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Dynamical probing of allosteric control in nuclear receptors
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Abstract The dynamical behavior of the nuclear receptor
LXR/RXR heterodimer was investigated with molecular
dynamics simulations. The simulations reveal correlated
motion between residues across the dimer interface that
depends significantly on occupation of the ligand binding
sites of the monomers. These results are broadly consistent
with the observed experimental behavior of the dimers,
where structural perturbation is thought to be a key element
in signal transduction. Our results provide dynamical support
for this model of allosteric control.
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Introduction

Nuclear receptors are a family of proteins that form a signif-
icant component of the transcriptional machinery regulating
gene expression [9]. The receptors bind specific ligands,
resulting in conformational shifts in the three-dimensional
structure of the protein that provide signals for up- or down-
regulating gene expression. The liver X receptors (LXR)
recognize oxysterol ligands and form heterodimers with
9-cis retinoic acid receptors (RXR) [8]. The LXR/RXR heter-
odimer is illustrated in Fig. 1, which is taken from PDB ID
1UHL. The LXR monomer forms a bundle of 10 α helices;
the RXR monomer forms a bundle of 11 α helices.

N-(4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)
phenyl)-N-(2,2,2-trifluoroethyl) benzenesulfonamide (TD-
0901317; Cayman Chemical, Denver, CO) is the ligand for
the LXR subunit and is depicted in the upper right-hand
corner of the figure and, as a space-filling representation, in
the ligand binding site of LXR. The ligand for the RXR
subunit is (S, 2E, 4E)-11-methoxy-3,7,11-trimethyldodeca-
2,4-dienoic acid (MEI), which is illustrated in the bottom
corner of the figure and also shown in the binding site of RXR.

Information about the occupancy of the binding sites is
conveyed through interactions of side chains of the two
prominent α helices along the dimer interface [10]. The
LXR/RXR heterodimers have been identified as key
regulators of cholesterol homeostasis [13, 16] and are
implicated in human metabolic diseases like atheroslerosis
and diabetes [12]. So, developing a deeper understanding of
the functioning of these molecules can lead to improvements
in clinical practice.

This system has been the target of significant investigations
and, to date, more than a dozen structures of LXR have been
deposited in the PDB, with various ligands and some in
complexes with RXR. Lacking, of course, in these structures
is an assessment of the dynamics of the complexes, with and
without ligands. Here, we report the results of our investiga-
tions of the LXR/RXR system using molecular dynamics as a
probe of the mechanistic aspects of signalling.

Methods

Molecular dynamics simulations were performed with the
program NAMD [6], using the CHARMM 27 force field
parameters [7]. The LXR/RXR model was prepared from
PDB ID 1UHL. Parameters for ligand molecules were
obtained by analogy to similar chemical moieties within
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the CHARMM force field. That is, the atom types for the
ligand were defined to be types already existing within the
CHARMM 27 parameterization. Residue definitions within
the topology file were constructed by hand and parameters
chosen from similar moieties. For example, the (unproto-
nated) carboxyl group of MEI shares the same atom types
and parameters as the carboxyl from either the aspartate or
glutamate residues that are found in the amino acid
parameterizations.

Analysis of the simulation results was conducted with the
program VMD [5], which was also used to draw the molec-
ular representations. Molecular line drawing were produced
with the program ChemBioDraw 11 ® (CambridgeSoft,
Cambridge, MA). Simulation models were constructed from
the original crystal structures using the PSFGEN utility of
NAMD. Histidine residues were singly protonated, using
likely hydrogen bonding conformations from the crystal
structure as a guide for choosing between protonating the
Nδ nitrogen atom or the Nε nitrogen atom; all hydrogen
atoms were placed using PSFGEN. The models were
solvated with a buffer of TIP3 water for 10 Å surrounding
the protein. After the equilibration process described below,
we found that this resulted in a 7–8 Å water buffer, ensuring

that the models represent a diffuse limit in which protein
atoms do not interact with other protein atoms in periodic
images, given the 10 Å cutoff used for electrostatic interac-
tions. The total electric charge of each model was set to zero
by replacing the requisite number of water molecules with
sodium ions. In cases where mutations or ligand deletions
resulted in a charge change from the base model, an additional
ion was added to neutralize the charge. Model systems
typically incorporated about 60,000 atoms.

