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ABSTRACT: The androgen receptor (AR) plays important
roles in gene expression regulation, sexual phenotype mainte-
nance, and prostate cancer (PCa) development. The commu-
nications between the AR ligand-binding domain (LBD) and
its coactivator are critical to the activation of AR. It is still
unclear how the ligand binding would affect the AR−coactivator
interactions. In this work, the effects of the ligand binding on
the AR−coactivator communications were explored by molec-
ular dynamics (MD) simulations. The results showed that the
ligand binding regulates the residue interactions in the func-
tion site AF-2. The ligand-to-coactivator allosteric pathway, which involves the coactivator, helix 3 (H3), helix 4 (H4), the loop
between H3 and H4 (L3), and helix 12 (H12), and ligands, was characterized. In addition, the interactions of residues on the
function site BF-3, especially on the boundary of AF-2 and BF-3, are also affected by the ligands. The MM/GBSA free energy
calculations demonstrated that the binding affinity between the coactivator and apo-AR is roughly weaker than those between
the coactivator and antagonistic ARs but stronger than those between the coactivator and agonistic ARs. The results indicated
that the long-range electrostatic interactions and the conformational entropies are the main factors affecting the binding free
energies. In addition, the F876L mutation on AR-LBD affects the ligand-to-coactivator allosteric pathway, which could be the
reason for point mutation induced tolerance for the antagonistic drugs such as enzalutamide. Our study would help to develop
novel drug candidates against PCa.

■ INTRODUCTION

The androgen receptor (AR) is activated by the binding of andro-
genic hormones, testosterone, or dihydrotestosterone (DHT).
AR takes part in the regulation of expression of many impor-
tant genes, which are critical for the development and mainte-
nance of the male sexual phenotype in healthy people.1 How-
ever, AR promotes the proliferation of cancer cells in prostate
cancer (PCa) patients.2−4 Inhibiting the activation of AR by
antagonistic drugs has been regarded as a promising way to
treat PCa.5,6

As a member of the nuclear receptors (NRs) family, the trans-
criptional activity of AR depends on the recruitment of steroid
receptor coactivators (SRCs) to its ligand binding domain
(LBD).7,8 The unique coactivators recruited by AR contain the
aromatic-rich motif (FXXLF) instead of the leucine-rich motif
(LXXLL) for most other NRs.9,10 Accumulated evidence
showed that the transcriptional activity of AR, which is crucially

important in the development of PCa, would be inhib-
ited by breaking the AR−coactivator interactions.11−13 Under-
standing the detailed molecular mechanism of AR−coactivator
interactions would provide deeper pharmacological insights
into the development of therapies for the treatment of PCa.
The short hydrophobic residue-rich motif of coactivators

interacts with the so-called activation function (AF-2) region
within the AR-LBD.14 AF-2 is a hydrophobic groove on the
surface of the AR-LBD that is formed by a number of residues
in helices 3, 4, and 12 (Figure 1A and B).15,16 The structure of
AF-2 is regulated by the binding of ligands to AR. For instance,
the binding of agonistic AR ligands, such as dihydrotestoster-
one and methyltrienolone (R1881), would induce the forma-
tion of a suitable conformation on the AF-2 region for the
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recruitment of coactivators and amplifying the activity of AR.17,18

On the other side, the binding of AR antagonistic drugs, such
as flutamide, bicalutamide, and the second generation anti-
androgen drug enzalutamide (MDV3100), to the AR LBD on
the similar binding site for agonists would induce AF-2 to form
a different conformation compared with the agonist-bound
ARs.19−21

Plenty of studies demonstrated that ligands would modulate
the stability and integrity of H12.22−25 H12 takes part in the
formation of the AF-2 groove after the structural rearrange-
ment induced by the hormone binding, which provides a
molecular mechanism for the regulation between ligands and
AR coactivators.26 However, there still remain many unsolved
problems. For instance, while the FXXFL motif of coactivators
mainly interacts with H3 and H4 of AF-2 according to the
X-ray crystallographic structures (Figure 1), how does the
structural change of H12 induced by ligand-binding affect the
interactions between coactivators and AR? In addition to

