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Progesterone receptor (PR), a member of nuclear receptor (NR) superfamily, plays a vital
role for female reproductive tissue development, differentiation and maintenance. PR ligand,
such as progesterone, induces conformation changes in PR ligand binding domain (LBD),
thus mediates subsequent gene regulation cascades. PR LBD may adopt different conformations upon an agonist or an antagonist binding. These different conformations would trigger
distinct transcription events. Therefore, the dynamics of PR LBD would be of general interest
to biologists for a deep understanding of its structure-function relationship. However, no apoform (non-ligand bound) of PR LBD model has been proposed either by experiments or
computational methods so far. In this study, we explored the structural dynamics of PR LBD
using molecular dynamics simulations and advanced sampling tools in both ligand-bound
and the apo-forms. Resolved by the simulation study, helix 11, helix 12 and loop 895–908
(the loop between these two helices) are quite flexible in antagonistic conformation. Several
residues, such as Arg899 and Glu723, could form salt-bridging interaction between helix 11
and helix 3, and are important for the PR LBD dynamics. And we also propose that helix 12 in
apo-form PR LBD, not like other NR LBDs, such as human estrogen receptor α (ERα) LBD,
may not adopt a totally extended conformation. With the aid of umbrella sampling and metadynamics simulations, several stable conformations of apo-form PR LBD have been sampled, which may work as critical structural models for further large scale virtual screening
study to discover novel PR ligands for therapeutic application.
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Introduction
Progesterone receptor (PR) is a member of the nuclear receptor (NR) superfamily, which regulates a complex network of gene transcription [1]. PR together with progesterone, a steroid
hormone, is important for female reproductive tissue development, differentiation and maintenance. Like other steroid hormone receptors, PR is composed mainly of an N terminal
domain (NTD), a DNA binding domain (DBD) and a ligand binding domain (LBD) [2,3].
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Human PR is encoded by the PRG gene, which uses two promoters to express different gene
products, PR-B and PR-A. These two PR isoforms (PR-B and PR-A) are almost identical within
their DBD and LBD sequences where there are two activation function (AF1 and AF2) regions.
The major difference is that PR-A lacks the 164 amino acids that are presented in PR-B at its
N-terminus [2,4,5]. The NTD in PR-B contains another activation function (AF3) which may
enable PR-B to work as a much stronger transcription factor revealed in the cell experiment
and mouse model [6,7]. Besides that, more differences between PR-A and PR-B exist in physical effects. For example, the antagonist RU486 acts as a pure antagonist upon binding PR-A;
however, it is a partial antagonist of PR-B [2,8]. Furthermore, the two isoforms may activate
different subsets of genes [9]. More recent studies showed that the two isoforms contribute differently to the progress of breast cancer [10], and the ratio of PR-A and PR-B could regulate
the mammary gland stem cell population in mouse model [11]. However, the underlying
mechanisms of the distinct roles of the two isoforms still remain unrevealed.
PR LBD, together with other NR LBDs, shares a globular three-layer folding style formed by
11 α-helices (helix 2 is missing in PR LBD) and 1 β-turns [2]. Generally, there are distinct conformation types of NR LBDs’ structures: the apo-form (non-ligand bound) conformation, holoform conformation (with ligand bond), which again further could be divided into two types, the
agonistic conformation and the antagonistic conformation. The extended apo-form conformation of NR LBDs was firstly described in retinoic X receptor-α (RXRα) [12], where helix 12 is
totally dispatched from the surface of the LBD core and 12 does not have any hydrophobic interactions with the LBD. Similarly, the apo-form ERα also employs such an extended conformation
[13].However, as far as we know, no apo-form PR LBD structural models have been deposited in
RCSB Protein Data Bank (PDB). Structures of other holo-form NR LBDs have also been solved
by crystallography. The comparison of these structures reveals that helix 12 in NR LBDs shows
large flexibility while the other helices remain a similar architecture. The first holo-form agonistic
PR LBD structure model (PDB ID 1A28, Fig 1A), which adopts a similar anti-parallel sandwiched helices folding pattern as proposed in other NR LBDs, was published in 1998 [14]. In this
structural model, the LBD adopts the classic agonistic conformation with progesterone co-crystalized in the binding pocket. Several groups suggested that the Met909 in the N-terminal end of
helix 12 is important for the stabilization of helix 12 in agonistic conformation. Firstly, the sidechain of Met909 is deeply buried and hooked by the hydrophobic interaction with the progesterone [15]. Besides, the side-chain of another residue Glu723 in helix 3 anchors the backbone of
Met908 and Met909 by a so-called dipole system [14,16]. These interactions may play vital roles
for fixture of the N-terminal part of helix 12 close to helix 3 to creates a “hydrophobic cleft” for
LXXLL motif containing co-peptide of steroid receptor coactivators (SRCs) binding [3]. After
homologous dimerization, PR is thus translocated into the nucleus and the dimer further binds
to specific DNA sequences, progesterone response elements [17], through its DBDs, subsequently
mediating the transcription activation [2,3,18].
The holo-form antagonistic conformation of PR LBD is characterized by the displacement
of helix 12. Different from the agonistic conformation of NR LBDs, helix 12 is prevented from
covering the ligand binding pocket, or mimicking the binding position of a co-activator, therefore prohibiting a co-activator binding but facilitating a co-repressor binding [2]. Taking the
crystal antagonistic structure models (PDB ID 2OVH, Fig 1B) as an example, helix 12 is displaced from the surface of the LBD core and is antiparallel to helix 11, while the co-peptides
(12 residues), which are a the common sequences in NCoR peptide (25 residues), occupy the
hydrophobic groove formed by helix 3 and helix 4. The antagonists of PR LBD bind to the
same binding pocket as progesterone does, whereas the unusually large 11β-substituted group
of some antagonists prevent helix 12 from contacting with helix 3 [19,20]. In more detail, the
antagonist 11β-substituted group adopts the conformational space where Met908 and Met909
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Fig 1. Crystal structure models of PR LBD. (A), holo-form agonistic conformation of PR LBD. (B), antagonistic conformation of PR LBD. Helix
12 and the co-peptide are green and magenta color, while for ligands (progesterone and asoprisnil), carbon atoms are cyan; oxygen atoms are
red and nitrogen atoms are blue.
doi:10.1371/journal.pone.0165824.g001

in helix 12 used to take, therefore it was believed the relatively large size of 11β-substituted
group contributes to the antagonistic conformation [19]. Interestingly, among the antagonists,
the previously recognized antagonist RU486, was found to also be able to bind to PR LBD in a
destabilized agonistic conformation [16]. However, helix 12 in this RU486-bound PR LBD
complex has higher values of the b-factor, which indicates a more flexible nature of helix 12 in
this conformation. Besides, two selective progesterone receptor modulators (SPRMs) Org3H
and asoprisnil, also bind to PR LBD in its agonistic conformation [21]. The reduced antagonistic activity and increased agonistic activity of PR may result from the agonistic conformation
formation upon Org3H binding. The fact that agonists (progesterone and progestin), fullantagonist (RU486) and SPRMs (asoprisnil and Org3H) all are able to bind to the agonistic
conformational PR LBD, indicates that the binding pocket is flexible enough to accommodate
ligands with different sizes and chemical species [2,22].
To our knowledge, no apo-form PR LBD structure model has been proposed, and no simulation study on the PR LBD has been carried out so far. In this study, we are the first to explore the
conformational dynamics of PR LBD, especially apo-form PR LBD, using molecular dynamics
simulation method and advanced sampling techniques (umbrella sampling and metadynamics).
Several stable apo-form conformations of PR LBD have been observed. And some key residues,
such as Gln719, Glu723 and Arg899 have been found to be important for the dynamics of helix
12, helix 11 and the loop between them (named as loop 895–908). Lys919 in helix 12 may interact
with Glu723 in helix 3 to stabilize helix 12 in apo-form PR LBD. And we also suggest that helix
12 in apo-form PR LBD may not adopt the extended configuration as in other NR LBDs, such as
RXRα LBD and ERα LBD. The deepened understanding of the dynamics of apo-form PR LBD
therefore opens the gateway for large scale virtual screening to search for novel ligands.

