous studies it is well
known that in nuclear receptors in general, Helix 12 is more flexible in the apo AR form and
that ligand binding stabilizes the ligand binding domain.3? Even though the ligand entry and
exit pathway from the buried pocket could vary, in this study we assume that exit channel is
also the substrate entry channel. Thus, we propose that the channel A is the most probable
entry/exit route for ligands in AR. Channel B (Figure 4c) is located in between the Helix 1
and Helix 4 as shown in Figure 4c. In channel C (Figure 4d), the ligand exits by the channel
created by AF2. The recruitment of a co-activator at the AF2 region of channel C may
stabilize the overall structure of AR and prevent the exit of agonist ligands from the pocket
through this channel.

Identification of Possible Allosteric Sites

The AR surface has allosteric ligand binding sites that modulate AR activity.>2. So far, three
such sites have been identified in AR, namely AF2, BF3 and BF4.52 Targeting these surface
sites has yielded new therapeutics for prostate cancer.52 We used the default settings of the

SiteMap site recognition software in the Maestro Schrédinger®: 60 suite to identify potential
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AR ligand-binding surface sites. SiteMap predicted three surface sites as shown in Figure 5a.
The volume and SiteScore data are given in Table 5. Site 1 has a SiteScore of 0.898 and is
predicted to be a possible binding surface site. Further, our perturbation studies show that the
residues in Site 1 and Site 2 can trigger stabilizing and destabilizing responses respectively.
The mean perturbation profile for the apo AR is depicted in the Figure 5b. It can be seen
from the figure that the residues in the allosteric site (BF3) trigger the stabilizing response,
which rigidifies the ligand binding domain. Also, the Site 1 surface formed by the residues
from Helix-7 and Helix-10/11 is shown to trigger a stabilizing response similar to that of
known allosteric site BF3. Taking this data together, we propose that Site 1 surface formed
by the Helix-7 and Helix-10/11 may be a previously unidentified allosteric site. When a
moiety binds to this Site 1 surface, it may rigidify and restrict the entry of the natural ligand.

Taken together, we speculate that the increase in mobility of the residues in the AF2 and
BF3 sites upon agonist binding in the LBP helps in binding the co-activators which in-turn
transfer allosteric signal to the DNA binding domain for its transcriptional activity. Other
studies have also shown that nuclear receptor coactivators enhance AR-mediated
transactivation6l: 62

Conclusion

We describe here long-time scale conformational fluctuations in the AR LBD structure when
bound to agonists and antagonists. We identify the channel near Helix-12 as the most
probable entry/exit route for ligands in the AR ligand binding pocket. Agonists and
antagonists exhibit distinct binding modes, with agonists forming an H-bond with either
Thr877 or Asn705. Generally, agonists transfer an allosteric signal through Helix-7 to the
cofactor binding pocket by increasing the mobility of Helix-7, Helix-12, AF2 and BF3,
while antagonists increase the overall stability of the LBD of AR. The flexibility induced by
agonists enables coactivator binding and stabilizes the complex. Hydroxyflutamide and
bicalutamide show a similar dynamic response to that of agonist with the slightly weaker H-
bond with Thr877 or Asn705. Agonistic activity of these ligands is determined by the
binding affinity and the ability to replace the endogenous androgens. We also identified
another previously unknown surface site on the AR LBD which may bind small molecules
and alter the normal function of AR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Vinclozolin Neburon p’.p~DDE (1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene)
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Figure 1:
Two-dimensional schematic representations of AR and different ligand interactions, (Top)

agonists, (middle) antagonists, (bottom) agonist/antagonists.
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Average Residue-based RMSF relative to the initial structure for each system during the last
500 ns MD trajectories for (a) AR-Agonist, (b) AR-Antagonist, (¢) AR-Agonist/Antagonist,
and (d) Cartoon representation of AR-LBD with the helices labeled. Arrow showing the

region where the RMSF is different between different ligands.
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Agonist

Figure 3.
Mean response profiles (ss and sd cases) mapped onto structure for (a) Apo AR, (b) DHT,

(c) Testosterone, (d) 17p-trenbolone, (e) Methyltrienolone, (f) p’,p—DDE (1,1-dichloro-2,2-
bis(p-chlorophenyl)ethylene), (g) Vinclozolin, (h) Neburon, (i) Hydroxyflutamide and (j)
Bicalutamide. The destabilizing response color scheme is from red, orange, and yellow
orders destabilizing response from largest to smallest. For stabilizing response, the color
scheme is set to blue, cyan, and green orders from largest to smallest. white color signifies
no response.
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a) Channel C

Figure 4.
a) Ligand exiting Channels, Snapshot showing the interaction between the ligand and the

protein b) Channel-A, c) Channel-B, d) Channel-C
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Site 1

Figure 5.
a) Stabilizing perturbation profiles mapped on to the structure of LBD of AR (PDB: 3ZQT).

Colored based on the residues triggering stabilizing (blue) and destabilizing (red) response.
White color indicates no response. b) Predicted surface pockets identified by SiteMap
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List of a) agonist and b) antagonist and ¢) agonist/antagonist ligands studied in this

investigation.
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Table 1:

Hydrogen bonds between the LBD and different ligands with their occupancy

Agonist  Residue no. Ligand Occupancy (%)
Thrg877 DHT 93.80+9.01
Asn705 Testosterone 98.60+0.53
Thr877 17B-trenbolone 98.20+0.10
Thr877 Methyltrienolone (R1881) 98.90+0.10
Arg752 Methyltrienolone (R1881) 10.45+5.87

Antagonist
- Vinclozolin -
Leu704 Neburon 17.90+12.60
- p’,p-DDE (1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene) -

Agonist / Antagonist
Asn705 Hydroxyflutamide 62.10+30.97
Leu704 Hydroxyflutamide 21.70+10.87
Thr877 Hydroxyflutamide 37.85+33.44
Leu704 Bicalutamide 90.83+8.45
Asn705 Bicalutamide 46.70+3.18
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Relative distribution characteristics of dynamic response to stabilizing perturbations for all of the ligand-AR

complexes.
System (|ATR]) red%s %ss  %sd
Apo 4.01 100.00 68.45 31.55
17B-trenbolone 6.42 160.40 70.67 29.33
DHT 3.09 77.22 7427 25.73
Methyltrienolone 4.16 103.92 7356 26.44
Testosterone 4.48 111.78 7141 28.59
p’,p—DDE (1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene)  1.15 28.77 91.15 8.85
Neburon 0.61 15.22 9349 6.51
Vinclozolin 1.78 44.35 91.81 8.19
Hydroxyflutamide 5.61 140.00 70.38 29.62
Bicalutamide 10.79 269.47 71.24 28.77
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Table 4:

Amino acid residues in the different channels for ligand unbinding

Channels  Residues involved

Channel A 1899, L873, T877, L880, F896, M780, V887, A698, F697, V889, L701, S702, L704, N705, F891

Channel B F764, V684, V685, R752, M749, W751, A748, M745, M683, Q711, P682, H714, E681, K808

Channel C  L704, N705, E709, G709, Q711, L712, V715, V716, M734, 1737, Q738, W741, M742, M745, T877, F891, P892, M895, 1899
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Table 5:

Different sites predicted from the Sitemap with score and volume

Sites  Volume (A3)  SiteScore
Site1 108.045 0.898
Site 2 93.296 0.710
Site 3 93.296 0.709
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