Simulations were conducted at 300 K and began with a
small number of minimization steps (500–1,000), followed
by about 10,000 steps of dynamics, all with the protein and
ligands restrained harmonically. Periodic boundary condi-
tions were employed throughout, as was the particle-mesh
Ewald method for electrostatics [1]; SHAKE [14] was used
to constrain hydrogen atoms. An additional 50 ps of con-
stant volume (NVT) dynamics was conducted with a time
step of 1 fs to further equilibrate the system. The harmonic
constraints were then removed from the protein and ligand
and the models equilibrated for another 50 ps, using 1 fs
time steps and enforcing constant pressure (NPT) using a
Langevin piston Nose-Hoover technique. [2–4]. Trajectory
data from NPT production runs, utilizing 2 fs time steps,

Fig. 1 Liver X receptor/
retinoic acid receptor (LXR/
RXR) heterodimer. The LXR
(dark green) and RXR (mauve)
monomers are illustrated with a
cartoon representation and
interact via residues on the
helices along the dimer
interface. The ligands are
depicted in a space-filling
representation: green carbon
atoms, red oxygen atoms, white
hydrogen atoms, yellow sulfur
atoms, light blue fluorine
atoms. The ligands are also
shown as line drawings
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were written to disk every picosecond of the simulation;
simulations were conducted for total times in excess of
40 ns.

Trajectories were analyzed using the program VMD using
the final 40 ns (40,000 samples) of the simulation data. We
computed average structures for comparison with experimen-
tal structures. We also computed cross-correlation matricesM
for the dynamics runs. At each time step along the trajectory,
the change in the center-of-mass position Δxi was computed
for each residue i. The cross-correlation matrix elements were
constructed as follows:

Mij ¼ 1

N

X Δxi �Δxj
Δxij j Δxj

�� �� ;

where the summation extends over all N frames in the trajec-
tory. Plots of thematrix elements were produced in the program
MatLab ® from the Mathworks (Natick, MA).

Results and discussion

Our initial simulations were conducted with the LXR/RXR
dimer, with both ligand binding sites occupied and with two
short peptide helical segments (chains C and D) found in the
1UHL structure. We also performed simulations without the
peptide fragments and found no significant differences in
the results (data not shown). The peptide fragments are
important for crystallization of the protein but do not appear
to affect the interactions at the LXR/RXR interface. The
average structure obtained from the final 20 ns portion of
the trajectory is compared to the 1UHL experimental struc-
ture in Fig. 2. We observe a 1.85 Å RMS difference between
the structures for Cα carbon atoms of the LXR and RXR
subunits. Visually, these differences are manifested primar-
ily in differences in flexible loops away from the dimer
interface; we suggest that the observed differences are due

principally to crystal packing forces that are not present in
our “diffuse limit” simulations. We see no significant
differences between the average structures obtained from
either the initial or final 20 ns of the trajectory in the
area of the LXR/RXR interface. The 1.3 Å RMS difference
between the average structures from the beginning and end of
the trajectory again is due to flexible loops away from the
dimer interface.

Figure 3 shows the correlation matrix obtained from the
simulation with both ligands present. The diagonal elements
are unity, as expected and as indicated by the white diagonal
line. We observe significant matrix elements within each of
the LXR and RXR subunits. We infer that this is indicative
of persistent interactions within the monomers. The correla-
tion matrix serves as something of a dynamical fingerprint,
identifying persistent interactions between residues in the
protein. After trying different strategies for visualizing the
matrix elements, we settled upon the format in which neg-
ative (anti-correlated motion) matrix elements were plotted
in the lower half of the matrix and positive matrix elements
(correlated motion) in the upper half. We see no particular
evidence for anti-correlated motion in Fig. 3 and, indeed, in
the other simulations that we have conducted for this sys-
tem. We can now examine the results of conducting simu-
lations without ligands present in the binding sites. Model
building proceeded as described above; models were con-
structed with (1) only MEI in the RXR binding site, (2) only