Results
The antagonistic conformation is intrinsically flexible
During the normal MD simulations, αC atom RMSDs of the LBD go up quickly in the first 10
ns for both apo-2ovh and holo-2ovh simulation systems (described in method part), while in
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Fig 2. RMSDs and RMSFs data obtained from normal MD simulations. (A), The RMSDs of the first repeat trajectory for the
4 systems in Table 1, green and black for apo-1a28 and holo-1a28 simulations, red and blue for apo-2ovh and holo-2ovh
simulations. (B), RMSDs of progesterone (P4) (green) and Asoprisnil (blue) in the PR LBD-ligand complexes. The RMSFs of
the apo-1a28/holo-1a28 simulation (C) and apo-2ovh/holo-2ovh simulations (D), where residues’ index with rather large RMSF
values are indicated. The secondary structures of LBD are displayed at top of panel C and D, whereas “H” indicates an α-helix.
doi:10.1371/journal.pone.0165824.g002

the agonistic states, RMSDs of both apo-1a28 and holo-1a28 systems keep lower than 0.2 nm
(Fig 2A). Clearly the protein is more flexible in the antagonistic conformation than in agonistic
conformation. Not only the LBD, agonist progesterone (in holo-1a28 system) has smaller
RMSD comparing antagonist asoprisnil (in holo-2ovh system) (Fig 2B). Again, this suggests a
less mobile instinct of agonistic conformation than antagonistic conformation in PR LBD.
Consistently, the residue RMSFs of the agonist systems (apo-1a28 and holo-1a28) (Fig 2C), are
smaller than those of the antagonist systems, apo-2ovh and holo-2ovh respectively (Fig 2D).
Interestingly, the RMSFs of one residue Lys790 show large difference between apo-1a28 and
holo-1a28 systems. Later analysis reveals that the different behaviors of Lys790 are important
for the dynamics of two loops (loop785-808 and loop 703–712). Furthermore, the residue
RMSFs of the C-terminal end of helix 11, loop 895–908 (the loop between helix 11 and helix
12) and helix 12, are relatively higher than other regions (Fig 2D) in apo-2ovh and holo-2ovh
systems. Thus this helix-loop-helix segment of helix 11, loop895-908 and helix 12 is the most
flexible regions in the antagonistic conformation of PR LBD.
The relative orientation of helix 11 with respective to helix 3 turns out to have different patterns in the 4 normal MD simulations. The distributions of the crossing angle between helix 11
and helix 3 show clear difference between the antagonistic states and the agonistic states: the
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Fig 3. The frequency distribution of the crossing angle between helix 11 and helix 3. (A), the helix 11-helix 3 cross angle frequency
distribution in apo-1a28 and holo-1a28 simulations. (B), the helix 11-helix 3 cross angle frequency distribution in apo-2ovh and holo-2ovh
simulations.
doi:10.1371/journal.pone.0165824.g003

distribution (about 15° angle range) is narrow for both apo-1a28 and holo-1a28 systems shown
in Fig 3A; in apo-2ovh system, the crossing angle has three peaks spanning a 50° angle range,
whereas in holo-2ovh system, the cross angle values are focused on a 30° range (Fig 3B). The
large variation range of the crossing angle suggests the flexibility of helix 11 as well.
Overall, the PR LBD in antagonistic conformations is more flexible. This finding is consistent with the fact that, in the crystal structure models of the antagonistic conformations, the
coordinates of the loop 895–908 between the helix 12 and helix 11 are missing, while the b-factors of the partial helix 11 and whole helix 12 are higher than other regions [19].

Loop 785–808 and loop 703–712 are dynamically correlated with
progesterone binding
In our simulations, the agonist progesterone binding is found to change the dynamics of loop
785–808 and loop 703–712, which were reported to play vital role in ligand entry in PR LBDs
[16,21,23] and ER LBDs [24]. Residues 785–800, especially Lys790, have smaller RMSFs in
holo-1a28 system than apo-1a28 system (Fig 2C). One of the reasons could be that in holo1a28 system, Lys790 interacts with the side-chain carboxyl group of Asp709 and the backbone
oxygen atom of Pro708, both of which are located in another loop, loop 703–712 (Fig 4A and
4B). Lys790-Asp709 and Lys790-Pro708 distance distributions clearly demonstrate such interactions (Fig 4C and 4D): a sharp peak around 0.3 nm for Lys790-Pro708 and a peak around 0.7
nm for Lys790-Asp709 in holo-1a28 system, while for apo-1a28 system, the most populated
distances between Lys790 and Asp709 and between Lys790-Pro708 are around 1.5 nm and 1.7
nm, respectively. Whereas, Arg788 also closely interacts with Asp709 and Asn709 (Fig 4B),
however, the distance distributions of the Arg788-Asp709 and Arg788-Asn705 are quite similar in both apo-1a28 and holo-1a28 simulation systems (S1 Fig).
Though it has been reported that in ligand soak experiment, antagonist RU486 binding to
agonistic PR LBD may alter the flexible loop 785–808 conformation [16], in our simulation, we
noticed that in antagonistic LBD simulations (apo-2ovh and holo-2ovh systems), antagonist
asoprisnil binding did not trigger the dynamics difference between loop 785–808 and loop
703–712 as in agonistic LBD simulations. Therefore it may indicate that ligand binding may be
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Fig 4. The interaction and distance relative distributions between residues in loop 786–808 and loop 703–712. (A), the overview of three
important loops (green color) in holo-form crystal agonistic conformation (PDB ID 1A28). (B), the detailed view of the interactions between the residues
in loop 703–712 and loop 786–808; the LBD structure is the last frame of a 100 ns trajectory of holo-1a28 simulation system; the yellow dashed lines
indicate close contacts between atoms, the numeric labels are distances in unit of angstrom. (C), the relative distribution of the side-chain distance
between Lys790 and Asp709 in apo-form and holo-form agonistic conformations. (D), the relative distribution of the distance between the Lys790 sidechain and the Pro708 backbone oxygen atom. In panel A and B, carbon atoms in the ligand progesterone are in green, oxygen atoms are in red color.
doi:10.1371/journal.pone.0165824.g004

correlated with loop 785–808 and loop 703–712 dynamics for LBD in agonistic conformation,
not in antagonistic conformation.

Ligand binding alters globular dynamics of PR LBD
Cross-correlation analysis of LBD residues provides a tool to decipher the hidden dynamical
relations among different parts of a protein. Most parts of the LBD in the agonistic conformation have similar correlation patterns in both apo-form and holo-form. However, both loop
895–908 and C terminal part helix 11 have stronger correlations with helix 3 in holo-1a28 system (Fig 5A) than apo-1a28 system (Fig 5B). Interestingly, the anti-correlations are much
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Fig 5. The overall cross-correlation networks in simulation systems apo-1a28 (A), holo-1a28 (B), apo-2ovh (C) and holo-2ovh (D). If two residues
are correlated or anti-correlated, they are linked by lines. Different cross-correlation co-efficiency (ccc) is indicated by color. Anti-correlation is blue (-0.4 < =
ccc<0.2), yellow (0.2< = ccc<0.4), orange (0.4< = ccc<0.6) and red (ccc> = 0.6) are used for correlations. The cross-correlation maps of these 4 systems
are provided in S2 Fig.
doi:10.1371/journal.pone.0165824.g005

stronger for helix 11 and helix 12 in apo-1a28 system. The reason of the enhanced correlations
between loop 895–908 and helix 3 and between helix 11 and helix 3 in agonistic conformations
comes from increased stability of loop 895–908 and helix 11, as well as helix 12 whose stability
is critical to maintain the agonistic conformation. Ligand binding (and co-peptide binding)
also changes the cross-correlation patterns in the antagonistic state. In apo-2ovh system, helix
12 and helix 11 have intensive correlations, which is partially lost in holo-2ovh system (Fig
5C). With ligand and co-peptide binding, the anti-correlation between helix 11 and helix 3 are
significantly increased. Similarly, the anti-correlation between helix 4 and helix 12 are also
much more intensive in holo-2ovh system than apo-2ovh system (Fig 5D).
It should be noted that normal MD simulations only sample rather local motions around
the initial structures in a finite time scale. Thus different cross-correlation behaviors we
observed may not be applicable to much longer time scale [25].
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Population distribution of apo-form PR LDB between agonistic and
antagonistic conformations
ΔRMSD, the one-dimensional coordination, is employed in the umbrella sampling method.
This ΔRMSD, which has been explained in method part, is defined as the difference of RMSDs
with respect to the two reference crystal structural models (PDB ID 1A28 and 2OVH respectively). The more negative value the ΔRMSD is, the more close the structure is towards the agonistic conformation. The free energy as a function of the ΔRMSD constructed in the umbrella
sampling indicates multiple intermediate states exist for the apo-form of PR LBD. There are
two major local minima (labeled as umL1 and umL2) along the ΔRMSD (Fig 6A). The energy
barrier between these two local minima is around 6.5 kJ/mol. Thus the transition between the
two local minima might not be a rare event. For the umL1 where ΔRMSD = -1.3 nm, the frames
within around -1.4 nm and -1.2 nm were extracted and clustered with a cutoff of 0.2 nm. Only
one cluster was discovered. The cluster representative structure turns out to be quite close to
the crystal agonistic conformation (Fig 6B). While for umL2 (ΔRMSD = 0.3 nm), the representative structures (labeled as uL2.1 to uL2.10) of the first 10 largest clusters of the frames with
ΔRMSD between 0.2 nm and 0.4 nm are presented together with the reference structures. The
structures from umL2 have diverse configurations in loop 895–908 and helix 12 (Fig 6C). For
example, the representative structure (labeled as uL2.2) of the 2nd largest cluster in umL2
shows that the N terminal part of loop 895–908 is close to helix 3 and Glu723 in helix 3 interacts with Arg899 in loop 895–908 to draw helix 12 near to helix 3. The interaction network
around the helix-loop-helix segment of this uL2.3 structure model thus is quite similar to one
of the apo-2ovh system normal MD simulation representative structures (S3 Fig), aL2 (S4 Fig).
In other representative structures, however, loop 895–908 is pointed outward from the LBD
surface and does not contact with other residues in PR LBD.

