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ABSTRACT: Nuclear hormone receptors (NR) are tran-
scription factors that activate gene expression in response to .
ligands. Structural and functional studies of the ligand binding | o
domains (LBD) of NRs revealed that the dynamics of their C- | &
terminal helix (H12) is fundamental for NR activity. H12 is rigid &
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and facilitates binding of coactivator proteins in the agonist- |2 4
bound LBD. In the absence of ligand, H12 exhibits increased
flexibility. To provide a comprehensive picture of the HI12
conformational equilibrium, extensive molecular dynamics
simulations of the LBD of the PPARy receptor in the presence
or absence of ligand, and of coactivators and corepressor
peptides, were performed. Free-energy profiles of the conforma-
tional variability of the H12 were obtained from more than four
microseconds of simulations using adaptive biasing-force
calculations. Our results demonstrate that, without ligand, multiple conformations of the HI2 are accessible, including
agonist-like conformations. We also confirm that extended H12 conformations are not accessible at ordinary temperatures.
Ligand binding stabilizes the agonist H12 conformation relative to other structures, promoting a conformational selection.
Similar effects are observed with coactivator association. The presence of corepressor peptides stabilizes conformations not
allowed in the ligand-free, Rosiglitazone-bound or coactivator-bound LBDs. Corepressor binding, therefore, induces a
conformational transition in the protein. Nevertheless, initial stages of corepressor dissociation could be induced by the ligand as
it stabilizes the H12 in agonist form. Therefore, the present results provide a comprehensive picture of the H12 motions and
their functional implications, with molecular resolution.

H12 conformational space

1. INTRODUCTION

Nuclear hormone receptors (NRs) are transcription factors

side, in the absence of ligand or in the presence of antagonists,
the conformation of the H12 favors the interactions of LBDs

modulated by ligand binding. Most NRs share the same overall
architecture, consisting in three domains: a variable N-terminal
domain, a well-preserved DNA binding domain (DBD), and a
C-terminal ligand binding domain (LBD). Ligand binding can
modulate transcription by controlling the structure and
dynamics the LBDs. The LBDs of different receptors share
similar structures, composed by about 12 helices which are
packed in three approximately perpendicular layers, forming an
a-helical “sandwich”."” In the majority of crystallographic
models obtained so far, the ligands are completely buried in the
LBDs, such that some dynamical behavior is expected for ligand
binding and dissociation, at least. Furthermore, many receptors
are able to promote transcription even in the absence of ligand,
suggesting that the structures of the LBDs mediating each
functional response exist in a dynamical equilibrium, which
exists independently but is affected by ligand binding.’

The rearrangement of the LBDs that is mostly associated
with the functional response of the receptors involves its C-
terminal helix, the Helix 12 (H12). The conformation of the
HI12 is determinant for the exposure of interaction sites for
coactivator and corepressor proteins. In the presence of agonist
ligands, the LBDs recruit coactivator proteins, initiating the
signal cascade leading to target gene transcription. On the other
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with corepressor proteins, which suppress the target genes.

The conformational variability of the H12 is, therefore, one
of the fundamental aspects governing NR function. The
dynamic nature of this helix was recognized early with the
determination of crystal structure of ligand-bound (holo) and
ligand-free (apo) retinoic acid receptors. While the structure of
the apo-retinoic X receptor-a (RXRa)* displayed an extended
H12 not contacting the body of the LBD, the holo-retinoic acid
receptor-y° was found with the H12 packed over the LBD in a
compact form. This notable difference suggested originally that
the LBDs of NRs would exist in a stable apo conformation in
the absence of ligand which would shift to the compact holo
structure upon ligand binding.®™®

There are two general models for the mechanisms a ligand
can affect the function of a biological macromolecule. The first
model, known by “conformational selection”, describes an
intrinsically dynamic protein in the presence or absence of the
ligand. The ligand binds to a subset of the conformations,
shifting the equilibrium toward this subsets and, thus,
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modulating the activity. The bound state, therefore, is a subset
of conformations which is stabilized by ligand binding, although
these same conformations are populated in the absence of the
ligand.” By opposition, the “induced fit” model assumes that the
bound state is characterized by conformations which are not
sampled in the absence of ligand. Ligand binding promotes a
conformational transition from the unbound to the bound
state.”~"" Simplified representations of these models are shown
in Figure 1.
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bound to the body of the LBD.** Therefore, no lar%e
conformational changes should be expected for the H12.**
Additionally, extended MD simulations performed by Fratev™’
have shown that extended H12 conformations are not favorable
for the estrogen receptor and that the H12 equilibrium between
agonist and antagonist conformations is subtly affected by
receptor dimerization.