the AF-2 site, the BF-3 function site was found to be important
for the activity of AR.27,28 Are there any communications between
AF-2 and BF-3? In addition, some single mutations on the
AR-LBD would convert antagonistic ligands into agonists and
therefore confer drug resistance, e.g., the drug tolerance induced
by the T877A mutation to hydroxyflutamide (HFT) and
the F876L mutation to enzalutamide (MDV3100).29,30 What if
the antagonist−agonist conversions are also related to the
AR-coactivator interactions? Until now, computational studies
have made great efforts to understand the molecular mech-
anisms of AR-ligand recognition and AR activity. For instance,
Xu et al. proposed that the DHT binding would increase the
stability of the ligand binding pocket and the structure of
LBD.31 Osguthorpe and Hagler studied the antagonistic mech-
anism of bicalutamide (Bcu) based on molecular dynamics
(MD) simulations and quantum mechanical (QM) calcula-
tions.32 By combining with MD simulations and mutation
experiments, Korpal et al. found that the benzamide motif of
enzalutamide extends away from H12 if F876 is mutated to a
small leucine based on the computational docking models.29

Liu et al. demonstrated that the interactions between the C-ring
of enzalutamide and H12 play important roles in the trans-
cription activity of AR by simulating the wild-type (WT) AR
and its mutants.33 Although progress has been achieved, the
detailed mechanism about how the agonistic/antagonistic ligands
regulate the AR-coactivator communications still remains unclear.
In this study, a series of microsecond-long MD simulations

was performed on the AR-LBDs in complex with a coactivator
peptide, including the apo-AR-LBD without a ligand, the
AR-LBDs with two agonistic ligands (DHT and HBP), and the
AR-LBDs with four antagonistic ligands (MDV3100, ODM201,
ARN509, and ORM15341). The simulations revealed that the
ligand binding would regulate the interactions between the AR
AF-2 groove and the coactivator motif; i.e., the binding of
agonistic ligands would facilitate the AF-2/coactivator inter-
actions, and the antagonistic ligands would depress such inter-
actions. Further analyses show that the allosteric regulation of
ligands to the coactivator binding obeys the ligand−H12-H3/
H4-coactivator pathway. The antagonist-to-agonist conversions
of the ligands MDV3100 and ODM201 by single mutants were
also modulated by the above allosteric pathway. In addition,
the quantitative binding free energies between the coactivator
and different AR-LBD systems were calculated by Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA). Our
results revealed the detailed mechanism of how ligands regulate
the coactivator recruitment of AR and provided clues to rational
pharmacological intervention to inhibit the activity of AR.

■ METHODS
Ligands Docking and Initial Structure Models. MD

simulations were performed on a total of 11 systems, including
seven WT AR-LBD systems, including the apo-AR-LBD with-
out ligand, the AR-LBD bound with an agonistic ligand (DHT
or HBP), and the AR-LBD bound with an antagonistic ligand
(MDV3100, ODM201, ARN509, or ORM15341), and four
AR mutants, including the F876L mutated AR-LBD bound with
MDV3100, the T877A mutated AR-LBD bound with MDV3100,
the F876L mutated AR-LBD bound with ODM201, and the
T877A mutated AR-LBD bound with ODM201. The human
WT AR-LBD in complex with a selective androgen receptor mod-
ulator PK0950 and an AR coactivator peptide (GAFQNLFQSVR)
were selected as the initial template in the following molecular
docking calculations (PDB entry: 3V4934). The initial structures

Figure 1. (A) The crystallographic structure of AR in complex with
the coactivator peptide (PDB ID: 3V4934). AR is represented by
surface and the coactivator is represented by green ribbon. The AF-2
groove on AR is colored in red. The BF-3 groove is colored in blue,
and the boundary between AF-2 and BF-3 is colored in cyan. (B) The
same structure in A but shown in ribbon. (C) The chemical structures
of the ligands studied in this work.
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for MD simulation were generated by the Glide module35

implemented in Schrödinger 9.0. F876L/T877A mutants of
AR-LBD were established and optimized through the Build and
Edit Protein module in Discovery Studio 2.5. For the protein
structures, the Protein Preparation Wizard36 in Schrödinger 9.0
was used to remove crystallographic waters, ions, and DTT;
add hydrogens; fix bond orders; assign partial charges with the
OPLS force field; and minimize the structures until the root-
mean-square deviation (RMSD) reached a maximum value of
0.3 Å. The structures of all ligands were processed by using the
LigPrep module in Schrodinger 9.0. For each compound, the
ionized states were generated by using Epik at pH = 7.0 ± 2.0.
For each protein, a binding box with a size of 10 Å × 10 Å ×
10 Å centered on the cocrystallized ligand was generated by
using the Receptor Grid Generation component of Glide. The
van der Waals radius scaling factor and the partial atomic
charge cutoff were set to 1.0 and 0.25, respectively. All the
prepared structures of all six ligands were docked into the WT
or F876L/T877A mutated AR-LBD and scored by the extra
precision (XP) scoring mode. The binding pose with the best
docking score for each molecule was chosen for the following
simulations. The above docking strategy was validated by redo-
cking PK0950 into the crystallographic structure. The redocking
RMSD of the ligand is 0.32 Å, which demonstrated the high
reliability of the docking scheme we used.
MD Simulation Protocols. The AMBER99SB-ILDN force