Free energy surface of apo-form PR LBD
For apo-form PR LBD, there may not be a direct transition pathway from the antagonistic conformation towards the agonistic conformation, or vice versa, thus the one-dimensional path
coordinate ΔRMSD may not depict a complete dynamic picture of the protein. Therefore, two
other collective variables (CVs) have been chosen to sample the apo-form PR LBD conformations with the method of metadynamics simulation. These apo-form PR LBD models sampled

Fig 6. Free energy along the ΔRMSD coordination and the low free energies representative structures. (A), the free energy along the one
dimensional coordination together with error bars. (B), the representative structure (gray color) in the local minimum 1, where ΔRMSD = -1.3 nm. (C), 10
representative intermediate structures in a local minimum 2 (the ΔRMSD range 0.3 nm to 0.5 nm). In panel B and C, the PR LBD crystal agonistic
conformation (green) and the crystal antagonist conformation (cyan) are also superimposed with the representative structures.
doi:10.1371/journal.pone.0165824.g006
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from metadynamics would be valuable for further researches, such as large scale virtual screening against PR LBD.
The free energy surface (FES) constructed based on the two NC CVs (NC1 and NC2,
explained in method part) in our well-tempered metadynamics is presented in Fig 7. Eight
major local minima have been labeled as L1 to L8, where L1 dominated as the largest local minimum in this FES map. From the plot, the crystal structure of the antagonist-bound conformation (at NC1 = 0.99 and NC2 = 34.08) is not in a low free energy basin for apo-form LBD,
while the crystal structure of the agonist-bound conformation (at NC1 = 16.69 and
NC2 = 31.24) is at the edge of L2. This further indicates that, as revealed in normal MD simulations, in apo-form PR LBD, the antagonistic conformation is less stable than agonistic conformation. However, crystal agonistic model is not the most stable apo-form conformation. The
representative structures (S5 Fig) of these 8 local minima, labeled as mL1 to mL8, are extracted
by clustering analysis. Except the flexible helix-loop-helix segment in PR LBD, the other
regions could be well-superimposed with crystal agonistic and antagonistic models (S5A Fig).
Similarly, we noticed that the representative structures (S3 Fig), sampled in normal MD simulations of apo-2ovh and holo-2ovh systems based on dPCA analysis, are quite flexible in this
segment as well. Though, the relatively short time scale for normal MD simulations are not sufficient enough to sample all conformations in this helix-loop-helix segment, some common
interactions were observed in both normal MD and metadynamics simulations.
For these representative structures sampled in metadynamics in the most flexible helixloop-helix segment, some common interaction pairs have been summarized (Table 1). Glu723
in helix 3 interacts with Lys919 and Gln916 to stabilize the C terminal part of helix 12, thus
helix 12 adopts a configuration with a quite flexible N terminus, with only one exception in
representative structure mL3. Another pattern, the salt bridge interactions between Arg899
with Glu723 and Gln719 are also observed in the representative structures mL1, mL2 and mL3,

Fig 7. The free energy surface (FES) map constructed by metadynamics simulations. 8 major basins of local minima
are labeled together with the positions of two crystal structure models (Ref-1: 2OVH; Ref-2: 1A28) indicated by red triangle
marks. The color key at right side of the figure indicates the free energy scales in unit of kJ/mol. The iso-surface lines are
given every 10 kJ/mol.
doi:10.1371/journal.pone.0165824.g007
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Table 1. Interaction pairs involving residues in the helix-loop-helix segment in metadynamics low
energy structures.
Structures

Interaction pairs in helix 3, helix 12 and loop 895–908

L1

Asn719-Ser898,Glu723-Lys919, Glu723-Arg899

L2

Asn719-Ser898, Asn719-Arg899, Glu723-Arg899, Glu723-Lys919, Trp755-Pro918*

L3

Asn719-Ser898, Asn719-Arg899, Glu723-Arg899

L4

Glu723-Ser902, Glu723-Gln916, Glu723-Lys919

L5

Glu723-Gln916, Asn719-Ala900*

L6

Glu723-Gln916, Glu723-Lys919, Asn719-Ala900*, Arg899-Ala900*

L7

Glu723-Gln916, Glu723-Lys919, Trp755-Lys919*

L8

Glu723-Gln916, Glu723-Lys919, Arg899-Glu904, Ser898*-Thr716

* indicates the interacting atoms are on the backbone, whereas all other interaction pairs are on side-chains.
doi:10.1371/journal.pone.0165824.t001

where the adjacent Ser898 interacts with Gln916. These interactions were also observed in normal MD simulations (S4 Fig).
Taken mL1 structure as an example, the overall architecture of PR LBD is quite distinct from
the crystal agonistic or antagonistic conformations (Fig 8A and 8B). The N terminal part of helix
12 is pointed outwards and thus the binding pocket in LBD is directly exposed to solvent. The
salt bridge interaction between Glu723 and Lys919 would lock the C terminus of helix 12, while
residues in the N terminal of helix 12 are free of contacts, therefore contributing to the flexibility
of the helix 12 N terminal part. And helix 11 is in a position more towards helix 3 than that in
both agonistic and antagonist conformations. The cross angle between helix 3 and helix 11 in
mL1 is around 75°, about 20° more than the cross angle in crystal agonistic and antagonistic
models. The interaction pairs between Arg899-Glu723, Arg899-Asn719 and Ser898-Asn719,
would pull helix 11 towards the center of helix 3, thus it may account for the larger cross angle in
this mL1 structure. For loop 895–908, it is in a disordered state, where defined secondary structure is not formed. The majority residues in loop 895–908 do not form any contacts with other
residues in LBD, except a possible hydrogen bond between Ser902 (in helix 12) and Gln916. We
also found that, a representative structure of the third most populated cluster at L2, labeled as
mL2.3 (Fig 8C and 8D), is somehow similar to the crystal agonistic conformation, with a αC
RMSD around 0.3 nm. For this mL2.3 structure, the hydrogen bonding or salt bridge interactions
between Trp755-Ala914, Glu911-Glu723, Glu911-Arg899, Glu723-Arg899 and Asn719-Arg899,
hold helix 12 in a position comparable to the crystal agonistic conformation. Through the metadynamics simulation, we have sampled a structural model close to the crystal agonistic conformation, which is one of the stable conformations of PR LBD in its holo-form.
So far no experimental determined structure of apo-form PR LBD is available to compare
with our predicted structural models directly. To verify our models, each representative structure of the local minima recruited as the initial structure for a short normal MD simulation.
Most of the representative structures (except mL3) are stable during the 50 ns normal MD simulations (S6 Fig). These stable representative structures thus may describe the different states
of apo-form PR LBD, and could be used for docking studies as different receptor models to
search for potential ligands [26].

Discussions
Glu723 and Arg899 are important for the structural dynamics of PR LBD
The crystal structure of the agonistic conformation model suggests that Met909 [15] plays a
key role in stabilizing of the helix 12 to adopt the position closely patched to the core LBD, and
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Fig 8. Representiave structures of local minima 1 and 2 sampled in the metadynamics simulation. (A), the representative structure mL1 (pink)
superimposed with crystal agonistic and antagonistic models. (B), the detailed view of interaction networks around the helix 11, loop 895–908 and helix
12. (C), the representative structure mL2.3 superimposed with crystal agonistic and antagonistic models. (D), the detail interaction network between
residues in helix-loop-helix segment. The crystal agonistic (PDB ID 1A28) and antagonistic (PDB ID 2OVH) conformations are colored as green and cyan
in the helix-loop-helix region. The yellow dashed lines indicate close contacts between residue atoms.
doi:10.1371/journal.pone.0165824.g008