Experimental and computational evidence, therefore, is
suggesting that the activation of the NR LBDs is of the
conformational-selection type. The receptors, or more
specifically the LBDs, appear to sample both apo and holo
conformations, which might be preferentially stabilized by
ligand binding. The most promising target for computational
studies of this conformational equilibrium is the LBD of PPAR
receptors. PPAR crystallographic models were obtained in the
apo form, in the holo form with coactivator peptides bound
(Figure 2A), and in the form bound to both antagonists and

Figure 1. Sketch of the two models describing the role of ligands in
the conformational equilibrium of receptors. In the conformational
selection mechanism, the ligand binds a subset of conformations which
are populated even in the absence of ligand, and stabilizes this subset
which is identified as the bound state. In the induced fit mechanism,
the conformational transition to the bound state occurs after ligand
binding and is promoted by it.

The large conformational shift observed for the H12 in the
first crystallographic models was consistent with an induced-fit
mechanism. The LBD, therefore, should exist in a stable apo
form which could suppress gene transcription, and be
transformed upon ligand binding to the holo active form.
The fundamental conformational change should involve the
H12 and the exposure of coactivator or corepressor interaction
surfaces.

Nevertheless, the evidence for the induced-fit mechanism
were not supported by further functional and structural
data.'"? For instance, no other apo-LBD models were found
in which the H12 assumed the conformation observed for
RXRa, unless when induced by crystallographic packing.'*
Crystallographic apo-LBD models, on the other side, were
obtained in a compact form, similar to holo-RXRy, for the
ligand-free Peroxissome-activated activated receptor-y
(PPARy),"® estrogen receptor-y (ERy),'® and for orphan
receptors. Additionally, hydrogen—deuterium exchange experi-
ments have shown that the H12 protects the surface of the
thyroid hormone receptor (TR) LBD even in the absence of
ligand.17 Finally, many receptors, such as PPARy, display basal
activity; that is, they promote gene transcriptions and thus
allow the recruitment of coactivator proteins, also without
ligand.

Molecular dynamics (MD) simulations further supported the
possibility of a more subtle conformational equilibrium of the
H12 of NR LBDs. For instance, our group and others have
shown that ligand binding and dissociation routes do not seem
to involve major displacements of the HI2.'*'*™** More
recently, we demonstrated that the experimentally observed
fluorescence anisotropy decay rates of a probe bound to the
H12 of PPARy are consistent with an H12 which is persistently

Figure 2. Crystallographic models for PPARy. (A) Superposition of
the LBD of PPARy in the presence (cyan) or absence (red) of the
natural ligand Rosiglitazone. (B) Crystallographic models of PPARx
bound to an antagonist ligand and a corepressor peptide. The
coactivator and corepressor peptides are colored in blue.

corepressor peptides (Figure 2B).'>*® Therefore, the conforma-
tional variability of the receptor induced, or favored, by each set
of ligands and cofactors is relatively well-known.

In this work, we aim to describe in details the conformational
equilibrium of the H12 of PPARy. We perform extensive MD
simulations with modern free energy calculation methods to
obtain a comprehensive profile of the stability of the LBD as a
function of the conformations probed by the H12 in various
conditions. We show that the free energy barriers involved are
consistent with a conformational-selection model for ligand and
coactivator action, and an induced-fit model for corepressor
binding. No extended or highly displaced H12 conformations
are accessible at ordinary temperatures. Therefore, we provide a
comprehensive description of the possible movements of the
most significant transcription activation switch of PPARy, that
is probably valid for other NRs.

B MATERIALS AND METHODS

Molecular Dynamics simulations were performed for the LBD
of PPAR starting from the crystallographic models 2PRG'® or
IKKQl26 for the representation of apo, holo, cofactor free,
coactivator-bound, and corepressor-bound PPAR LBD, as will
be discussed.
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In all cases, the structures were solvated with Packmol*”*®

with about 22 thousand water molecules, and sodium and
chloride ions to render the system neutral. Simulations were
performed using the CHARMM?27 force-field™” for the protein
and peptides, the parameters described by Anders et al.** for
Rosiglitazone, and the TIP3P model for water.”' All energy
minimization steps and simulations were performed with
NAMD.** Equilibration and simulations were performed in
the NPT ensemble at 298.15K and 1 atm using a time-step of 2
fs. Covalent bonds involving hydrogen atoms were kept rigid
according to standard protocols. Temperature was controlled
using Langevin dynamics with a friction coefficient of 10 ps~".
The Nose-Hoover algorithm was used for pressure control,
with a piston oscillation period of 200 fs and decay rate of 100
fs. Long-range electrostatic interactions were computed with
the PME method. A cutoff of 12 A was used for van der Waals
interactions.

