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Abstract: Steered molecular dynamics simulations of ligand dissocia-
tion from Thyroid hormone receptors indicate that dissociation is
favored via rearrangements in a mobile part of the LBD comprising
H3, the loop between H1 and H2, and nearbyâ-sheets, contrary to
current models in which the H12 is mostly involved. Dissociation is
facilitated in this path by the interaction of the hydrophilic part of the
ligand with external water molecules, suggesting strategies to enhance
ligand binding affinity.

The nuclear receptor (NR) superfamily is the largest group
of ligand-dependent transactivation factors and is a major target
for pharmaceutical development.1-6 NRs are comprised of three
domains: an N-terminal domain which contains a ligand-
independent transactivation factor, a DNA binding domain
which is responsible for target gene recognition and specificity,
and a ligand binding domain (LBD) which is responsible for
ligand binding, dimerization, and coregulator recruitment.

Crystallographic structures of ligand-bound NR LBDs have
clarified structural features of hormone signaling via NRs.4-8

The holo-LBD is more compact than the apo-LBD, and the
ligand is generally completely buried in the core of the domain.
Whereas C-terminal H12 is usually tightly packed against the
core of the domain, structures of retinoic acid receptor (RAR)
and the estrogen receptors revealed that C-terminal H12 can
adopt different positions and led to the suggestion that H12 is
mobile and acts as lid for a major route of ligand entry and
release from the enclosed pocket: the mousetrap model.9,10

Nevertheless, the mouse-trap model remains controversial.11,12

H12 position also influences coregulator recruitment: displace-
ment of H12 exposes the corepressor binding surface and ligand-
dependent packing of H12 against the LBD completes the
coactivator binding site. Thus, the putative entry/exit route would
be obstructed by corepressors in the absence of ligand and
coactivator in the presence of ligand. Further, other regions of
NR LBDs have been proposed to harbor ligand entry and exit
routes, based on analysis of temperature factors, which provide
an indirect indication of the relative mobility of different regions
of the domain,4-6 assembly assays,12 detection of small cavities

on the surface of some NR LBDs,8 and on the basis of molecular
dynamics (MD) simulations, described below.

Thyroid hormone receptors (TRs) mediate the biological
activity of thyroid hormones.3-6 There are two TRs which are
products of two different genes,R andâ, which encode at least
four receptor isoforms through the process of differential RNA
splicing.4 TR X-ray structures were obtained for bothR andâ
isoforms with natural and synthetic ligands, some of which are
TRâ selective and promote reductions of serum cholesterol and
rapid loss of body fat in the apparent absence of harmful effects
on heart rate.4,5,13-15 A schematic representation of the ligand
binding pocket is shown in Figure 1f based on structures of T3
bound to TRs.4 The pocket is composed mainly of hydrophobic
residues which interact with the ligand core, but there are also
hydrophilic residues that form hydrogen bonds and salt-bridges
with either end of the ligand. TR X-ray structures, however,
have provided very few clues about pathways of ligand binding
and dissociation, which are governed by the dynamic behavior
of the LBD.16,17 Alternate methods are therefore required to
understand these events.

Molecular dynamics simulations can provide substantial
insights into ligand binding and dissociation from NRs. Schulten
and co-workers have previously used a technique called steered
molecular dynamics (SMD) simulations to probe dissociation
of retinoic acid (RA) from its receptor.8 The authors propose
that ligand entry and exit may occur in a unidirectional fashion,
in which the ligand enters the binding pocket through a mouse-
trap-like mechanism (involving H12) and leaves the binding
pocket through the mobile region comprising the H1-H2 loop
and theâ-hairpin which harbors the only discernible opening
in the LBD surface. In an independent study, Karplus and co-
workers used a different technique, often called locally enhanced
sampling (LES) dynamics, for the same RA-RAR system and
suggested that RA binds and leaves the RAR via displacement
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Figure 1. Structure of the ligands studied: (a) 3,5,3′-triiodo-L-thyronine
(T3) andâ-selective ligands (b) GC1, (c) IH5, (d) GC24, and (e) Triac.
(f) Schematic representation of the binding pocket. All residues that
form direct contacts with T3 in the crystal structure are indicated,
according to ref 4. Most interactions with the ligand are hydrophobic,
but important hydrophilic interactions are located at the extremities of
the binding pocket.
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of H12.18 We have recently performed a large set of LES
simulations to identify possible pathways of ligand release from
TRs.19 We concluded that there are three possible pathways of
ligand dissociation in TRs, but their relative importance and
the pertinent molecular details could not be addressed by the
technique employed.19