Glu723 interacts with the backbone of Met908 and Met909 to hook helix 12 [14–16]. Lusher
et al [21] observed that PR LBD could remain its agonistic conformation with antagonist asoprisnil in the binding pocket. In their structure model (PDB ID 4A2J) [21], the asoprisnil 11β
oxime group forms a hydrogen bond with the side-chain of Glu723 [14]. Another similar case
is that the antagonist RU486 (mifepristone) binds to PR LBD also in the agonistic conformation [16]. Such antagonist-in-agonistic conformation has also been overserved in asoprisnilLBD complex [21] and UPA-LBD complex [27]. These structure models highlight the importance of the interactions among Met908, Met909 and Glu723 for the maintenance of the agonistic conformation of PR LBD.
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In apo-1a28 and holo-1a28 normal MD simulation systems, the distance between the
Glu723 side-chain carboxyl group to the backbone nitrogen atoms of Met908 and Met909 is
plotted as the frequency distribution (Fig 9A). The distance distribution of holo-1a28 system
has one major peak, while for apo-1a28 system, two major peaks have similar heights which
suggests that progesterone binding could shift the Glu723 from the on-state (with hydrogen
bonding to Met908 and Met909) to the off-state (without hydrogen bond) (Fig 9B). Clearly the
presence of the ligand weakens the Glu723-Met908/Met908 interactions. Arg899 is at the C terminal end of helix 11 in PR LBD. The interaction between Arg899 and Glu723/Asn719 brings
loop 895–908 close to helix 3, and also changes the position of helix 11. For the position of
helix 11, there exists mainly three states sampled from normal MD simulations as shown in Fig
9C, representing three different helix 11-helix 3 cross angles, around 75°, 55° and 35° respectively. The PMF as a function of two variables, one being the helix 11-helix 3 cross angle and
the other being the distance between the side-chains of Glu723 and Arg899 is constructed (Fig
9D and 9E). A low energy basin stands out with a small Glu723-Arg899 distance (about
0.4nm) and large cross angle (around 75°). This lowest free energy basin indicates that, in both
apo-2ovh and holo-2ovh normal MD simulations, when Glu723 forms salt bridges with
Arg899, the cross angle between helix 11 and helix 3 is locked around 65–80° (Fig 3). Meanwhile, the C terminal end of helix 11 is shifted more towards the center of helix 3. While
Glu723 is far away from Arg899, the cross angle between the two helices may fluctuate in a
rather large range, and helix 11 may shift more outwards from the core LBD thus having a
quite small cross angle (around 35°), or helix 11 could be stabilized around a 55° cross angle
with helix 3, which are commonly seen in the crystal agonistic and antagonist conformational
models. In general, helix 11 dynamics are related to the Arg899-Glu723 salt bridge interaction.
One previous simulation study [28] proposed that in ERα LBD, the hydrogen bonding network, formed by His524-Glu399 and Glu419-Lys531, is a key factor for the stability of helix 11
and helix 3, further creating a “mouse trap” space for helix 12.[4,12,28,29] Interestingly, in PR
LBD, Arg899 being in the similar position as Lys531 in ERα LBD could also hold helix 11 and
helix 3, though in a different way (Fig 10A). Ser898 sometimes is also involved in the interaction with Asn719. Amino acid sequence alignment of several Homo sapiens NRs suggests that
Glu723 is conserved in PR, AR, GR and mineralocorticoid receptor (MR), while Ser898 is conserved in PR, AR [14,30]. Further structural-based alignment revealed that the orientation of
this serine is almost identical. Nevertheless, Arg899 is not as conserved as Glu723 and Ser898,
while it is a lysine in GR, a histidine in AR and MR [30]. Interestingly, the fact that arginine,
lysine and histidine all are positively charged residues suggests that this site could form favorable charge-charge interaction or salt bridge interaction with the conserved Glu723 to modulate the dynamics of the NR LBDs.

Helix 12 is not likely to adopt a totally extended conformation in PR LBD
In the crystal structure models of apo-form ERα LBD [13] and RXR-α [12], helix 12 adopts an
extended conformation and is totally dispatched from the core LBD thus exposes the ligand
binding pocket to solvent. According to these crystal structure models, helix 12 must undergo
large conformational changes to form the agonistic or antagonistic conformations. However,
several studies cast doubts on this extended-helix 12 model in NR LBD [30–32].
The fast transition (within 5 ns) of the helix 12 from the extended conformation to an intermediate stable conformation in apo-form ERα LBD has been captured in a MD simulation
study [28]. The fast change of the apo-form indicates that helix 12 may adopt several conformations regardless with or without ligand or co-peptide binding. Batista et al [31] modeled the
time-resolved fluorescence anisotropy decays to explore the flexibility of the holo-form PPARγ
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Fig 9. The interactions and distance distribution of Met908/Met909 and Glu723 and the cross angle between helix 11 and
helix 3. (A), the frequency distribution of the backbone nitrogen atoms of Met908 and Met909 to Glu723 side-chain oxygen atoms
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distance. (B), the two distinct interaction patterns at the two distance frequency distribution peaks, if the distance between Met908,
Met909 and Glu723 is 0.43 nm colored by green, if the distance is 0.6 nm, colored by cyan; the structures were extracted from
clustering analysis based on the distance from the apo-form agonistic normal MD simulations. (C), the three states of helix 11 observed
in apo-form antagonistic simulations. State 1 (marine) has a ~75˚ cross angle between helix 11 and helix 3, while the angles for state 2
(green) and state 3 (orange) are about 55˚ and 40˚, respectively. State 1 and state 3 are from structural models of aL2 and aL3 (S3B
Fig), while state 2 is the crystal antagonistic model (PDB ID 2OVH). (D and E), PMF maps of the helix 11-helix 3 cross angle in apo2ovh and holo-2ovh simulations.
doi:10.1371/journal.pone.0165824.g009

LBD by attaching a fluorescent probe to the C terminal tail of the PPARγ LBD. They tested the
model of ERα LBD and RXR LBD as well. In their work, only a relatively local motion of helix
12 in different NR LBDs had been observed. In the same time, we also performed two long normal MD simulations (over 1000 ns) of apo-form PR LBD started from the two crystal agonistic
and antagonistic conformations. It turns out that helix 12 only has rather local motions resemble the stable states recovered in the short normal MD simulations. Besides, the extended helix
12 of PR LBD was never samples in all the simulations, thus it further indicates that, unlike
ERα LBD (Fig 10A), the extended conformational PR LBD is a rare event at least in molecular
dynamics simulations.
The shorter helix 12 (about 8 residues) in ERα LBD may be stable in the extended conformation. Other NRs with longer helix 12 and an extra C-terminal tail (12 residues in PR LBD)
in LBDs, such as PR, AR and GR, the extended conformation (helix 12 totally dispatched from
LBD surface) of LBD, has not been observed. This C-terminal tail is suggested to be involved in
hormone binding and antagonist-dependent repressive function in PR, AR and GR [14,33–36].
In PR LBD, the C terminal tail forms a short antiparallel β-sheet, similar to GR LBD and AR
LBD. Besides, in both X-ray agonistic and antagonistic models of PR LBD, the π-cation interaction between Arg845 and Phe930 were observed (Fig 10B). During our normal MD simulations, Arg845 and Phe930 are maintained in close contacts in different simulation systems (S7
Fig). What’s more, it turns out that these two highly conserved residues have counterparts,
which could also form a π-cation interaction in other NR, such as AR and GR [14] (Fig 10B).

Fig 10. Overlay of apo-form ERα LBD with PR LBD and the π-cation interaction in NR LBDs. (A), ERα LBD (cyan, PDB ID 1A52) has a relatively
shorter helix 12 and doesn’t has a extended C terminal tail, whereas PR LBD (green, PDB ID 1A28) has a longer helix 12 and a C terminal tail. (B),
conserved arginine (in helix 9) and phenylalanine (in C terminal tail) are shown as sticks, whereas other parts are shown as cartoon. Green, PR LBD
agonistic conformation (PDB ID 1A28); cyan, PR LBD antagonistic conformation (PDB ID 2OVH); marine, AR LBD agonistic conformation (PDB ID
4OEA); orange, GR LBD agonistic conformation (PDB ID 3K23).
doi:10.1371/journal.pone.0165824.g010
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The favorable π-cation interaction between a phenylalanine and an arginine may contribute a
-2.9 ± 1.4 kcal/mol binding energy [37], therefore this Phe943-Arg845 pair further stabilizes
the C terminal tail dynamics, which would subsequently restrain the helix 12 flexibility. Thus
we propose that in apo-form PR LBD, helix 12 would not adopt a totally extended conformation as in apo-form ERα LBD.

Simulating apo-form PR LBD targeting novel inhibitor discovery
From normal MD simulations, water molecules were found moving around the edge of the
agonist or antagonist binding pocket in apo-1a28 and apo-2ovh simulations. These observations indicate a rather hydrophobic binding pocket as already been previously reported, which
explains why known ligands for PR LBD are mainly steroid derivatives or other hydrophobic
molecules [2,14,19,38–40]. This information suggests that a more focused ligand collection
may be beneficial for virtual screening in this binding pocket.
In this study apo-form MD simulations were initiated from holo-form structures. Such
approaches have been applied in HIV protease, where new allosteric pockets were detected
[41]. In another study by Miao et al [42], simulations of apo-form M2 Muscarinic Receptor led
to the discovery of several allosteric druggable sites or pockets. The newly detected sites or
pockets are useful for future novel selective modulator designing. Similarly, we also detected
four major druggable pockets (S8A Fig) based on apo-form simulations. The largest pocket
(surrounded by green colored residues) has the pocket size ranging from 300 to 1400 Å3, consistent with the holo-form crystal models of the agonist and antagonist binding site [2], while
the other three are close to the largest pocket however with small volumes. This largest pocket
(S8B Fig) we found is a coalescence of the agonist and antagonist binding site with the adjacent
pocket between helix 3 and N terminal part of LBD. During the normal MD simulations without a ligand in the binding pocket, side-chains around the pocket are freely rotatable. Thus the
smaller binding pocket can form. Clearly the binding pocket in PR LBD could be fitted by a
variety of small molecules which may be dramatically different from the known ligands. Previous screening studies [43,44] against PR LBD were mostly based on the crystal holo-conformation. Making use of the new binding pockets would possibly lead us to the discovery of new
category of druggable molecules.