The systems were equilibrated with (1) 1000 steps of
conjugate-gradient (CG) energy minimization followed by 200
ps MD keeping all protein, ligand and cofactor atoms fixed, for
solvent relaxation. (2) S00 CG minimization steps followed by
200 ps MD with fixed Ca coordinates, allowing the side-chains
of the protein to relax. (3) 2 ns MD without any restrictions.
The final structure of this last MD was used for production
runs.

The Rosiglitazone and coactivator bound crystallographic
structure of PPARy (2PRG) was used for the construction of
the models for (1) apo-PPARy, for which the ligand and the
coactivator peptide were removed, (2) holo-PPARy, for which
only the coactivator peptide was removed, and (3) ligand-free,
coactivator bound PPARy, for which only the ligand was
removed from the crystallographic model. The PPAR«a
(IKKQ) crystallographic model was used for the simulation
of the corepressor-bound LBD, so the antagonist ligand was
removed.

VMD was used for visualization and figure preparation.”
Cpptraj from the AmberTools 14 suite was used for RMSD-
based conformational clustering of the structures by means of a
hierarchical algorithm.**** The most representative structure of
each cluster was obtained by Cpptraj and used to produce
figures. Different RMSD criteria for the definition of the
clusters were tested, and the one that provided the most clear
discrimination of clusters was considered.

Adaptive Biasing-Force Simulations. All simulations
performed here aimed the comprehensive profiling of the free
energies involved in conformational transitions of the H12 of
the LBD. The adaptive biasing-force (ABF) algorithm was
chosen for mapping the free energies along reaction
coordinates involving displacements of the H12 of the LBD
under different conditions. The ABF method is currently one of
the most efficient strategies for accelerated conformational
sampling in MD simulations.***”

Briefly, ABF is a strategy for accelerated sampling and free
energy profiling along a reaction coordinate. Given a reaction
coordinate £ that can be defined in terms of the coordinates of
the atoms of the system, the ensemble average force acting on
the atoms at & provides the gradient of the free energy.”’
Therefore, if an effective sampling of conformations is
performed within the range of & of interest, the free energy
profile relative to any reference state can be reconstructed from
the average force.

The ABF method consists on performing MD simulations in
which the average force acting on atoms that define the reaction

coordinate of interest is computed. Once the average force on
each atom is adequately estimated for a given reaction
coordinate &, a force with same modulus but with opposite
direction is added to the system whenever it samples that same
reaction coordinate. From then on, the forces acting along the
reaction coordinate at that point will be on average null, and
the system will move diffusively. When a diffusive motion along
the complete reaction coordinate of interest is obtained, the
free energy profile along it can be obtained from the biasing
force which was introduced. More detailed descriptions of the
method with rigorous justifications can be obtained else-
where. ™%

In ABF simulations, therefore, it is fundamental to define an
adequate reaction coordinate. Here, we aimed to study the
conformational variability of the H12 of the LBD of PPAR
receptors, therefore the reaction coordinate should represent
displacements of this helix. The RMSD of the helix relative to
some conformation of choice would be, therefore, the natural
choice. However, many different conformations might display
the same RMSD relative to a single reference structure, such
that the free energy computed for that RMSD would not be
representative of a well-defined subset of conformations. This
problem is greatly reduced if multiple reference coordinates are
used.” That is, if the reaction coordinate is defined as the
RMSDs relative not to one, but to multiple structures. The
reaction coordinate then becomes multidimensional. A
complication arises, then, on the definition of the multiple
reference coordinates.

Here, ABF simulations were used first as an auxiliary
enhanced sampling method to obtain different reference
coordinates, than as the tool to map the multidimensional
free energy profile. The first set of simulations consisted in ABF
simulations in which a single reference structure was used, i.e.,
the H12 conformation present in the crystallographic model.
The conformational variability of the H12 in this simulation
was used to obtain an alternative conformation displaying the
largest displacements from the crystallographic model, but
preserving the secondary structure of the helix. Using this new
HI12 conformation and the conformation observed in the
crystallographic structure, the multidimensional free energy
profiles were obtained.

The ABF simulations were performed as implemented in
NAMD.*” In the auxiliary simulations performed for mapping
H12 conformations, the reaction coordinate was defined as the
RMSD relative to the agonist H12 conformation of 2PRG. The
ABF force was applied only on the loop connecting helices 11
and 12, because its application on all residues of the H12
promoted a rapid disruption of the secondary structure instead
of the effective displacement of the helix. The RMSD of this
loop was sampled by ABF simulations within 1 and 10 A, with a
precision of 0.1 A. The movements of the atoms outside the
region of interest were avoided by the use of an harmonic
boundary potential with a 10 kcal mol™" A? force constant. Four
independent 80 ns ABF simulations were performed with this
protocol, and as mentioned above the HI12 of largest
displacement, but preserving the secondary structure, was
selected, for the productive ABF simulations that followed. The
agonist H12 conformation and the alternative conformation
selected are represented in Figure 3.