field37 and the general amber force field (gaff)38 were used for
the proteins and ligands, respectively. The TIP3P water molec-
ules were added as the solvent and the solute atoms were at
least 12 Å away from the boundary of the rectangular box. The
counterions, i.e., chlorine atoms, were added to neutralize the
net charge of each system. The long-range electrostatic interactions
were handled by the particle mesh Ewald (PME) algorithm,39

and the nonbonded cutoff for the real-space interactions was
set to 10 Å. A hybrid protocol of the steepest descent method
and the conjugate gradient method was employed to do the
minimization. Ten-thousand steps of steepest descent minimiza-
tion with the restraint (a force constant of 100 kcal/mol·Å2)
on the protein and ligand were first performed, and then the
conjugate gradient method without any restraint was used until
a maximum 20 000 iteration steps was reached or the convergence
criterion (the root-mean-square of the energy gradient is less
than 1.0 × 10−4 kcal/mol·Å) was satisfied. The systems were
heated up from 0 to 300 K linearly over a time period of 100 ps
with the restraint (force constant of 10 kcal/mol·Å2) on the
solute in the NVT ensemble, and then the systems were equi-
librated without restraint for 1 ns with a Langevin thermostat40

in the NPT (P = 1 atm and T = 300 K) ensemble. Finally, the
1-μs production runs were carried out with CUDA-version
Amber1441 in the NPT (P = 1 atm and T = 300 K) ensemble.
The SHAKE algorithm42 was used to restrain the covalent
bonds between heavy atoms and hydrogen atoms, and the time
step was set to 2 fs. The snapshots were saved every 20 ps, and
the conformations in the last 200 ns trajectories were used in
the following analysis if there was no additional annotation.
The RMSDs as a function of simulation time for the AR bound
with coactivator, AF-2 bound with coactivator, and ligand were
given in Figures S1, S2, and S3, respectively. The RMSDs are
well converged in the latter part of all the simulations, and the
RMSD fluctuations in the last 200 ns are less than 1 Å.
Fraction of Native Contact Analysis. The fraction of

native contacts (Q) analysis43 was employed to evaluate the
differences of residue interactions in the query structures to a

given structure, which is usually the native structure, i.e., the
X-ray or NMR experimental structure. For the residues that are
more than three residues apart in sequence, their heavy atoms
(each from a different residue) are considered to be in contact
with each other if the distance between the atoms is less than
4.5 Å. The total number of heavy-atom pairs that are in contact
in the native state is N in eq 1. The fraction of the native
contacts for a given snapshot S is defined as43

∑
β λ

=
+ [ − ]

Q S
N r S r

( )
1 1

1 exp ( ( ) )i j ij ij( , )
0

(1)

where rij
0 is the distance between heavy atoms i and j in the

native structure and rij(S) is the distance between the same
atom pair in snapshot S. The smoothing parameter β is set to
5 Å−1, and the contact fluctuation is taken into account by the
parameter λ = 1.8. The summation runs over the N pairs. The
definition of fraction of native contacts for residue k in snap-
shot S is similar to Q for the whole protein,44 but only the con-
tacts associated with residue k are calculated:

∑
β λ

=
+ [ − ]

Q S
N r S r

( )
1 1

1 exp ( ( ) )k
k k j kj kj( , )

0
(2)

where Nk is the number of heavy-atom pairs in native contact
between residues k and other residues (>3 residues apart in
sequence). If there is no heavy atom within 4.5 Å to the heavy
atoms of residue k in the native structure, then Qk(S) = 0.