Conclusion
PR LBD is an important drug target and the exploration of the structural dynamics may provide valuable information for further virtual screening. In this study, we aimed at describing
the dynamics of LBD in both apo-form and holo-form, and we are more interested in discovering the diverse apo-form conformations of PR LBD. The computational simulations
proved the PR LBD antagonistic conformations are not stable and may undergo large structural changes in helix 12, helix 11 and loop 895–908. Further examining the different low
free energy conformations revealed that several residues, such as Gln719, Glu723, Ser898 and
Arg899, play vital roles in the dynamics of the helix-loop-helix segment (helix 11, helix12
and loop 895–908). Metadynamics simulation discovered that another group of residues,
Gln916 and Lys919 in helix 12 could interact with Glu723 to stabilize the N terminal end of
helix 12 in LBD’s apo-form. Meanwhile, several stable apo-form LBD conformations have
been sampled and their relative free energies were measured. Those stable apo-form PR LBD
conformations as a demonstration of the receptor flexibility would facilitate the future virtual
screening process.
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Material and Methods
Normal Molecular Dynamics Simulations
Normal molecular dynamics [45] simulation is a well-developed method for studying the
dynamics of proteins and nucleic acids. In this study, we applied normal MD simulations to
understand the dynamics of PR LBD with or without ligands (and the co-peptide). The normal
MD simulations were performed with Gromacs packages [46]. The force field for PR LBD (and
the co-peptide) was Amber99SB-ildn.[47] For ligands (progesterone and asoprisnil), the
atomic charges were calculated with HF/6-31G basis set using Gaussian09 package [48] following by restrained electrostatic potential (RESP) charge fitting using Amber11 [49] antechamber module, and tleap module was also used to build the topology for the ligands, while
the bonding parameters were adopted from the amber gaff force field [50].
The initial structures were the agonistic and antagonistic conformation. Unless stated, the
agonistic and antagonistic conformations in this research specifically refer to the crystal
models, 1A28 (chain A) and 2OVH, respectively. Four simulation systems were constructed
with 3 repeats for each system (Table 2). In simulation system holo-2ovh, PR LBD binds to
the ligand asoprisnil and a co-peptide (12 residues, a part of a co-repressor SMRT). While
the water molecules in the original PDB files were removed, the missing heavy atoms were
added by DeepView [51], and missing residues in 2OVH structure model were modelled by
Swiss Modeller online server (http://swissmodel.expasy.org/). All the systems were simulated
in explicit TIP3P [52] water molecules (around 10,000 to 14,000). The distances between the
edge of the water box and the protein surfaces were set as 1.0 nm. Sodium and chlorine ions
were added to neutralize the systems and to maintain the salt concentration at biological relevant concentration, 0.15M. The systems firstly went through a 1000-steps energy minimization carried out by the deepest descent algorithm, following by an Berendsen barostat [53]
equilibration in NPT ensemble for 1 ns at the pressure of 1atm and the temperature of 300 K,
by restricting the positions of the solute heavy atoms with a constrain constant of 1000 kJ/
(molnm2). Then the product runs were performed in the NVT ensemble at 300 K. A 2 fs
simulation time step was employed, while the temperature was updated by velocity rescaling
thermostat [54] every 0.1 ps. Long range electrostatics were handled by the PME scheme [55]
with a real space cutoff as 1.0 nm. And a 1.2 nm cut-off for van der Waals interactions was
adopted. All the hydrogen atoms were fixed according to SHAKE algorithm [56], while all
the covalent bonds between heavy atoms were constrained by applying the LINCS algorithm
[57]. Repeat runs, where necessary, were carried out by assigning a random initial velocity
for a same simulation system. Snapshots were stored in the trajectory files every 500 steps
(1 ps).
The 80 ns trajectories of the four simulation systems in Table 2 were collected and the 3
repeat run trajectories for each simulation system were merged to make a 240 ns trajectory for
root mean square deviation (RMSD), root mean square fluctuation (RMSF), distance-frequency, dihedral PCA analysis (dPCA) and clustering analysis. The dPCA analysis were performed according to the method by YG Mu et al [58]. Representative structures of low energy
Table 2. The setup of the 4 systems in normal MD simulations of PR LBD.
S/N

System Name

Initial structure

Ligand

Co-peptide sequence

Repeats

Time

1

Apo-1a28

2

Holo-1a28

1A28

None

None

3

100 ns

1A28

Progesterone

None

3

3

100 ns

Apo-2ovh

2OVH

None

None

3

4

100 ns

Holo-2ovh

2OVH

Asoprisnil

GLEAIIRKALMGK

3

100 ns

doi:10.1371/journal.pone.0165824.t002
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basins (local minima) were discovered based on clustering analysis. Basically, we first extracted
all the frames (from MD trajectories) located in a low energy basin, and then performed the
clustering analysis to discover the most populated clusters, where the center structure,
whose distance to other members in the same cluster is minimized, was further extracted
and defined as the representative structure of the low energy basin. Clustering analysis was
carried out using Gromacs g_cluster utility tool and gromos clustering algorithm [59] with a
0.2 nm cutoff on the αC atom of residues in PR LBD. Side-chain distances between residues
were calculated by Gromacs g_dist tool measuring the distance between their function
groups (on the side-chains). For example, the distance between an arginine and a glutamic
acid is the distance between the center of the three nitrogen atoms of the arginine side-chain
and the center of the two oxygen atoms in the glutamic acid side-chain. If the side-chain distance between two residues is less than 5 Å, then these two residues are in close contact. πcation interaction [60] is defined when the distance between the centroid of an aromatic
ring and the positive charged center is less than 6 Å, also the angle between the line pointing
from the aromatic ring center to the cation center and the aromatic ring plane normal is
within 60° to 120°. The computation of the crossing angle between two α-helices was performed with Plumed 2.1 [61]. The method is to compute the two vectors along the two αhelices. The vector of an α-helix is defined as such that the vector points from the center of
mass of the α-helix N terminal residues to the center of mass of the same α-helix C terminal
residues. In our study, we chose the center of mass (COM) [62] of αC atoms from residue
index 883–886 as the start point of the vector representing helix 11, the COM of αC atoms
of residues 894–897 as the end point. Similarly, residues 712–715 and residues 730–733
were chosen for the starting and ending points of the vector for helix 3. PMF analysis [63],
or free energy profile, was performed based on the probability distribution of reaction coordinates. The PMF is defined by probability of information transfer as following:
Pi
PMF ¼ kB T ln Pmax
, where kB is Boltzmann constant, T is the temperature (300 K in all the
simulations), while Pi is the probability in the specific bin along reaction coordinates and
Pmax is the largest probability among all the Pi values. By this PMF calculation, we could estimate the relative free energy as a function of that reaction coordinate. The cross-correlation
and residue interaction network analysis was performed by Wordom 0.23 [64,65]. The Pearson cross-correlation coefficiency (ccc) Cij is defined in the following equation:
! !
hD r D r i
Cij ¼ qffiffiffiffiffiffiffiffiiffi2ffiffiffiffiffiffiffijffiffiffiffi2ffiffi , where D!
r i is the displacement of residue i to its mean position. If
! !
hD r ihD r i
i