Production ABF runs used the two reference structures to
define a multidimensional reaction coordinate based on the
RMSDs of the HI2 relative to both models. The two models
will be referred as the “agonist conformation”, obtained from
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Figure 3. Agonist and alternative conformations used as reference
structures in the multidimensional ABF simulations.

the holo-PPARy crystallographic structure, and the “alternative
conformation”, obtained from the auxiliary ABF run (Figure 3).
The RMSDs defining the reaction coordinates were computed
for Ca atoms of residues 449 to 477, containing the C-terminal
end of the H11, the loop between H11 and H12, and the HI2.
The same range of RMSDs, precision and boundary potentials
of auxiliary ABF run were used. However, the sampling here
was exhaustive. The minimum sampling time for the force at
each reaction coordinate was 1 ps.

For the apo-PPARy and the Rosiglitazone-bound PPARy
models, a total of 1.2 s of ABF simulations were performed to
guarantee convergence of the free energy profiles. These
simulations were divided in 12 sets of 100 ns each. For the
corepressor-bound and coactivator-bound models, 1.0 ps of
ABF simulations was performed. The convergence of the free
energy profiles was probed by computing the average deviation
of the free energies predicted at the regions of low free energy.
The profiles were considered to be converged if the deviation of
the free energy resulting from the removal of any set of 100 ns
simulation was in average smaller than 0.5 kcal mol™ in all
regions differing from the free energy minimum by less than 4
kcal mol ™.

B RESULTS AND DISCUSSION

Accessible Conformations of PPARy H12. The free
energy profiles of ligand-free and ligand-bound PPARy are
shown in Figure 4. The first noticeable difference between the
free energy surfaces of parts A and B of Figure 4 is that in the
ligand-free model there is a larger region of low free energies,
and two clearly discernible local minimizers. The free energy

surface of the ligand bound model (Figure 4B), on the other
side, displays a much more narrow low-energy well. At the same
time, the global minimizers of the free energy have similar
positions in both plots.

The large well in which the global minimizer of the ligand-
free receptor is found is composed by many local minimizers
that differ in energy by less than ~4 kcal mol™". At 298.15 K,
each increase of ~1 kcal mol™" in the free energy represents a
decreased 80% probability of observation of the higher energy
state. Therefore, ~ 4 kcal mol™" represents an upper limit the
observable energy states at room temperature, with about 0.1%
probability. States differing in energy in less than ~3 or ~4 kcal
mol ™" from the state that globally minimizes the free energy are
significantly populated at room temperature. Therefore, the
blue and cyan regions of lower energy observed in the free
energy surfaces of Figure 4 are accessible at room temperature,
and illustrate the range of conformations that the H12 can
assume. The wider free energy well of the ligand-free PPARy
model clearly indicates a greater conformational variability
relative to the ligand-bound model. This was expected and
confirms the greater flexibility of H12 in the absence of
ligands.* ~** The present simulations allow the actual structural
characterization of the accessible conformations.

The global free energy minima for both ligand-free and
Rosiglitazone-bound simulations was found close to the
RMSD, = 3 A and RMSD, = 4 A reaction coordinate. The
conformations in the proximities (+0.1 A) of these regions
were clustered in each system, and the most populated
representative structures were identified. These structures are
shown in Figure SA and B, superposed to the crystallographic
holo-PPARy model. The most populated position of the H12
on both ligand-free or ligand-bound free energy minima differs
only slightly from the H12 observed in crystallographic models
of the ligand-bound PPARy. In this conformation, the H12 is
perpendicular to H3, and attached to the body of the LBD by a
network of hydrogen bonds which is similar to the one
observed for the ligand-bound structure (Figure SC). These
interactions involve residues Glu324 (from the loop between
H4 and HS), Arg397 (loop within H8 and H9), Arg443 (from
H11), and Tyr477 (from H12).* Interestingly, it was already
demonstrated that the mutation of these residues to Alanine
reduces significantly the basal activity of PPARy, thus
supporting their stabilization of the active H12 conformation
even in the absence of agonist ligands.***”
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Figure 4. Free energy surfaces of the conformational variability of the H12 of PPARy. (A) Ligand-free LBD. (B) Rosiglitazone-bound LBD. The
wider well of the ligand-free free energy surfaces implies a greater conformational variability.
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Figure 5. Comparison of the representative conformations of the free energy minima (cyan) and the crystallographic model of holo-PPARy"® (red)
for (A) ligand-free PPARy simulations and (B) Rosiglitazone-bound PPARy simulations. (C) Detailed view of the interactions that stabilizes H12 in

active conformation.
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Cluster 2 - 48,4%

Cluster 3 - 3,0%

RMSDy

'@ Cluster 1|
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2 3 4 5 6 7
RMSD;

Figure 6. Most representative conformations of the H12 obtained by clustering analysis of the ligand-free PPARy ABF simulation. In all figures, the
crystallographic model of holo-PPARy is depicted in red. (A) Representative structure of the most populated cluster. (B) Representative structure of
the second most important cluster. (C) Representative structure of the third and minor cluster. (D) Representation of the conformational variability
experienced by the H12 in cluster 1. The conformation of the global free energy minimizer is depicted in blue. (E) Acessible conformations selected
to clustering analysis: the red, green, and blue points indicate the confomations of clusters 1, 2, and 3, respectively.