Binding Free Energy Calculation. The binding free energy
between the coactivator and the AR-LBD was calculated by the
MM/GBSA approach:45

Δ = − +G G G G( )bind com AR coact) (3)

Δ = Δ − ·Δ ≈ Δ + Δ − ·ΔG H T S E G T Sbind MM solv (4)

Δ = Δ + Δ + ΔE E E EMM int vdw ele (5)

Δ = Δ + ΔG G Gsolv GB SA (6)

where ΔEint (intramolecular interactions, including bond, angle,
and dihedral energies) in eq 5 can be completely canceled because
the single trajectory strategy was used for the MM/GBSA
calculations. The nonpolar part of the solvation free energy
(ΔGSA) was calculated by the solvent-accessible surface area
(SASA) through the LCPO algorithm:46 ΔGSA = γ × SASA + β,
where the surface tension constants γ and β were set to 0.0072
and 0, respectively. The polar part of the solvation energy
(ΔGGB) was estimated using the Generalized Born (GB)
model proposed by Onufriev et al. (GBOBC1, igb = 2).47 The
interior and exterior dielectric constants were set to 4 and 80,
respectively. The ΔEvdw, ΔEele, ΔGGB, and ΔGSA terms were
computed based on the 2000 snapshots extracted from the last
200 ns MD trajectories. However, due to the expensive com-
putational cost of normal-mode analysis (NMA), 50 snapshots
evenly extracted from the last 200 ns MD trajectories were used to
calculate the conformational entropies with the MMPBSA.py48

module in Amber14.

■ RESULTS AND DISCUSSION
Ligand Binding Regulates the Configurations of AF-2

and Coactivator. The formation of a special configuration of
the functional AF-2 region is necessary for the activation of
AR. It was proposed that the binding of antagonistic ligands
might block the interactions between the AF-2 function site
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and coactivators.9 The detailed structural changes of AF-2 induced
by different ligands were demonstrated by the simulations in
this study. As shown in Figure 2, the representative structures

of AF-2 in the different ligand bound ARs were overlapped
with the X-ray crystallographic structure (PDB ID: 3V49). The
agonistic ligand (DHT and HBP) bound structures are given
in Figure 2A, and the antagonistic ligand (MDV3100 and
ODM201) bound ARs and the AR without ligand binding are
given in Figure 2B. The structures of the AF-2 region of the
agonistic ligand bound ARs are basically identical to that of the
X-ray structure, which would facilitate the binding of coacti-
vators (Figure 2A). On the other hand, there are many dif-
ferences on the AF-2 scaffold structure of the inactivate ARs
compared with that of the X-ray structure; for instance, the
breaking of the helix structure on the middle of H12 changes
the orientation of the C-terminus of H12. In addition, the loop
region between H3 and H4 shifts away from the position in the
X-ray structure (Figure 2B).
Compared with the experimental structure, the overall

RMSDs of the agonistic ARs are less than 3 Å, and those of the
AF-2 regions in the DHT- and HBP-bound ARs are around
2 Å during the simulations (Figure 3). However, the AF-2

RMSDs of the antagonistic ARs are around 4 Å (Figure 3),
which demonstrates the structural changes of AF-2 on ARs
bound with antagonistic ligands during the simulations. The
rearrangement of the C-terminus of H3, H4, and H12 altered
the surface of the AF-2 groove, which might reduce the coacti-
vator recruitment ability. As shown in Figure 2B, the helical
structures in the C-terminus of coactivators unfolded, and the
coactivators preferred to depart from the ARs in the antagonistic
ARs during the simulations. In fact, the modulation of the
coactivator binding might be a common feature in the nuclear
receptors; for instance, it was revealed that many ligands have
the ability to inhibit the binding affinity of coactivator peptides
to the estrogen receptor (ER)49 or vitamin D receptor (VDR).50

Ligands Regulate the Residue Interactions in AF-2.
The fraction of native contact (Q) was widely used in protein
folding studies and protein structure analysis. The Q value cal-
culates the residue contact score in the given conformation com-
pared with a specific structure, i.e., the native structure (eq 1).43

And the fraction of residue native contact Qk characterizes the
native-ness of residues in the dynamic conformations (eq 2).44