j

Cij = 1, it means residue i and j are fully correlated; while Cij = -1, then it suggests that residue i
and j are anti-correlated in motion. Based on the residue correlation map, by Visual Molecular
Dynamics (VMD) package [66,67], we built the correlation network to distinguish the correlations between residues in different conditions. If residue index i and j are within 10 (|i-j| < =
10), the correlations between residue i and j are ignored. This step is applied to remove the correlations due to the special closeness. In this study, we computed the correlation coefficient
from the last 40 ns normal MD simulations of each of the 12 trajectories. In each trajectory, we
calculated the correlation in 10 ns blocks and used the average of correlation matrices as the
final correlation. Only the αC atoms of the residues were considered for correlation analysis.
For the same simulation system, the correlation matrices were the averaged correlation matrix
from the repeat trajectories. VMD 1.9 was used to visualize the interaction networks. Pocket
detection and pocket size calculation were performed with Fpocket 2 [68], where default
parameters were adopted.
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Umbrella Sampling
Umbrella sampling method is an efficient tool which could be applied to explore the transition
between two states of a macromolecule [69–71]. In a previous study by Wang et al [71], they
combined NMA with umbrella sampling to study the large scale conformational changes in
ligand-bound and ligand-free states. For PR LBD, only the holo-form crystal structures of LBD
are available, and no any crystal structure model for the apo-form PR LBD could be employed
for the open-to-close transition pathway population shift analysis [71]. On the other hand, we
have two very different conformations, the agonistic conformation and the antagonistic conformation of LBD, available. Thus it is interesting to explore the population distribution
between the two conformations in ligand-free states.
For each window in the umbrella sampling, a harmonic bias potential Eumbrella = k 
(ΔRMSD − Ci)2, where k is the force constant and Ci is the ith reference point along one dimensional ΔRMSD, was added on the ΔRMSD to restrict the structure not too far away from the
transition path. The ΔRMSD, which was proved to be an efficient tool to explore possible state
transitions [69–71], is the difference between the RMSD values referring to two distinct states,
which are described in the following context. For the windows in the umbrella sampling, the
initial structures were prepared so that the ΔRMSD in the successive windows has equal
distance.
By incorporating the normal mode analysis [71], the imorph tool in iMOD software [72]
could generate a possible structure transition pathway between the two given end points.
Default setup was used for iMod imorph tool using NMA algorithm to generate a transitional
trajectory from antagonistic to agonistic conformation. Then, 28 structures chosen together
with the 2 initial made 30 windows in this umbrella sampling. And the difference of reference
ΔRMSD of the successive windows (Ci+1 –Ci) was 0.1 nm.
In the umbrella sampling simulation, 30 parallel runs were carried out by Gromacs package
[46] patched with Plumed 2.1 [61]. In detail, ΔRMSD is defined as ΔRMSD = RMSD1 –
RMSD2. For every single run in each window, the RMSD1 and RMSD2 were calculated every 1
ps by the optimal algorithm in Plumed 2.1. In each window, the instantaneous conformation
in the simulation trajectory firstly was superimposed to the crystal antagonistic conformation
structure on the backbone of the residue 683–902, and the αC atoms RMSD of residue 903–
932 of PR LBD was calculated and used for RMSD1. The purpose of aligning on the residue
683–902 and calculating RMSD on residue 903–902 is to maximize the RMSD difference of the
most flexible helix-loop-helix segment (helix 11, helix 12 and loop 895–908). Similarly, for
RMSD2, the reference structure was the crystal agonistic conformation. The umbrella sampling
procedure in our study was modified from the studies by Arora et al [69] and Wang et al [71].
For each window, the system firstly went through a 1000 step energy minimization with a 1000
kJ/(molnm2) constraint on the heavy atoms. In the following 1 ns NPT equilibrium at 1 atm
and 300 K, the constraint force constant on the heavy atom was decreased gradually from 1000
to 10 kJ/(molnm2). For the product runs, a harmonic bias potential E (force constant k = 10
kJ/(molnm2)) was applied on the ΔRMSD. The force constant for the bias potential was optimized in this study to ensure that the secondary structure of the LBD in each window would
not be distorted. All other parameters, such as the force field and simulation conditions, were
the same as in the normal MD runs. The product runs lasted 2 ns, since longer trajectories
could not significantly change the results. The last 1.5 ns out of the 2 ns trajectories of each
window was collected for the following WHAM analysis [73] to obtain the free-energy profile
(or PMF), alone the ΔRMSD coordination. Errors of the free energy profile was estimated
based on bootstrap method in WHAM analysis, though the error bars are quite small. The
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representative structures of the low energy minimum were extracted based on clustering analysis, which has been discussed in the normal MD method part.

Metadynamics simulation
Metadynamics simulation [74–79] is a rather new method which enables us to explore the free
energy surface based on chosen coordinations, or CVs, in a computation affordable time scale.
Different from normal MD simulations, metadynamics is an enhanced sampling method. By
adding bias potential alone the predefined CVs, metadynamics sampling could reconstruct the
free energy surface (FES) based on the biased CVs and be able to accelerate the sampling process to capture rare dynamics events, such as the large scale conformation changes.
Identification of the stable structure models of apo-form PR LBD is of great interest to us.
To achieve this goal, we performed well-tempered metadynamics simulation to construct the
free energy surface (FES) based on two CVs, which have been detailed described in following
text. Metadynamics is proved to be a useful tool to explore the FES of peptides folding [80,81],
mutations in proteins [82,83], protein oligomerization [84] and complicate protein-ligand
complex [85–87], and even has been implemented for enzyme catabolism. The efficiency of the
metadynamics simulations is largely dependent on the choice of the CVs. The general CVs,
such as distances and angles, in some circumstances, may not be enough to account for the
complexity of our systems. For large protein or domains, the “good” CVs should be able to
have certain degree of complexity. Some frequently used CVs for protein folding or large scale
motions, for example, could be the number of contacts (NC) of αC atoms, the contact map, the
hydrogen bonding number, anti-β RMSD [88], the α-helix RMSD [89], and also the path CVs
[74]. Especially, the path CVs, which enable the system to explore a high dimensional transition path, are proved to be really powerful parameters to sample the transition pathway in
many different systems [74, 85,86,89].
In our well-tempered metadynamics simulation [90,91], several CVs were defined. CV1, the
number of αC atom contacts (NC1) between helix 12 (residue 908–922) and helix 3 (residue
713–734), and CV2, the number of αC atom contacts (NC2) between helix 12 (residue 908–
922) and helix 11 (residue 882–898), were chosen for metadynamics biasing scheme. In order
to obtain a smooth changing of the NC1 and NC2, a transformation equation was employed to
calculate the value of NCs: NCCA ¼

r8
ij
r8
0
j¼1
r12
ij
1 12
r
0

PN1 PN2
i¼1

1

, where r0 is the distance cutoff for a contact.

In this study, r0 = 0.85 nm, while N1 and N2 were the number of the αC atoms in the two
respective helices. In addition, a wall bias was added on CV3, the α-helix RMSD [89] of the
helix 12 (residue 908–922). The α-helix RMSD is a measure of the secondary structure distance
to idealized α-helix in polypeptides. This CV3 was further defined by the following equation:
sa ¼

r8
i
r8
0
12
i¼1
r
1 i12
r
0

PN

1

, where = 0.08 nm and is the RMSD distance between a standard α-helix. The

wall bias could restrict the CV3 within the given region to avoid a totally deformation of
the helix 12 thus facilitating the simulation to converge in a reasonable time scale. When
the value of this CV3 is lower or higher than the cutoff value (5 and 10 in this study), a squarewell bias potential was added to the system on CV3 according to the following scheme:
PN
e
Ewall ¼ i ki ððxi ai þ oi Þ=si Þi , where the force constant = 300 kJ/(molnm2), the rescaling
factor = 1, the exponential factor = 2, the offset term = 0. Only if the instantaneous value of
CV3, xi, is larger than the upper wall = 10 or smaller than the lower wall = 5, the bias potential
is calculated and applied to the simulation system. In this equation, i is the number of the wall-
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potential biased CVs, here in this study, i = 1. In the simulation, the apo-form antagonistic conformation was used as the initial structure. The system setup, energy minimization, NPT equilibration and the setup for product run were employed similar to those in the normal MD
simulations. The Gaussian width of NC1 and NC2 was chosen both as 1.0. This Gaussian
width was chosen thus we could balance the simulation time and accuracy. And the height of
the Gaussian potentials for NC1 and NC2, set as 0.2 kJ/mol, was deposited every 1 ps. The bias
factor, which could define the dimension of the temperature in well-tempered metadynamics
[91], was chosen as 10.
Approaching the end stage of the simulation, the convergence of the metadynamics was verified to ensure the simulation exploring the CVs’ space sufficiently. The FES maps, constructed
based on NC1 and NC2 along the metadynamics simulation, were presented and towards the
last 200 ns of the simulation, the FES map did not change much (S9 Fig). Besides, the free
energy difference (Delta FES) between two local minimum along one CV space (NC1 or NC2)
was plotted against simulation time, according to the method provided in Plumed 2.1 website
(http://plumed.github.io/doc-v2.2/user-doc/html/belfast-6.html). For NC1, the free energy difference is the energy difference between two local minimum (NC1 values 5~9 and 12~15,
respectively), while for NC2 the free energy difference is calculated based on another two local
minimum (NC2 values 0~3 and 27~30). During the last 200 ns of the metadynamics simulation, the Delta FES curves for both NC1 and NC2 go through very small changes (within 1 kJ/
mol) (S10 Fig). Therefore, we may conclude that the metadynamics simulation has reached the
convergence criterion.
The frames located in low energy basins (local minima) in the final FES map were extracted
and merged for further clustering analysis. The representative structure of the largest populated
cluster in each local minimum was further recruited as the initial structure for a 50 ns normal
MD simulation to verify the stability of these structures. Besides, these representative conformations, together with those sampled in umbrella sampling, are available upon requests. The
apo-form conformations, sampled from metadynamics together with those from normal MD
and umbrella sampling, were uploaded to FTMap webserver (http://ftmap.bu.edu/home.php)
[92] for analysis and returned druggable scores per residue were collected. Those residues with
high scores in different apo-form conformations were identified and grouped to predict druggable sites.