Naturally, the basal activity depends on the association of a
coactivator protein. Indeed, the position of the most relevant
residues responsible for the establishment of the coactivator
binding surface are also preserved in the ligand-free global free
energy minimum. For instance, the interactions of the
coactivator peptide SRC-1 depend on the relative positions of
residues Lys301 (from H3) and Glu471 (from H12), and the
mutation of these two residues to alanine can decrease in about
30% the basal activity of the receptor.*®

Therefore, our simulations indicate that the basal activity of
PPARy can be consistently associated with LBD conformations
which are similar to the ones assumed by the receptor upon

15422

ligand binding. Furthermore, these conformations are not only
accessible, but even in the absence of ligand they comprise the
free energy minimum and, therefore, remain as the most
populated set of conformers of the HI12. This observation
justifies the fact that, particularly for PPARs, structures in active
form were obtained with a great variety of ligands and even
without ligands,15’48_50 while different H12 conformations were
experimentally obtained only when the H12 is displaced by
corepressor binding proteins.26

However, without ligand, the active conformation of HI2
competes with multiple conformations that have slightly higher
energies and are accessible at ordinary temperatures. Thus, the

DOI: 10.1021/acs.jpcb.5b09824
J. Phys. Chem. B 2015, 119, 15418—15429


http://dx.doi.org/10.1021/acs.jpcb.5b09824
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcb.5b09824&iName=master.img-005.jpg&w=370&h=113
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcb.5b09824&iName=master.img-006.jpg&w=303&h=327

The Journal of Physical Chemistry B

ol

(PDB: 1KKQ)
C2 conformation

Crystallographic
model (PDB: 1PRG)

Figure 7. (A) Superposition of the crystallographic model obtained by Nolte et al.'* (red) and of the representative structure of the second most
important cluster (cyan). (B) Superposition of the agonist crystallographic model (red), antagonist crystallographic model (orange), and the C2

conformation (cyan).

conformational variability of the H12 in the ligand-free LBD
was studied by clustering the structures sampled by the ABF
simulation. Conformations which displayed free energies not
greater than 4 kcal mol™' than the global minimizer were
considered to be accessible at room temperature. The
clustering was performed using pairwise RMSDs as the
similarity measure. The conformations can be clearly
discriminated in three clusters. Two of the clusters responded
to roughly 97% of the conformations. The mean free energy
difference between the two most populated cluster is of only
~0.2 kcal mol™". A third minor set of structures was classified
separately. The most representative conformations of each
cluster are shown in Figure 6A—C, aligned to the holo-PPARy
crystallographic model. Figure 6D represents the conforma-
tional variability of the most significant cluster, and Figure 6E
shows the distribution of the conformations of each cluster on
the free energy surface. It is important to remark that the
RMSDs resulting from clustering analysis are not necessarily
the same as the ones that define the reaction coordinate, so that
there is overlap on the distributions of the structures of each
cluster on the free energy surface (Figure 6E).

The most representative structure of cluster 1 (Figure 6A-
cyan) shows that it groups HI12 conformations which are
similar to that of the crystallographic holo-PPARy (Figure 6A-
red). The most populated cluster, therefore, contains the global
free energy minimum, and is characterized by local fluctuations
of the H12 around the agonist conformation, which allows the
recruitment of coactivators (Figure 6D).

A representative structure of the second most populated
cluster of conformations is shown in Figure 6B. This
conformation will be referred to as the C2 conformation
from now on. The HI12 is clearly displaced from the agonist
conformation, being almost parallel to H3. In the C2
conformation, the HI12 blocks the access to hydrophobic
residues Thr297, Leu311, Gln 314, Val315, Leu318 and Leu468
and to the hydrogen bonding Glu471, that form the coactivator
binding surface. Therefore, this HI12 blocks coactivator
recruitment and is, consequently, inactive.