In this study, the X-ray structure of the agonistic AR (PDB id:
3V49) was used as the native structure, and the fraction of
residue native contacts (Qk) was calculated to show the residue
interaction properties in different ligand-bound ARs. Figure 4

gave the ⟨Qk⟩ on the residues of DHT-AR, apo-AR, ODM201-AR,
and MDV3100-AR, respectively. The angle bracket means the
average value over the conformations of the simulations. The
range of ⟨Qk⟩ is from 0 to 1. ⟨Qk⟩ = 1 means that the residue
k in the simulated structure has an identical residue-interaction
relationship with the corresponding residue in the X-ray struc-
ture. On the other side, ⟨Qk⟩ = 0 means that the native con-
tacts are totally lost during the simulations for the residue k.
In Figure 4, the residues were colored based on their Q values;
i.e., the residues with small ⟨Qk⟩ were colored in red, and the
residues with large Q were colored in blue. For the agonistic
form DHT-AR (Figure 4A), most residues have the ⟨Qk⟩ val-
ues close to 1, suggesting that the structure and the residue
interactions for the agonistic AR during the simulations were
similar to those for the crystallographic structure. However, many
of the residues in the antagonistic ARs have very low ⟨Qk⟩
(Figure 4C and D). The low Qk residues are mainly located on

Figure 2. Comparisons of the AF-2 grooves and coactivators between
the simulated structures and experimental structure. The conforma-
tions in the last 200 ns trajectories were classified into structure
clusters based on the heavy-atom RMSDs. The AF-2 structures of the
largest cluster center were selected as the representative structures.
(A) Structure overlap of AF-2 bound with agonistic ligands (DHT,
colored in cyan; HBP, colored in magenta) against the X-ray structure
(colored in gray). (B) Structural overlap of AF-2 of the ODM201
bound AR (colored in cyan), MDV3100 bound AR (colored in
magenta), and apo-AR (colored in green) against the X-ray structure
(colored in gray). The N- and C-terminus of H12 were labeled.

Figure 3. Overall RMSD and AF2 RMSD. The overall RMSD
considered all the heavy atoms on AR-LBD and its coactivator except
the 10 N-terminal residues. The AF2 RMSD took into account the
residues 709−741 (H3−H4), 892−907 (H12), and the coactivator
peptide. The average RMSD values were calculated over the last
200 ns trajectories. The error bars give the errors during the last 200
ns simulations. The labels of the agonistic ARs were colored in blue.
The crystallographic structure (PDB ID: 3V4934) was used as the
reference structure.

Figure 4. Fraction of the native contact for the residues on various
ligand bound AR. (A) AR bound with DHT; (B) Apo-AR; (C) AR
bound with ODM201; (D) AR bound with MDV3100. To highlight
the AF-2 groove (C-terminus of H3, H4 and H12) and the
coactivator, the other regions were transposed. The color scale of
⟨Qk⟩ values is shown.
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H3, L3 (the loop linking H3 and H4), H4, and H12 (Figure 4
and Figure S4). Since the AF-2 groove is consisted by H3, H4,
and H12, the analysis of the Q values demonstrated that the
ligand-binding greatly influences the residue interactions on
the AF-2 region.
The residues which have low ⟨Qk⟩ values in the antagonistic

AR and high ⟨Qk⟩ values in the agonistic AR are listed in
Figure S5, i.e., the residues 716, 717, and 720 on H3; 726−729
on L3; 731, 732, 734, and 738 on H4; 752 on H5; 823 and 826
on H9; and 891, 894, 897, and 898 on H12. As an example,
Figure 5 gave the interactions of the residue K720 in different

ligand bound ARs. K720 was proved to be a critical residue to
the FXXLF coactivator peptide binding based on different exper-
imental evidence.51−53 The ⟨Qk⟩ values of K720 are around 0.5
on the nonactive ARs, i.e., the apo-AR or AR bound with the
antagonistic ligands (Figure 5A). In the DHT-bound agonistic
AR, K720 was buried by the residues V715, F725, R726, V730,
Q733, and I737 on the AR-LBD and the residues on the
coactivator (Figure 5B). However, most of the contacts with
K720 were lost in the ODM201-bound antagonistic AR, and
K720 was exposed to the solvent (Figure 5C).
The residues with a large ⟨Qk⟩ difference in the agonistic/

antagonistic ARs revealed by our study might be critical to the
activity of AR. Actually, our observations are consistent with
the in vitro experimental transcriptional assays, which demon-
strated that the single mutations of the residues 726, 727, and
826 would affect the transactivation activity or N-terminus and
C-terminus communications of AR.54 To further demonstrate
the importance of residues with larger ⟨Qk⟩ differences, we ana-
lyzed the residue conservation of the nuclear receptor family.
The conserved residues are usually critical in the evolution to
maintain the overall structures and functions of proteins.
We aligned the sequence of the AR-LBD to those of other nuclear
receptors, including the estrogen receptor (ER), glucocorticoid

receptor (GR), mineralocorticoid receptor (MR), and proges-
terone receptor (PR). The results show that most of the residues
with large ⟨Qk⟩ differences are conserved in these proteins
(Figure S6). For instance, as shown in Figure 5, the Qk differ-
ence for residue 720 between the antagonistic ARs and agonistic
ARs is larger than 0.4; meanwhile, all the residues are lysine on
the positions corresponding to residue 720 in AR for all four of
the other nuclear receptors. The conserved residues with large
⟨Qk⟩ differences show their importance to the activity of the
AR functions and might be potential target sites to design new
antiandrogen drugs.