Supporting Information
S1 Fig. Relative distance distributions for Arg788-Asn705 (A) and Arg788-Asp709 (B)
side-chains. (A), the distance between Arg788 side-chain amide group and the carboxyl group
of Asn705 side-chain for apo-1a28 normal MD simulation and holo-1a28 simulation. (B), the
distance between Arg788 side-chain amide group and the carboxyl group of Asp709 side-chain
for apo-1a28 simulation and holo-1a28 simulation. Black line and dashed black line are used
for apo-1a28 and holo-1a28 simulation systems respectively.
(PDF)
S2 Fig. Cross-correlation coefficient (ccc) of αC atoms in normal MD simulation. The ccc
maps of in apo-form (lower triangle) and holo-form (upper triangle) in agonistic (A) and
antagonistic (B) normal MD simulations. The correlation matrices were constructed based on
the method of normal MD simulation analysis. The secondary structures are displayed at top
of the panels, where “H” represents an α-helix. The color scale is spanning from blue (ccc = -1,
fully anti-correlation) to red (ccc = 1, fully correlation), whereas white (ccc = 0) stands for no
correlation.
(PDF)
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S3 Fig. PMF maps of the first 2 eigenvectors in dPCA analysis and the representative structures in their local minima. (A), the PMF of the dPCA of the helix 11-loop-helix region in
apo-2ovh simulations, where 7 local minima are identified and labeled. (B), the representative
structures (labeled as aL1 to aL7) of each minimum in panel A. (C), the PMF of the dPCA of
the helix 11-loop-helix 12 region in holo-2ovh simulations, where 9 major local minima are
identified and labeled. (D), the representative structures (labeled as hL1 to hL9) of the 9 minima in panel C. From local minima 1 to 7 (panel B), or 1 to 9 (panel D), the representative
structures are colored as green, sky blue, yellow, pink, magenta, cyan, orange, green cyan, blue,
while the “Ref ”labeled structure (gray color) is the crystal antagonistic conformation (PDB ID
2OVH) for reference.
(PDF)
S4 Fig. Interactions between Arg899 and Glu723 in aL2 structural model (S3B Fig). Carbon
atoms, nitrogen atoms and oxygen atoms are shown as green, blue and red respectively. Yellow
dashed lines indicate close contacts between atoms.
(PDF)
S5 Fig. The representative structures of the 8 major local minima in metadynamics. (A),
superimposed representative structures. (B-H) detail interactions in flexible helix-loop-helix
segment of representative structures from mL2 to mL8. Only the region (residues 892–922) is
colored; other parts are shown in gray. Important residues in structures mL2 to mL8, shown as
sticks, are colored as green, sky blue, yellow, pink, magenta, cyan, orange, and green cyan
respectively.
(PDF)
S6 Fig. RMSDs of the normal MD simulations of the representative structures of the local
minima in metadynamics. During the 50 ns normal MD simulations, most of the representative structures stay stable (with αC atoms RMSDs are around or within 0.3 nm), while structure
mL3 has a rather large RMSD fluctuations which indicates that this mL3 structure is not a real
stable states.
(PDF)
S7 Fig. Relative frequency distributions of side-chain distance between Arg845 and
Phe930. The distance is defined between the COM of three nitrogen atoms in Arg845 sidechain and the COM of aromatic ring in Phe930. Black, red, green and blue lines represent the
relative frequency of the distance in apo-1a28, apo-2ovh, holo-1a28 and holo-2ovh normal
MD simulations respectively.
(PDF)
S8 Fig. Druggable sites in PR LBD detected and binding pocket size. (A), the four druggable
sites detected based on the representative conformations from normal MD, umbrella sampling,
and metadynamics and plotted on crystal agonistic conformation; their outside residues are
shown in different color, whereas the major binding pocket is surrounded green residues. And
the other three druggable sites are formed by cyan, orange and magenta residues, respectively.
(B) binding pocket size relative frequency distributions in normal MD simulations; black, red,
green and blue lines represent the relative frequency of the binding pocket size in apo-1a28,
apo-2ovh, holo-1a28 and holo-2ovh normal MD simulations respectively.
(PDF)
S9 Fig. Free energy surfaces (FESs) constructed in different time windows during the metadynamics simulation. The FESs are constructed based on the Gaussians added from start of
the simulation to a specific time point, such as 200 ns (A), 300 ns (B), 400 ns (C), 500 ns (D),

PLOS ONE | DOI:10.1371/journal.pone.0165824 November 8, 2016

21 / 27

PR LBD Structure Dynamics Study by Molecular Dynamics Methods

600 ns (E), 700 ns (F), 800 ns (G) and 900 ns (H). The color scales given at the right side of the
figures indicate the free energy levels in unit of kJ/mol, while the iso-lines are drawn every 10
kJ/mol. The FESs for 0~700 ns (F), 0~800 ns (G) and 0~900 ns (H) are quite similar from a
globular view, thus they could be an indication for the convergence of the metadynamics simulation.
(PDF)
S10 Fig. The delta FES changes of one dimensional CV space along simulation progress.
The delta FES changes of NC1 (CV1) and NC2 (CV2) during the whole simulation are presented by the red line and the blue line, respectively. Towards the large part (200 ns) of the simulation, the delta FES tends to be stabilized within a rather small range (1 kJ/mol), therefore it
indicates the convergence of the metadynamics simulation.
(PDF)

Acknowledgments
This study is supported and financed by Nanyang Technological University Tier 1 Grant RG
138/15.

Author Contributions
Conceptualization: YGM VL.
Data curation: LZZ YGM.
Formal analysis: LZZ YGM.
Funding acquisition: YGM.
Investigation: LZZ YGM.
Methodology: LZZ YGM.
Project administration: YGM.
Resources: LZZ YGM.
Software: LZZ YGM.
Supervision: VL YGM.
Validation: VL YGM.
Visualization: LZZ.
Writing – original draft: LZZ.
Writing – review & editing: VL YGM.

References
1.

Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz G, et al. (1995) The nuclear receptor superfamily: the second decade. Cell 83: 835–839. PMID: 8521507

2.

Bain DL, Heneghan AF, Connaghan-Jones KD, Miura MT (2007) Nuclear receptor structure: implications for function. Annu Rev Physiol 69: 201–220. doi: 10.1146/annurev.physiol.69.031905.160308
PMID: 17137423

3.

Leonhardt SA, Boonyaratanakornkit V, Edwards DP (2003) Progesterone receptor transcription and
non-transcription signaling mechanisms. Steroids 68: 761–770. PMID: 14667966

PLOS ONE | DOI:10.1371/journal.pone.0165824 November 8, 2016

22 / 27

PR LBD Structure Dynamics Study by Molecular Dynamics Methods

4.

Hill KK, Roemer SC, Churchill ME, Edwards DP (2012) Structural and functional analysis of domains
of the progesterone receptor. Mol Cell Endocrinol 348: 418–429. doi: 10.1016/j.mce.2011.07.017
PMID: 21803119

5.

Kastner P, Krust A, Turcotte B, Stropp U, Tora L, et al. (1990) Two distinct estrogen-regulated promoters generate transcripts encoding the two functionally different human progesterone receptor forms A
and B. EMBO J 9: 1603–1614. PMID: 2328727

6.

Takimoto GS, Tung L, Abdel-Hafiz H, Abel MG, Sartorius CA, et al. (2003) Functional properties of the
N-terminal region of progesterone receptors and their mechanistic relationship to structure. J Steroid
Biochem Mol Biol 85: 209–219. PMID: 12943706

7.

Fernandez-Valdivia R, Mukherjee A, Mulac-Jericevic B, Conneely OM, DeMayo FJ, et al. (2005)
Revealing progesterone’s role in uterine and mammary gland biology: insights from the mouse. Semin
Reprod Med 23: 22–37. doi: 10.1055/s-2005-864031 PMID: 15714387

8.

Meyer ME, Pornon A, Ji JW, Bocquel MT, Chambon P, et al. (1990) Agonistic and antagonistic activities of RU486 on the functions of the human progesterone receptor. EMBO J 9: 3923–3932. PMID:
2249658

9.

Richer JK, Jacobsen BM, Manning NG, Abel MG, Wolf DM, et al. (2002) Differential gene regulation by
the two progesterone receptor isoforms in human breast cancer cells. J Biol Chem 277: 5209–5218.
doi: 10.1074/jbc.M110090200 PMID: 11717311

10.

Bellance C, Khan JA, Meduri G, Guiochon-Mantel A, Lombès M, et al. (2013) Progesterone receptor
isoforms PRA and PRB differentially contribute to breast cancer cell migration through interaction with
focal adhesion kinase complexes. Molecular biology of the cell 24: 1363–1374. doi: 10.1091/mbc.
E12-11-0807 PMID: 23485561

11.

Recouvreux MS, Sampayo R, Simian M (2015) Progesterone receptor isoform ratio regulates the stem
cell population in the mouse mammary gland. Cancer Research 75: 2240–2240.

12.

Bourguet W, Ruff M, Chambon P, Gronemeyer H, Moras D (1995) Crystal structure of the ligand-binding domain of the human nuclear receptor RXR-alpha. Nature 375: 377–382. doi: 10.1038/375377a0
PMID: 7760929

13.

Tanenbaum DM, Wang Y, Williams SP, Sigler PB (1998) Crystallographic comparison of the estrogen
and progesterone receptor’s ligand binding domains. Proc Natl Acad Sci U S A 95: 5998–6003. PMID:
9600906

14.

Williams SP, Sigler PB (1998) Atomic structure of progesterone complexed with its receptor. Nature
393: 392–396. doi: 10.1038/30775 PMID: 9620806

15.