This conformation is remarkably similar to the crystallo-
graphic structure obtained by Nolte et al. (PDB: 1PRG") for
chain B of the PPARy without ligand, as shown in Figure 7A.
Therefore, the most important conformations of H12 observed
in the ABF simulations are consistent with the experimental
H12 conformations. The present results show that, in the
absence of ligand, these conformations are significantly
populated, and are separated from the minimum free energy
structure by ~2.5 kcal mol™". Thus, our results support the
structure of Nolte et al. as a representative structure of apo-

PPARYy in solution, and not simply a crystallographic artifact. At
least, it is a conformation which might have been stabilized by
crystal contacts, not induced by them, thus possibly being
functionally relevant. The C2 conformation is also half way
from the agonist to the antagonist conformation observed for
corepressor-bound PPARy, such that transitions from this
conformation to one or other state can be thought to be
facilitated upon binding of agonists, antagonists, or cofactor
proteins (Figure 7B).

The binding site accessibility is different depending on the
conformation of the H12. When HI12 assumes the agonist
conformation, it blocks access to the binding pocket, as shown
in Figure 8A. On the other side, the C2 conformation creates

Figure 8. Binding site cavity of (A) agonist and (B) C2 conformation.

an aperture at the surface of the binding cavity which might
permit the access of the ligand, as shown in Figure 8B.
Therefore, the C2 conformation might be important for ligand
binding and dissociation. Displacements of the H12 observed in
MD simulations of ligand dissociation from the LBD of other
receptors are consistent with movements of this magni-
tude.'* %!

Finally, the representative conformation of cluster 3 (C3
conformation) displays the H12 far from the agonist
conformation, exposing the binding pocket (Figure 6C). This
conformation is less populated than others, but is also
accessible, and it could be important for facilitating ligand
binding or dissociation. It could also be stabilized by ligands in
intermediate association or dissociation stages. It is not,
however, consistent with the binding of coactivators nor
corepressors, such that it might not have any functionality other
than providing accessible intermediates for structural transitions
between functional states.

Rosiglitazone Stabilizes the Agonist H12 Conforma-
tion. ABF simulations of PPARy without ligand revealed the
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Figure 9. (A) Free energy surface of the conformational equilibrium of H12 of PPARy in the absence of ligand, but bound to a coactivator peptide.
(B) Comparison of the representative conformations obtained via ABF simulation (cyan and blue) and the experimental structures (red and orange).
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Figure 10. Representative conformation of each local minimum observed in coactivator-bound ABF simulations. The structures exhibit the H12 in a
conformation corresponding to the agonist conformation, which is greatly stabilized by coactivator binding. Crystallographic models (red and

orange) and simulation models (cyan and blue) are shown.

existence of a set of conformations of the HI12 which are
accessible at ordinary temperatures. These conformations can
be clustered into three sets, where the two most populated
clusters comprise about 97% of the conformations observed. A
representative structure of the most populated conformer is
similar to the agonist H12 conformation. The second most
populated conformer is displaced from the agonist conforma-
tion, and is similar to one of the H12 conformations observed
in chain B of apo-PPARy crystallographic models."

When Rosiglitazone, an agonist ligand, is present, the free
energy surface changes significantly, as can be observed in
Figure 4. It is clear from Figure 4B that with Rosiglitazone
bound, the global free energy minimum is found in a narrow
well with much lower free energy than any surrounding
conformation. The ligand, therefore, stabilizes significantly the
global free energy minimum relative to other conformations,
and only structures which belong to the same free energy well
can be significantly populated at room temperature.

The global free energy minimizer is, not surprisingly, very
similar to the agonist H12 conformation observed in crystallo-
graphic models of PPARy bound to various agonist ligands, as
shown in Figure SB. It is also similar, therefore, to the global
free energy minimizer of the ligand-free ABF simulation.
However, only small perturbations are thermodynamically
allowed in the ligand-bound state. Clustering of the accessible
conformations in this simulation results in a single dominant
cluster comprising essentially all the structures, for which the
agonist H12 conformation is a good representative.

These results are, as a whole, quite consistent with the
qualitative picture that has emerged for the flexibility of H12 in
solution, from experimental data: In the absence of ligand, the
H12 is flexible, and able to assume the agonist conformation,
conferring basal activity to PPARy. However, we demonstrate,
here, that the displacements of the HI2 are relatively small,
particularly if compared to the detachment of the H12 which
was observed for the apo-RXR crystallographic model.* This
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the ligand actively promotes the dissociation of the corepressor. (B) Hydrogen bond (black dashed line) between SMRT CoR and PPARa.

Crystallographic models (orange) and simulation models (blue) are shown.

confirms the interpretation of time-resolved fluorescence
anisotropy decay experiments provided in previous works.”**'

In the presence of agonists, on the other side, the flexibility is
greatly reduced, and the agonist conformation becomes the
only significantly populated one. The ligand, therefore,
performs a conformational selection within a range of
configurations of the H12 which are accessible in the apo-
receptor. The stabilization of the agonist conformation, of
course, facilitates the recruitment of coactivator proteins.