In this work we report what is, to our knowledge, the largest
set of molecular dynamics simulations on TRs. We performed
SMD simulations to examine dissociation of the natural ligands
T3 and Triac and ofâ-selective ligands GC1 and IH5 from both
TRR and TRâ, and, in addition, of GC24 from TRâ. The
structures of these ligands are represented in Figure 1. The
present simulations are able to address the following ques-
tions: Which is the most favored ligand dissociation path? Why
is this path favored over others? What insights does the
knowledge of this path provide for the development of novel
ligands of pharmacological interest?

Briefly, in SMD, a ligand is pulled out of the structural model
of a given protein along routes that are chosen by the
investigator. The external force is applied according toF ) k
(vbt - xb) wherek and vb define the stiffness and the velocity of
the force, respectively, whilet and xb are the simulation time
and displacement of the hormone from its initial position. This
force is constantly modulated by the resistance that the ligand
encounters: if the ligand moves forward along the pathway,
|xb| increases and the force decreases; if the applied force is not
able to displace the ligand,F increases due to the increase int.
Thus, it is possible to obtain profiles of the force required to
dissociate the ligand as a function of the simulation time and,
therefore, determine how difficult it is to promote dissociation
along a given path. Here, our simulated systems are composed
of the TR LBD, the ligand, and a hydration shell of at least 15
Å thick around the protein plus counterions to render the system
electrically neutral (approximately 54 000 atoms). Total simula-
tion time was about 46 ns (equilibration plus 1 ns of free, NVE,
dynamics, plus 1 ns dissociation simulations for each of the
studied paths, for each structure). Water and ions were added
with Packmol,21 and all simulations were performed with the
NAMD simulation package.22 Further simulation details may
be found in Supporting Information, and detailed descriptions
of SMD and its properties can be found elsewhere.8,23 The
pulling directions vb used here were chosen on the basis of our
previous LES simulations (see Supporting Information),19 which
detect possible pathways of ligand dissociation without any
previous assumptions.18,19,24

The three possible paths of ligand dissociation that we
identified for TR19 are shown in Figure 2. Path I is a variation

of the mouse-trap model (Figure 2a): the C-terminal H12 pulls
away from the LBD allowing ligands to escape through the
aperture formed between H3 and H12. Path II, observed for
the first time in our previous simulation, involves part of the
LBD that is known to be highly mobile: theΩ-loop between
H2 and H3. Within this path, H8 and H11 dissociate from each
other, and this event is accompanied by retraction of theΩ-loop
to open the escape cavity (Figure 2b). Finally, Path III involves
another highly mobile region of the LBD comprised of H3, the
loop between H1 and H2 and nearbyâ-sheets (Figure 2c).
During ligand dissociation through this path, H3 is partially
disrupted in two helices around Pro 224 (TRR numbering), and
the â-sheets move apart from H3, opening the cavity through
which the ligand dissociate. Path III seems to be particularly
appealing as a putative escape route in aqueous environments
because it involves the unfolding of a highly hydrophilic region
of the LBD.