Fig. 2 Average structure. The average structure obtained over the final
20 ns of a 44 ns trajectory is depicted as the dark green ribbon
diagram. The 1UHL crystal structure is depicted in mauve

Fig. 3 Correlation matrix. The matrix elementsMij are colored accord-
ing to the scale bar shown at the bottom of the plot. The red and yellow
blocks at the border of the image mark locations of the helices in RXR
and LXR, respectively. Positive matrix elements are illustrated in the
upper half of the matrix and negative matrix elements are illustrated in
the lower half. Matrix elements within the yellow square indicate
interactions between the two helices at the RXR/LXR interface.
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TD-0901317 in the LXR binding site and (3) neither ligand.
Correlation matrices were computed as described above. To
compare the results directly, we converted the image result-
ing from simulation (1) with no LXR ligand, mapping the
red channel into green. (The resulting image looks much
like Fig. 3 but green.) We then add the two images to
produce the result displayed in Fig. 4. Here, interactions
that are present in both simulations will be yellow. Interac-
tions present when both ligands are present will appear red,
and interactions present when only the RXR ligand is bound
will appear green.

We observe a number of red spots in the lower portion of
the upper triangular region of the image: these correspond to
persistent interactions present in the LXR subunit that arise
upon binding of ligand. There are also some changes (green
spots) in the leftmost portion of the upper triangular region
of the image: these correspond to persistent interactions
within the RXR subunit that are lost upon binding of the
LXR ligand. We also observe a number of changes in the
upper quadrant of the image: these correspond to changes in
the interactions between the RXR and LXR monomers.

To illustrate how these interactions map to the structure,
in Fig. 5, we have drawn lines between the Cα carbon atoms
of residues where the matrix element exceeds a threshold
value of 0.3. Interactions that are present in the simulation
with both ligands and in the simulation with only the RXR
ligand are drawn as dark orange lines. Interactions present in
the simulation with both ligands are drawn in red. Interac-
tions present when only the RXR ligand is bound are drawn
in green. We observe that the secondary structures of each of

the LXR and RXR subunits are connected strongly in this
representation, confirming that the interactions among the
residues that make up the helices are persistent. We also
observe correlations between the two helices across the
dimer interface that change when the LXR ligand is also
bound. The persistent interactions in the center of the helix
are lost, and there is a shift in the binding of the N-terminal
portion of helix 9 in LXR. In particular, there is an interac-
tion between Arg401 of LXR and Glu465 of RXR that
arises when both ligands are present. Without the LXR
ligand, Arg401 forms a persistent interaction with Glu472
of RXR, suggesting a significant shift in registration of the
helices upon LXR ligand binding.

If we now examine the results of comparing our base
simulation with both ligands present with simulation (2) in
which only the LXR ligand is present, we can assess the
changes due to loss of the RXR ligand. In Fig. 6, we depict
the correlated motion as in Fig. 5. Here we observe interac-
tions between the dimers along the RXR/LXR interface that
are modified upon binding of the RXR ligand. As in Fig. 5, we
see that there is a significant shift in the interactions at the N-
terminal end of helix 9 of LXR, corresponding to the realign-
ment of the Arg401 residue from LXR. In the center of helix 9
of LXR, we observe interactions of Arg415 of LXR with
Pro494 and Ser498 from RXR (green lines) that are lost upon
ligand binding. We can infer that the loss of flexibility of the
helix due to ligand binding reduces those interactions to a
more intermittent status.