The Role of Coactivators in H12 Conformational
Equilibrium. In order to evaluate the role of coactivator
proteins in the conformational equilibrium of the H12, ABF
simulations in the presence of a coactivator peptide SRC-1"
were performed. The free energy surface obtained is
represented in Figure 9A.

The representative structures of accessible conformations of
the H12 in the presence of the coactivator peptide are also
agonist-like, as shown in Figure 9B (the dominant cluster
comprises more than 99% of the structures). The stabilization
of this conformation promoted by the coactivator is, however,
stronger than that promoted by the ligand. The H12, in the
minimum free energy conformation, forms the same

15425

interactions which are present in the previous simulations,
but is further stabilized by direct interactions with the
coactivator. Displacements from this conformation, with high
energy, were observed in the ABF simulations, and are
consistent with movements leading to the antagonist crystallo-
graphic PPARa H12 conformation. However, these displace-
ments require the concerted dragging of the coactivator peptide
and are unfavorable. The ligand and the coactivator, therefore,
have complementary roles in the stabilization of the agonist
HI12 conformations.

Three free energy minima were observed in the presence of
the coactivator peptide. However, the actual structures
associated with these minima exhibit the H12 in conformations
which are all very similar to the agonist conformation. Only
small perturbations in the position of the loop connecting
helices 11 and 12 are observed (Figure 10).

Therefore, the association of the coactivator has a strong
stabilizing effect on the agonist conformation of the H12, which
is more important than the stabilization promoted by
Rosiglitazone alone. This suggests that the dynamical
equilibriums of ligand binding, HI12 rearrangement, and
coactivator recruitment occur at different time-scales. The
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Figure 13. Sketch of the free energy profile and conformational equilibrium of H12: (A) In the absence of ligand, multiple conformations of H12 are
accessible, with the agonist one being the most stable. (B) Ligand binding promotes a conformational selection and the agonist conformation is
stabilized relative to other conformations. The association of the coactivator has a similar and probably additive effect. (C) Corepressor binding, on
the other side, promotes a conformational transition of the H12 that cannot be explained by the accessible conformations of the ligand-free receptor.

most plausible scenario would involve ligand binding and
dissociation from a coactivator-free receptor. With agonist
binding, agonist H12 conformations are selected, favoring
coactivator recruitment. With coactivator recruitment, this LBD
conformation is further stabilized. The dissociation of the
coactivator, then, becomes the limiting step for the restoration
of the inactive receptor.

The Role of Corepressors in the Conformational
Equilibrium of Antagonist H12 Conformations. Exper-
imentally, the association of corepressors is associated with a
significant displacement of the H12. In order to improve the
overall picture of free energy profiles, we have also performed
ABF calculations in the presence of the corepressor peptide
SMRT.* This is particularly interesting because configurations

of the H12 similar to those observed in corepressor-bound
crystallographic models were observed in ABF simulations of
ligand-free, ligand-bound, and coactivator-bound PPARy LBDs,
but with energies ~30 kcal mol™" greater than that of the
agonist conformation, implying that they were not accessible.
Therefore, the presence of the corepressor peptide must
promote a large perturbation of the free energy surface to allow
the antagonist H12 conformations to be sampled.

Simulations of the LBD bound to a corepressor were
performed for PPARa, for which a crystallographic model is
available.” The free energy surface obtained is shown in Figure
11A. The position of the global minimizer is shifted, and the
regions of minimum energy of ligand-free and Rosiglitazone-
bound PPARy become prohibited, while the regions of high
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energy sampled in previous runs are stabilized. Therefore, the
corepressor stabilized conformations of the H12 which are not
accessible in its absence, and promotes a relative increase in the
free energies of the agonist H12 conformations.

There are overlaps between the subsets of conformation
accessible in the presence of corepressor and those accessible in
the absence of ligand. Structures very similar to C2
conformation are observed in corepressor-bound simulations
(Figure 11B). This result suggests that the C2 conformation
supports the interaction with the corepressor peptide. However,
the antagonist conformation which is observed with the
corepressor must still be stabilized by antagonist binding.

In the corepressor-bound system, the accessible free energy
surface is very wide, and shows two local minima (Figure 12).
One of the local minima corresponds to H12 conformations
which are similar to the agonist conformations. Interestingly,
this agonist, low-energy conformations, required the displace-
ment of the corepressor peptide from the crystallographic
position, as shown in Figure 12. In the crystallographic model,
the SMRT peptide adopts a three-turn a-helix and docks into a
hydrophobic groove formed by helices 3, 4, and 5. Besides that,
the corepresor helix is anchored to PPARa by hydrogen bonds
between the Lys292 (from H3) and the CoR peptide, as shown
in Figure 12B.”° The rearrangement of HI2 to restore the
active conformation require dragging the corepressor peptide,
notably with the disruption of its interaction with Lys292. The
initial stages of this displacement are not thermodynamically
prohibited, such that the LBD can assume a full agonist
conformation in the presence of a partially displaced
corepressor. Agonist binding, by stabilizing the H12 in the
agonist structure, might therefore actively promote the
dissociation of the corepressor.