Petit-Topin I, Turque N, Fagart J, Fay M, Ulmann A, et al. (2009) Met909 plays a key role in the activation of the progesterone receptor and also in the high potency of 13-ethyl progestins. Mol Pharmacol
75: 1317–1324. doi: 10.1124/mol.108.054312 PMID: 19289570

16.

Raaijmakers HC, Versteegh JE, Uitdehaag JC (2009) The X-ray structure of RU486 bound to the progesterone receptor in a destabilized agonistic conformation. J Biol Chem 284: 19572–19579. doi: 10.
1074/jbc.M109.007872 PMID: 19372222

17.

Rho YA, Prescott SA (2012) Identification of molecular pathologies sufficient to cause neuropathic
excitability in primary somatosensory afferents using dynamical systems theory. PLoS Comput Biol 8:
e1002524. doi: 10.1371/journal.pcbi.1002524 PMID: 22654655

18.

Guiochon-Mantel A, Loosfelt H, Lescop P, Sar S, Atger M, et al. (1989) Mechanisms of nuclear localization of the progesterone receptor: evidence for interaction between monomers. Cell 57: 1147–1154.
PMID: 2736623

19.

Madauss KP, Grygielko ET, Deng SJ, Sulpizio AC, Stanley TB, et al. (2007) A structural and in vitro
characterization of asoprisnil: a selective progesterone receptor modulator. Mol Endocrinol 21: 1066–
1081. doi: 10.1210/me.2006-0524 PMID: 17356170

20.

Petit-Topin I, Fay M, Resche-Rigon M, Ulmann A, Gainer E, et al. (2014) Molecular determinants of
the recognition of ulipristal acetate by oxo-steroid receptors. J Steroid Biochem Mol Biol 144 Pt B:
427–435.

21.

Lusher SJ, Raaijmakers HC, Vu-Pham D, Kazemier B, Bosch R, et al. (2012) X-ray structures of progesterone receptor ligand binding domain in its agonist state reveal differing mechanisms for mixed
profiles of 11beta-substituted steroids. J Biol Chem 287: 20333–20343. doi: 10.1074/jbc.M111.
308403 PMID: 22535964

22.

Madauss KP, Deng SJ, Austin RJ, Lambert MH, McLay I, et al. (2004) Progesterone receptor ligand
binding pocket flexibility: crystal structures of the norethindrone and mometasone furoate complexes.
J Med Chem 47: 3381–3387. doi: 10.1021/jm030640n PMID: 15189034

23.

Letz M, Bringmann P, Mann M, Mueller-Fahrnow A, Reipert D, et al. (1999) Investigation of the binding
interactions of progesterone using muteins of the human progesterone receptor ligand binding domain

PLOS ONE | DOI:10.1371/journal.pone.0165824 November 8, 2016

23 / 27

PR LBD Structure Dynamics Study by Molecular Dynamics Methods

designed on the basis of a three-dimensional protein model. Biochim Biophys Acta 1429: 391–400.
PMID: 9989224
24.

Nettles KW, Bruning JB, Gil G, Nowak J, Sharma SK, et al. (2008) NFkappaB selectivity of estrogen
receptor ligands revealed by comparative crystallographic analyses. Nat Chem Biol 4: 241–247. doi:
10.1038/nchembio.76 PMID: 18344977

25.

Hunenberger PH, Mark AE, van Gunsteren WF (1995) Fluctuation and cross-correlation analysis of
protein motions observed in nanosecond molecular dynamics simulations. J Mol Biol 252: 492–503.
doi: 10.1006/jmbi.1995.0514 PMID: 7563068

26.

Awuni Y, Mu Y (2015) Reduction of False Positives in Structure-Based Virtual Screening When Receptor Plasticity Is Considered. Molecules 20: 5152–5164. doi: 10.3390/molecules20035152 PMID:
25808156

27.

Cohen RN, Brzostek S, Kim B, Chorev M, Wondisford FE, et al. (2001) The specificity of interactions
between nuclear hormone receptors and corepressors is mediated by distinct amino acid sequences
within the interacting domains. Molecular Endocrinology 15: 1049–1061. doi: 10.1210/mend.15.7.
0669 PMID: 11435607

28.

Celik L, Lund JD, Schiott B (2007) Conformational dynamics of the estrogen receptor alpha: molecular
dynamics simulations of the influence of binding site structure on protein dynamics. Biochemistry 46:
1743–1758. doi: 10.1021/bi061656t PMID: 17249692

29.

Renaud JP, Rochel N, Ruff M, Vivat V, Chambon P, et al. (1995) Crystal structure of the RAR-gamma
ligand-binding domain bound to all-trans retinoic acid. Nature 378: 681–689. doi: 10.1038/378681a0
PMID: 7501014

30.

Baker ME, Chandsawangbhuwana C, Ollikainen N (2007) Structural analysis of the evolution of steroid
specificity in the mineralocorticoid and glucocorticoid receptors. BMC Evol Biol 7: 24. doi: 10.1186/
1471-2148-7-24 PMID: 17306029

31.

Batista MR, Martinez L (2013) Dynamics of nuclear receptor Helix-12 switch of transcription activation
by modeling time-resolved fluorescence anisotropy decays. Biophys J 105: 1670–1680. doi: 10.1016/
j.bpj.2013.07.032 PMID: 24094408

32.

Blondel A, Renaud JP, Fischer S, Moras D, Karplus M (1999) Retinoic acid receptor: a simulation analysis of retinoic acid binding and the resulting conformational changes. J Mol Biol 291: 101–115. doi:
10.1006/jmbi.1999.2879 PMID: 10438609

33.

Xu J, Nawaz Z, Tsai SY, Tsai M-J, O’Malley BW (1996) The extreme C terminus of progesterone
receptor contains a transcriptional repressor domain that functions through a putative corepressor.
Proceedings of the National Academy of Sciences 93: 12195–12199.

34.

Zhang S, Liang X, Danielsen M (1996) Role of the C terminus of the glucocorticoid receptor in hormone
binding and agonist/antagonist discrimination. Molecular Endocrinology 10: 24–34. doi: 10.1210/
mend.10.1.8838142 PMID: 8838142

35.

Vegeto E, Allan GF, Schrader WT, Tsai M-J, McDonnell DP, et al. (1992) The mechanism of RU486
antagonism is dependent on the conformation of the carboxy-terminal tail of the human progesterone
receptor. Cell 69: 703–713. PMID: 1586949

36.

Lanz RB, Rusconi S (1994) A conserved carboxy-terminal subdomain is important for ligand interpretation and transactivation by nuclear receptors. Endocrinology 135: 2183–2195. doi: 10.1210/endo.135.
5.7956941 PMID: 7956941

37.

Gallivan JP, Dougherty DA (1999) Cation-pi interactions in structural biology. Proc Natl Acad Sci U S A
96: 9459–9464. PMID: 10449714

38.

Fujii S, Yamada A, Nakano E, Takeuchi Y, Mori S, et al. (2014) Design and synthesis of nonsteroidal
progesterone receptor antagonists based on C, C0 -diphenylcarborane scaffold as a hydrophobic pharmacophore. European journal of medicinal chemistry 84: 264–277. doi: 10.1016/j.ejmech.2014.07.
034 PMID: 25036787

39.

Khan JA, Tikad A, Fay M, Hamze A, Fagart J, et al. (2013) A new strategy for selective targeting of progesterone receptor with passive antagonists. Mol Endocrinol 27: 909–924. doi: 10.1210/me.20121328 PMID: 23579486

40.

Spitz IM (2003) Progesterone antagonists and progesterone receptor modulators. Expert Opin Investig
Drugs 12: 1693–1707. doi: 10.1517/13543784.12.10.1693 PMID: 14519088

41.

Perryman AL, Lin JH, McCammon JA (2004) HIV-1 protease molecular dynamics of a wild-type and of
the V82F/I84V mutant: Possible contributions to drug resistance and a potential new target site for
drugs. Protein Science 13: 1108–1123. doi: 10.1110/ps.03468904 PMID: 15044738

42.

Miao Y, Nichols SE, McCammon JA (2014) Mapping of allosteric druggable sites in activation-associated conformers of the M2 muscarinic receptor. Chem Biol Drug Des 83: 237–246. doi: 10.1111/cbdd.
12233 PMID: 24112716

PLOS ONE | DOI:10.1371/journal.pone.0165824 November 8, 2016

24 / 27

PR LBD Structure Dynamics Study by Molecular Dynamics Methods

43.

Schnecke V, Kuhn LA (1999) Database screening for HIV protease ligands: the influence of bindingsite conformation and representation on ligand selectivity. Proc Int Conf Intell Syst Mol Biol: 242–251.
PMID: 10786307

44.

Schapira M, Abagyan R, Totrov M (2003) Nuclear hormone receptor targeted virtual screening. J Med
Chem 46: 3045–3059. doi: 10.1021/jm0300173 PMID: 12825943

45.

Banerjee S, Prakash H, Mazumdar S (2011) Evidence of molecular fragmentation inside the charged
droplets produced by electrospray process. J Am Soc Mass Spectrom 22: 1707–1717. doi: 10.1007/
s13361-011-0188-7 PMID: 21952884

46.
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