Our simulations indicate that ligand dissociates readily along
Path III and experiences significantly lower energy barriers in
this path than the other two paths, irrespective of initial structure,
ligand, and TR isoform. The profiles of the forces required to
promote dissociation of individual ligands through Paths I-III
in simulation are presented in Figure 3a-c, and averaged force
profiles obtained from all simulations with each path are
presented in Figure 3d. Here, increased force appears when the
ligand encounters energy barriers as it begins to move out of
the LBD and returns to zero as ligand leaves the LBD. Figure
3a shows that ligand dissociation along Path I was observed in
4 out of 10 SMD simulations (TRâ-T3, TRR-IH5, TRâ-IH5,
and TRâ-GC1). By contrast, most ligands failed to dissociate
along Path II, as shown by the fact that the force profiles fail to
approach zero. Here, the force increase induces protein unfolding
rather than ligand release in these simulations (not shown). The
sole exception was observed with the TRâ-IH5 system, but
required an abrupt breaking of hydrophobic contacts between

Figure 2. Main features of the three dissociation Paths: (a) Path I
involves ligand dissociation through an aperture formed between H3
and H12. (b) In Path II ligands may dissociate by the separation between
H8 and H11 and the retraction of the highly mobileΩ-loop. (c) In
Path III, H3 is broken in two near Pro 224 and the movement of the
â-hairpin opens the cavity through which ligands escape. Arrows
indicate protein movements from ligand-bound (dashed) to unbound
(solid) structures.19

Figure 3. Force profiles for dissociation along the three paths. (a)
Applied force profiles for dissociation along Path I for all simulated
systems (black) show high force barriers. (b) Force profiles along Path
II. The red dashed line corresponds to the force profile for the
dissociation along Path II for the TRâ-IH5 system, the only one for
which dissociation along this path was observed. (c). Force profiles
for Path III show lowest barriers among all simulated systems. The
blue dashed line corresponds to the dissociation of the GC24 ligand
from TRâ, the only significantly different overall profile found for
dissociations through Path III. (d) Averaged force profiles.
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helices 8 and 11. Most strikingly, ligand dissociation was readily
observed along Path III in all simulations. Furthermore, ligands
experienced lower barriers as they dissociated along Path III
than the other paths. As shown in Table 1, the average force
along Path III reaches a maximum of 775 pN before it declines
and approaches zero (Figure 3d), nearly 12% lower than the
maximum observed with Path I (881 pN). For Path II, the
average force reaches a plateau at∼860 pN, reflecting the fact
the dissociation has not been observed along this route in most
cases. The integrated forces shown in Table 1 reflect even clearer
how dissociation is easiest along Path III: The total force
required for the ligands to be extracted is 360 pN.ns, which is
36% smaller than in Path I (555 pN.ns) and 38% smaller than
in Path II (587 pN.ns) (Integrated forces for all simulations
separately are provided in Table 1, Supporting Information).
These results confirm the qualitative picture that we have
observed in the simulations. While dissociation through Path
III was readily found on all simulations, dissociation was not
observed on several simulations along the other two paths, even
with different tentative pulling directions. Furthermore, pulling
the ligand through Paths I and II usually rendered distortions
on the secondary structure of the protein, while dissociation
through Path III is smooth and required gentle protein move-
ments.

Why is ligand dissociation through Path III easier than along
the other paths? Part of the explanation is probably related to
the fact that ligand escapes through a highly mobile region of
the protein, as demonstrated by the temperature factors in
crystallographic models.4,5,13,15,20However, this cannot be the
sole explanation: Ligand release along Path II involves another
highly mobile region of the protein (theΩ-loop) and yet is not
favored.

To gain insights into this phenomenon, we computed the
interaction energies of the ligand with the whole environment
(protein+ water+ counterions) during dissociation. Figure 4
shows the profiles of Lennard-Jones (vdW) and electrostatic
interactions as functions of simulation time for the systems
considered here and for which dissociation through Path I was
observed. The electrostatic interaction between ligand and the
whole environment passes through a local maximum (less
attractive, unfavorable barrier) during dissociation through Path
I. In contrast, dissociation through Path III occurs with a steady
increment of the electrostatic attractive interactions. This is
because, in Path III, the polar groups of the ligands dissociate
directly into the aqueous environment (see Figures 1e and 2c).
For T3, the hydrogen bonds and electrostatic interactions that
the carboxylate and amine groups form with the residues in the
binding pocket are smoothly substituted by nearly equally strong
hydrogen bonds with water molecules in the protein exterior.
By contrast, for ligand dissociation to occur through Paths I
and II, these polar groups must cross the hydrophobic pocket,
while losing most of the electrostatic (attractive) interactions.
Interaction of waters with the polar head of the ligand during
dissociation has also been observed for the dissociation of the
retinoic acid from its receptor in SMD simulations.8 The fact
that other NR ligands display similar polarity to TR ligands
and are positioned in a similar fashion in their respective pockets
suggests that this pathway represents a plausible mechanism