Classification of the Conformational Equilibrium of
the H12. The free energy profiles obtained here allow us to
classify the conformational equilibria induced by the association
of ligands and cofactors according to general models. Figure 13
summarizes our observations.

In the ligand-free receptor, multiple conformations of the
H12 are accessible. The most stable conformation is the agonist
conformation, but the helix is mobile. Not only multiple
minima with small free energy differences are present, but the
transitions between these minima are also of low energy.
Indeed, the low free energy well is more clearly described as a
rugged free energy landscape, spanning various conformations.
A simplified free energy plot illustrating the multiple accessible
states of the ligand-free receptor is shown in Figure 13A.

Ligand binding promotes a conformational selection. The
agonist conformation of the H12 is stabilized relative to other
conformations, as shown in Figure 13B. The ligand does not
change the structural nature of the most stable conformation
but makes of it the only accessible conformation at room
temperature. Coactivator binding has a similar effect as that of
ligand binding, and both effects might be additive. The agonist
conformation is stabilized relative to other states, but the
stabilization is more pronounced with the coactivator peptide.
Therefore, it can also be classified as a conformational selection
mechanism. Ligand or coactivator association causes the
relative stabilization of the agonist conformation, without
inducing conformational changes to the LBD to previously
unaccessible states.

The association of the corepressor, on the other side,
promotes a conformational transition of the H12 that cannot be
anticipated from the accessible conformations of the ligand-free

receptor. The favorable conformations in the presence of the
corepressor are tenths of kcal mol™ far from the stable
corepressor-free conformers in the other free energy profiles.
Therefore, the HI2 can only assume these conformations
induced by the association of the corepressor. The accessible
conformations are also mutually exclusive, such that the ones
that are accessible without the corepressor become prohibited
when it is bound to the LBD. Nevertheless, small displacements
of the corepressor with small energetic cost permit the H12 to
assume conformations which are close to the agonist one. The
simplified representation of the perturbation of the free energy
surface introduced by the association of the corepressor is
shown in Figure 13C. As the conformations assumed by the
HI12 in this case can only be observed after the association of
the corepressor, the mechanism of repression is an induced-fit
mechanism.

B CONCLUSIONS

We have performed adaptive biasing-force molecular dynamics
simulations to map the free energy profile of the conforma-
tional equilibrium of the Helix 12 of the PPARy receptor. This
conformational equilibrium is the most important factor
controlling transcription activation or repression by NRs.

The free energy surfaces obtained allowed us to propose
general models for ligand and cofactor related conformational
changes on the receptor. Without ligand, the H12 is able to
shift between various conformations, consistently with the
experimental data that demonstrates its increased mobility.
These conformations are, at the same time, always consistent
with a compact receptor, thus no detachment of the H12 from
the body of the receptor is expected. Furthermore, even in the
absence of ligand, the most stable H12 conformation is the
agonist conformation, providing a simple explanation for the
basal activity of PPARy. The accessibility of agonist H12
conformations in the absence of ligand was also recently
demonstrated for the estrogen receptor,” supporting the
generality of the results for the other members of the NR
superfamily.

Ligand binding promotes a conformational selection. It
stabilizes significantly the agonist H12 conformation relative to
all other conformations which are accessible in the ligand-free
receptor. A similar effect on the free energy surface is promoted
by binding a coactivator peptide to the LBD. In both cases, the
free energy well containing the agonist H12 is narrowed, and
only conformations similar to that observed in the crystallo-
graphic model become accessible at room temperature. The
stabilization of the agonist conformation by ligand binding
exposes the coactivator binding surface permanently. The
coactivator itself stabilizes the same conformation, such that it
has an additive role for the stability of the active form of the
LBD.

Corepressor binding, on the other side, perturbs completely
the free energy surface. Conformations which are accessible in
the ligand-free, in the presence of Rosiglitazone, or in the
presence of the coactivator, become unfavorable. The favored
conformations in the presence of the corepressor are those with
a large displacement of the H12, and these are not accessible in
other conditions. Therefore, the association of the corepressor
induces a conformational transition in the protein, and the
mechanism of repression follows an induced-fit model.
Interestingly, however, the H12 can assume agonist-like
conformations by displacing the corepressor peptide with a
small energetic cost. As the ligand stabilizes the agonist
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conformation, this might be the mechanism for the initial
agonist-induced dissociation of the corepressor.

Therefore, in conjunction with previous experimental and
simulation data, this work contributes to a definitive model of
the conformational equilibrium of the most important switch
for transcription activation of nuclear hormone receptors.
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