BF-3 Function Site Regulated by Ligand Binding.
BF-3 is another important protein−protein interaction site on
the AR-LBD. Although only some small compounds were found
to bind with BF-3, research suggested its modulating role in AR
activity by interacting with other proteins.27 BF-3 is adjacent to
AF-2, which consists of helix 1, helix 9, and L3 loop. L3 loop is
the boundary between BF-3 and AF-2 and links H3 and H4.
Functional assays show that mutations on many residues on
BF-3 would affect the AR functions. We found that the ligand-
binding might not change the overall structure and backbone
configuration of the BF-3 site, and the helical structures on H9
were also observed in the antagonistic ARs. Nevertheless, the bind-
ing of antagonistic ligands would significantly affect the side-chain
orientations and residue interactions of many residues in this
region, especially on L3 loop. As shown in Figure S5, the ⟨Qk⟩
differences for residues 726 and 727 in the agonistic and
antagonistic ARs are around 0.4. In addition, the ⟨Qk⟩ values
for the residues 823 and 829 on H9 in the antagonistic ARs are
slightly lower (about 0.2) than those in the agonistic ARs. The
orientation changes of the charged residues and hydrophobic
residues might reduce the interaction of AR to other proteins
and inhibit the activity of AR.

Allosteric Regulation Pathway from Ligands to Coacti-
vators. In our previous work, we demonstrated that the res-
idues W741 and H874 play critical roles in the communication
between ligands and AR-H12.25 The binding of antagonistic
ligands would destabilize the structure of H12. In this study,
our simulations further demonstrated the damaging of H12 inte-
grality by the antagonistic ligands (Figure 2B). In addition, the
allosteric mechanism between the ligands and the coactivator
was uncovered. We found that the allosteric regulation follows
the following pathway. (1) The structures of H12 were regu-
lated by the binding of ligands. For the agonistic ligands, H12
was stabilized to be a good α-helix. For the antagonistic ligands
or apo-AR, the C-terminus of H12 would move away from the
ligands. (2) The orientations of the residues Q902 and K905
were regulated by the arrangement of H12. In the agonistic AR,
the residues Q902 and K905 form an interaction network with
the polar/charged residues Q738 and W739 on the C-terminal
of H5 and stabilize the structure of H5 (Figure 6A). However,
in the antagonistic AR or apo-AR, the interactions between H5
and H12 were decreased due to the unstable structure of H12
(Figure 6B). (3) The increasing or decreasing of the inter-
actions between residues on H12 and H5 would destabilize the
structures of H4/H5. (4) The interactions between AF-2 and
the coactivator are controlled by the structures of H5 and H12.
For the agonistic ARs, AF-2 contacts with the coactivator via
the hydrophobic interactions between residues AR-F725/AR-
I737 and F7/F3 on the coactivator motif, as well as the hydro-
gen bond between the K720 side chain and K10 backbone on
the coactivator motif (Figure 6A). However, the change of the
AF-2 surface induced by antagonistic ligands would reduce the

Figure 5. Residue interactions of the residue K720. (A) ⟨Qk⟩ values of
K720 in different ligand-bound ARs. (B) The residue interactions
K720 in the DHT-bound AR. (C) The residue interactions K720 in
the ODM201-bound AR. In B and C, only long-range interactions
(the sequence interval with K720 larger than 3) were given. The
residue names and numbers were labeled. K720 was colored in red,
and residues in the coactivator were colored in green.
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above hydrophobic interactions (Figure 6B), which might be
the reason for the unfavorable binding between the antag-
onistic AR and coactivators.
Coactivator-AR Binding Energy Influenced by Ligand