for the dissociation of many other NR ligands from their
respective LBDs.1-13

What are the implications of the present conclusions to the
development of novel TR ligands? First, we propose that
strategies that increase the hydrophilicity of the polar head of
the ligand would not increase ligand binding affinity. While
such modifications would reinforce the interactions with the
polar amino acid residues of the binding pocket, they would
also enhance interactions with water molecules outside the LBD
and, hence, favor dissociation. We believe that the polar head
of the ligands are important for determining the orientation of
the ligand inside the binding pocket, but increased polarity
should not necessarily promote higher binding affinities. Indeed,
the natural ligands T3 and T4 have both a carboxylate and an
amino group, but several ligands lacking the amino group (and,
therefore, having less polar heads), such as the natural hormone
Triac and synthetic ligands GC1, GC24, and IH5, bind the LBD
with high affinity.4-7 Even substitution of the ether and
carboxylate groups of GC1 (Figure 1b) by a neutral hydroxyethil
(CH2CH2OH) group provides ligands with high affinity.25

Therefore, we propose that the best strategy to develop novel
high affinity TR ligands is to concentrate on increasing the
interactions of the groups around the phenolic ring of the ligands
with their protein environment. This proposal is supported by
the exceptional profile observed for GC24 dissociation through
Path III (blue dashed line in Figure 3c, integrated force: 562
pN.ns). Here, a significant increase in the force is necessary to
obtain dissociation along Path III relative to other ligands,
resembling the profiles for Path I. This is because the GC24
ligand (Figure 1d) has a benzene ring that strongly interacts
with nonpolar residues between H3 and H12, as seen in the
crystallographic structure5 (see Figure 1e). This hydrophobic,
aromatic interaction in the opposite end of the ligand, results
in higher dissociation barriers. Introduction of more localized
hydrophilic interactions in this region should also have similar
effects without the introduction of steric hindrance for ligand

Table 1. Properties of the Average Force Profiles

maximum force/pN integrated force/pN ns

Path I 881 555
Path II 869 587
Path III 775 360

Figure 4. Electrostatic (solid lines) and dispersive (dotted lines), vdW
interaction energies of the ligand with the whole environment during
dissociation through Path I (black) and Path III (red). There is no
significant difference for vdW interactions between the two paths. An
excess barrier of at least 40 kcal mol-1 of electrostatic energy must be
overcome during dissociation through Path I relative to Path III because
the hydrophilic head of the ligand must cross the hydrophobic pocket
during dissociation along route I. This effect is even more important
for T3 dissociation because of the highly polar head present in this
ligand.
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entry. This view is supported by the recent ligand screening
performed at Pfizer labs, where it was observed that the removal
of the phenolic group in T3 analogues decreases the binding
affinity of the ligands by 2 orders of magnitude.26 In the context
of the present work, we interpret this result by noting that
elimination of the phenolic group represents the loss of an
important hydrophilic interaction that is not replaced by ligand-
solvent interactions during dissociation through Path III.

In summary, our results show that the likeliest route for ligand
dissociation from TR involves the highly mobile region at the
bottom of the LBD comprising part of H3, the loop between
H1 and H2, and nearbyâ-sheets, and that this mechanism is
favored by the replacement of hydrophilic interactions of the
polar end of the ligand with the protein by ligand-water
(external) interactions. Further analysis suggests that effective
strategies for developing novel, high affinity, TR ligands should
concentrate on increasing the interactions in the region of the
ligands phenolic rings with the protein environment, as opposed
to increasing the polarity in the carboxylate end of the ligand.
We hope that these insights will be useful for rational ligand
development aimed at TRs and other NRs.
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