Fig. 4 Correlation comparison for loss of LXR ligand. The correlation
matrix for the simulation with only the RXR ligand (green) is added to
the matrix for both ligands (red). Matrix elements that are yellow
indicate interactions present for both simulations. The bars at the
border indicate helix positions in the RXR and LXR subunits, as in
Fig. 3

Fig. 5 LXR/RXR heterodimer correlated motion. The LXR (dark
green) and RXR (mauve) monomers are depicted as ribbons, along
with small helical segments (blue). The RXR ligand (TD-0901317) is
depicted in a space-filling representation with the same color scheme as
in Fig. 1. Lines connect Cα carbon atoms where the cross-correlation
matrix elements exceed a threshold of 0.3. Red lines indicate the
interaction was present only in the simulation with both ligands. Green
lines indicate the interaction was present only in the simulation with
the RXR ligand. Dark orange lines indicate the interaction was present
in both simulations
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Previous molecular dynamics simulations in this system
[15] pointed to differences in interaction energies between
the helices when ligands were bound. Additionally, different
ligands led to different interaction energies. Overall, the
effects of ligand binding was attributed to changes in the
hydrogen-bonding network and not to changes in the hy-
drophobic interactions between the helices. Our analysis
provides a somewhat different perspective but we also find
that the interaction patterns shift when ligands are bound.
We have not explicitly examined the results of different
ligands in this work but our analysis of correlated motion
must, of course, reflect the hydrogen-bonding network that
provides the overall structure of the model.

If we now look at correlated motion in simulation (3)
with no ligands, that we illustrate in Fig. 7, we see that the
Arg401 residue of LXR interacts with the Glu465 residue of
RXR, as was the case for the simulation with both ligands
present. In this case, however, there are persistent interac-
tions in the apo simulation (3) that are not present when both
ligands are bound.

Our simulations suggest that persistent interactions with-
in each of the subunits are modified when either ligand is
bound. We can infer, not surprisingly, that this observation
reflects the additional rigidity provided by the ligand-protein
hydrogen bonding interactions within the subunit. In our
analysis, this is accomplished without specific reference to
particular hydrogen bonds and is therefore insensitive to
some of the analytical complexities associated with tracking
hydrogen bonds. (For example, the equivalent carboxyl
oxygen atoms of an aspartate or glutamate may exchange
positions during a simulation and still maintain a persistent
bond to a neighboring lysine residue.) By studying only the

center-of-mass motion, our analysis is less sensitive to
such details.

Examination of Figs. 5, 6 and 7 generally indicate that
there are a number of interactions between the two helices at
the LXR/RXR interface that are lost when the ligands bind
(red lines). In addition, the persistent interaction at the N-
terminal end of helix 9 of LXR due to the Arg401 residue,
shifts depending upon the binding site occupation. This
provides us with a hint that, at much longer time scales, a
conformational shift may arise that would lead to the sort of
allosteric control that is presumed to underlie the action of
the nuclear receptors[11]. Certainly, our results suggest that
mutations in the LXR residue Arg401 and/or the RXR
residues Glu465 and Glu472 should be investigated as
this is the particular interaction that arises upon both
ligands binding.

Summary

The nuclear receptor superfamily provides fertile ground for
supporting laboratory experimentation with numerical exper-
imentation to provide additional, dynamical perspectives on
protein mechanisms. Signal transduction via ligand binding is
a complex process that depends subtly but significantly on
interactions between residues within the protein. We have
demonstrated that numerical simulation provides another win-
dow into the processes that govern the conformational shifts
experienced by the receptors and that there is broad, if not
detailed, agreement with experimental observations. We
have observed a shift in the interactions of Arg401 of
the LXR subunit due to ligand binding and this should
be verifiable experimentally. Avalid criticism of this approach
is that it remains difficult to extend the calculations into the

Fig. 6 Correlation comparison for loss of RXR ligand. Coloring is the
same as in Fig. 5. Here only the LXR ligand [(S, 2E, 4E)-11-methoxy-
3,7,11-trimethyldodeca-2,4-dienoic acid (MEI)] is depicted

Fig. 7 Correlation comparison for loss of both ligands. Coloring is the
same as in Fig. 5
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millisecond or second time scales that would make more
direct contact with experimental measurements possible.
Nevertheless, the modest calculations reported here do
reflect the differences observed in the heterodimer behavior
with and without ligands bound. The simulations can, even at
this level of sophistication, provide useful insights into the
transcriptional machinery.
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