Binding. The binding of antagonistic ligands decreased the
interactions between residues in the AR-LBD and the C-terminus
of its coactivator. Therefore, the residues in the coactivator,
especially its C-terminus, depart from the AF-2 groove in the
inactivated AR. To investigate the energetic implication between
the AR and coactivator, the MM/GBSA analyses were performed
on the MD trajectories. MM/GBSA was proved to be a powerful
tool in the prediction of protein−ligand or protein−peptide
binding free energies. In addition, the normal model analysis
(NMA) technology was employed to calculate the entropy
effects and characterize the contributions of the AR/coactivator
fluctuation to binding free energies. The MM/GBSA and NMA
calculation results are summarized in Table 1. In general, the
binding free energies between the coactivator and agonistic
ARs are lower than those between the coactivator and antag-
onistic ligands and those between the coactivator and apo-AR.
The binding free energy between the coactivator and apo-AR
was used as the reference, and the difference of the binding free
energies (ΔΔGbinding) is also listed in Table 1. It can be seen
that the ΔΔGbinding values are negative for the agonistic ARs
(−1.4 kcal/mol for DHT-binding AR and −3.0 kcal/mol for
HBP-binding AR), suggesting that the binding of agonistic ligands
would promote the interaction between AR and its coactivator.
On the other hand, all the antagonistic ARs have positive
ΔΔGbinding values. Both the enthalpies and entropies contribute
to the binding between the coactivator and ARs, though the
entropies might have larger effects on the energy differences.
Basically, the potential energy differences for the coactivator bind-
ing to the antagonistic ARs or the agonistic ARs come from the
electrostatic interactions (ΔEele are around −60 kcal/mol for
the binding of the coactivators to the agonistic ARs, which are
much lower than those for the binding of the coactivators to
the antagonistic ARs). In addition, the coactivators bound to
the agonistic ARs have much higher solvation free energies
(ΔGGB). The results indicate that the long-range electrostatic
interactions might be critically important to the interactions

Figure 6. Allosteric pathway between ligand and coactivator. (A) The
residue interactions in the allosteric pathway from DHT to the
coactivator. (B) The allosteric pathway between the MDV3100 and
coactivator. The ligand-binding pocket and AF-2 with the coactivator
are shown as a ribbon. The ligands are represented by the meshed
surface. ARs are colored in blue, and coactivators are colored in
orange. Some important residues are labeled and shown as sticks. The
conformations in the last 200 ns trajectories were classified into
structure clusters based on the heavy-atom RMSDs. The AF-2
structures of the largest cluster center were selected as the
representative structures.
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and communication between the coactivators and ARs. It should
be noted that the binding free energies shown in Table 1 are
only related to the interactions between the coactivator and
ARs. Many other factors such as the ligand binding affinity
would determine the AR activity, and therefore, ΔGbinding can-
not match one-to-one with the quantitative values related to
the AR activity, such as IC50 values.

55

Single Mutations Affect the Ligand-Coactivator Allo-
steric Pathway. Many mutations on AR-LBD induce the
resistance to the antiandrogen therapy of PCa. For instance,
the antagonistic ligand hydroxyflutamide (HFT) was found to
be an agonist to the T877A AR. The second-generation anti-
androgen drug enzalutamide (MDV3100) displays an antag-
onistic capability on the WT-AR and T877A AR, but the F876L
mutation confers resistance to MDV3100 both in vitro and
in vivo.20,29 On the other hand, as an AR inhibitor developed
recently, ODM201 has shown its antagonistic effectivity on the
T877A AR and F876L AR.55

In order to understand why a single mutation converts an
AR ligand from antagonist to agonist, the effects of the T877A/
F876L mutations on the structures of the AR bound with
MDV3100 and ODM201 were studied. The results show that
the binding of ODM201 would influence the AF-2 structures
for both the F876L and T877A mutants of AR. The AF-2
RMSDs of the ODM201 bound F876L and T877A mutants
are 3.8 and 4.0 Å, respectively. The AF-2 RMSD of the
MDV3100 bound T877A mutant is 3.5 Å, which is comparable
with that of the MDV3100 bound WT AR (3.7 Å). However,
the AF-2 RMSD for the MDV3100 bound F876L mutant is
2.3 Å, suggesting there are no large structural changes on the
AF-2 groove for the T877A mutant compared with the
agonistic X-ray structure. Figure 7 gives the overlapped AF-2

structures of the mutants to the agonistic experimental struc-
ture. It can be seen that the structure of the MDV3100 bound
F876L mutant (colored in cyan in Figure 7A) is similar to the
experimental structure, but the other mutants are distinct to
the reference structure. In addition, the binding free energies of
the coactivators in different AR mutants are consistent with
their bioactivities, and the agonistic mutation F876L on the

MDV3100 bound AR would reduce the binding free energy
(Table 1).
Similar to the WT AR, the communications between the ligands

and the coactivator in the mutated ARs are mediated by the
H12−H4/H3-coactivator allosteric pathway. The mutations
such as the F876L on the MDV3100 bound AR might change
the interactions in the allosteric pathway and therefore convert
the protein from the antagonistic state to the agonistic state.
In the ligand binding pocket of the WT AR, MDV3100 was
pushed toward to H12 by phenylalanine (F876) since the large
volume of phenylalanine and, as a consequence, the methylene
group in the middle of MDV3100 have the chance to contact
the hydrophobic side chain of residue I899 on H12 (Figure 8A),

which would break the helical structure of H12 and induce the
following allosteric interaction in the H12−H4/H3-coactivator
pathway. Nevertheless, the tail of MDV3100 has greater space
to move away from H12 if F876 is mutated to smaller residues
such as leucine (Figure 8B), and the ligand would not damage
the helical structure of H12 as well as the agonistic config-
uration of the AF-2 interface. For the ligand ODM201, the
long tail guarantees the ligand always contacts H12, and the
mutations on H10 (such as T877A and F876L) would not
influence the contacts in the allosteric pathway. On the basis of
the above observations, we conclude that large ligands with
long tails have higher probability to avoid the drug tolerance
induced by residue mutations on AR.

■ CONCLUSIONS
The communications between the AR-LBD and AR coacti-
vator peptides are critical to the activation of AR. It is still
unclear how the ligand binding would affect the AR-coactivator
interactions. In this work, the MD simulations and MM/GBSA

Figure 7. Structures of AF-2 bound with coactivator in the AR
mutants. The conformations in the last 200 ns trajectories were
classified into structure clusters based on the heavy-atom RMSDs.
The AF-2 structures of the largest cluster center were selected as the
representative structures. (A) Structure overlap of the MDV3100
bound T877A mutant (colored in magenta), MDV3100 bound F876L
mutant (colored in cyan), and the X-ray structure (colored in gray).
(B) Structure overlap of the ODM201 bound T877A mutant (colored
in magenta), ODM201 bound F876L mutant (colored in cyan), and
X-ray structure (colored in gray).

Figure 8. Regulation of the F876L mutation to the ligand-H12
interactions. (A) The WT AR bound with MDV3100. (B) The F876L
AR mutant bound with MDV3100. (C) The WT AR bound with
ODM201. (D) The F876L AR mutant bound with ODM201.
The hydrophobic residues on H12 are shown as sticks and labeled.
The side chain of residue 876 is shown as a sphere, and the ligands are
represented as balls and sticks. The shortest distances between the
heavy atoms on MDV3100 and I899 are given.
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calculations were used to study the structural basis of the
ligand binding and the mutations to the AR-coactivator com-
munications.
The structure differences between agonistic ARs (bound with

DHT or HBP) and antagonistic ARs (bound with MDV3100,
ODM201, ARN509, or ORM15341) as well as apo-AR were
studied. The simulation results showed that the ligand binding
mainly affects the structure of the function site AF-2, which
consists of H3, H4, and H12. The ligands have some nontrivial
effects on the overall scaffold of AF-2, and more importantly,
the residue interactions in AF-2 are significantly regulated by
the ligands. In addition, the interactions of several residues
in the BF-3 interface, especially on the boundary of AF-2 and
BF-3, are affected by the binding of ligands. The coactivator
and AF-2 interactions follow a ligand−H12−H4/H3−coac-
tivator allosteric pathway. The antagonistic ligands enhanced
the binding free energy of the coactivator with AR-LBD, while
the agonistic ligands weakened the binding free energy of
AR-coactivator with AR-LBD.
The structural basis of the drug-tolerance induced by point

mutations on AR was investigated. We found that the activity-
related mutations would affect the AR-coactivator allosteric path-
way. The F876L mutation converted the MDV3100 bound AR
from antagonist to agonist by changing the orientation of the
MDV3100 tail and the interactions between ligands and H12,
and therefore, AF-2 in the mutant would convert to the ago-
nistic configuration. The mechanism of how ligand-binding
affects the AR-coactivator communications and the structural
basis of drug-tolerance provided in this study would help to
develop novel PCa drug candidates.
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